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Biostimulants in agriculture II: towards a sustainable future
1 Introduction

Current socio-political scenarios are pushing the agricultural sector towards a rapid

ecological transition. For this reason, modern agriculture is forced to expand its ordinary

practices to achieve greater sustainability in line with the principles of economic and

environmental circularity (Velasco-Muñoz et al., 2021). Nonetheless, current challenges

such as the need to increase productivity and the efficiency of non-renewable resources in

increasingly unfavorable contexts strain agro-ecosystems resilience. Over the last century,

synthetic agrochemicals have been the only tool capable of increasing yields and ensuring

satisfactory production volumes throughout the seasons (Donate and Frederico, 2019).

Awareness of the weighty environmental impact associated with the disproportionate use

of these chemicals has stimulated research and development of technological innovations

capable of improving the sustainability of agricultural production without compromising

yield and quality. In recent decades, biostimulants have represented an efficient and virtuous

innovation capable of improving tolerance against a wide range of stressors, stimulating the

growth and productivity of crops while efficiently utilizing nutrients (nutrient use efficiency).

According to the latest European Regulation 2019/1009, plant biostimulants are defined as “a

product that stimulates the nutritional processes of plants independently of the nutrients it

contains, with the sole aim of improving one or more of the following characteristics of plants or

their rhizosphere: (1) the efficiency of nutrient use; (2) tolerance to abiotic stress; (3) qualitative

characteristics; (4) the availability of nutrients confined in the soil or rhizosphere.” Beneficial

microorganisms and numerous natural substances and derivatives of natural and/or synthetic

compounds are considered plant biostimulants; these include (1) humic substances, (2)

protein hydrolysates and amino-acid based products, (3) macro- and micro-algae extracts,

and plant extracts, (4) silicon; (5) Arbuscular Mycorrhizal Fungi (AMF); and (6) plant

growth-promoting rhizobacteria (PGPR) belonging to the genera Azotobacter, Azospirillum

and Rhizobium spp (EU, 2019). Although biostimulants were initially designed as a helpful

tool mainly in organic farming, they are now used in all cropping systems (organic,

conventional, and integrated) in the open field and protected cultivation.
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Driven by the strong dependence on the agricultural sector for

food, the economic size of the biostimulants market reached USD 3

billion in 2022 and is expected to grow at a compound annual growth

rate (CAGR) of 10.5% over the next decade. Europe dominated the

market with a revenue share of over 37.0% (GVR, 2023). This is

partly attributed to the support regulations to stimulate organic food

production, which are expected to drive the market in Europe and

beyond in the future. The strong interest in the topic of biostimulants

is confirmed by the data available on Scopus (www.scopus.com).

Taking the last ten years (2013–2023) as a reference, searching for the

term ‘plant biostimulants’ more than 2000 scientific papers were

found. These numbers are not surprising since, as reported by several

authors (Jindo et al., Tripathi et al., Herrmann et al., and Li et al.), the

use of substances and microorganisms with biostimulant action is of

interest in all productive agricultural systems (horticulture,

arboriculture and viticulture, cereal cultivation and industrial

crops), even if their efficacy as underlined by the same authors

varies depending on the cultivation conditions and the sensitivity of

the reference species. The present topic brings together 77 scientific

contributions (68 research articles and 9 reviews; Supplementary

Table 1) investigating both under optimal and sub-optimal

conditions, the productive and/or qualitative response of crops of

agronomic interest to the application of biostimulants, as well as the

use of compounds with elicitor action.
2 Biostimulants improve tolerance to
abiotic stress

Due to the unpredictable and damaging effects of climatic

anomalies associated with climate change, crops experience many

stresses that inevitably reduce yield and final product quality, thus

making it difficult to achieve food security objectives (Goud et al.,

2022). Using products with biostimulant action represents one of

the most innovative and promising tools to counter these stressors

and reduce the gap between achievable yield and potential yield

(Rouphael and Colla, 2020). Considering that plants respond to

environmental stresses through adaptive cellular reprogramming,

the work of Bharadwaj et al. emphasizes that during the delicate

phase of seed germination, cellular sucrose levels are a very

important sensor of environmental stresses that can be used to

improve germination and disease detection. As discussed by Atta-

Boateng and Berlyn, yield reductions are not exclusively attributable

to specific stress but to a co-presence of them. Choosing cowpea

(Vigna unguiculata (L.) Walp.), adapted to nitrogen dependence, as

a model crop, Atta-Boateng and Berlyn. observed that the use of

non-hormonal biostimulants (product based on antioxidants and

amino acids prepared by the laboratory of the Yale School of the

Environment) is an efficient tool to promote productivity when it is

limited by osmotic stresses attributable to high temperatures, water

limitations, and sub-optimal moisture conditions. Ambrosini et al.

evaluated the ability of an animal-derived protein hydrolysate to

mitigate the incidence of drought stress and root oxygen and iron

deficiency conditions in hydroponically grown maize plants (Zea

mays L.). The same authors also emphasized once again how the

positive effects cannot be attributed to an exclusive mechanism of
Frontiers in Plant Science 0213
action but are instead the result of the commercial formulation’s

synergistic action of different components (mainly peptides). In this

context, Antonucci et al., using a mixed phenotypic-omics

approach, observed the mechanisms implemented following the

use of a commercial glycine betaine-based biostimulant in tomato

(Solanum lycopersicum L.) plants (during the flowering phase)

subjected to water stress. The authors reported a priming effect of

the biostimulant aimed at stabilizing the photosynthetic machinery,

both mediated by the hyperaccumulation of carotenoids and lipids

and improved water use efficiency. After foliar application of

melatonin (100 mM), Zhao et al. observed an improvement in the

growth and photosynthetic capacity of maize plants grown under

drought conditions attributable to increased proline levels. In

addition, the application of melatonin increased enzyme activities

involved in nitrogen metabolism. Hernandiz et al., after optimizing

the dose of putrescine (Put) and spermidine (Spd) in a growth

chamber experiment, evaluated the effect of these two polyamines

on maize plants grown in a protected environment under optimal

irrigation and deficit irrigation conditions. Using Put and Spd with

a higher meal’s mineral content (Ca, Cu, and Zn) improved the

saleable yield under optimal and sub-optimal conditions. Starting

from the assumption that continuous states of water stress (even

mild ones) negatively affect plant germination, development, and

proper growth, Hameed et al. evaluated on wheat (Triticum

aestivum L.) the effect of sodium silicate (SS) as a priming agent

to reduce the effects of water stress (50% of soil water retention

capacity). At plant maturity, the authors observed, under water-

limited conditions, an improvement in yield parameters induced by

the positive action of Si for plants previously primed with SS. Also,

on wheat, Lalarukh et al. investigated the efficacy of the single or

combined use of Pseudomonas aeruginosa (Pa) (108 CFU ml–1) and

moringa leaf extracts at different doses (MLE 1 = 1:15 v/v and MLE

2 = 1:30 v/v) under drought and nutritional stress conditions. At the

end of their field trial, the authors observed for plants treated with

Pa + MLE 2 a significant improvement in yield traits in stressed

wheat plants. The synergy between microbial and non-microbial

biostimulants is paving the way for research into biopreparations

that can further improve yield performance. Considering this, Kang

et al. summarized in their review the potential synergistic effects of

algae and bacteria on plant production as biostimulants and

biofertilizers. In this context, a commercial biostimulant based on

glycine betaine (GB), distributed at a rate of 6 kg ha–1, was tested.

The trials were conducted on tomato plants during the flowering

phase in the greenhouse. A factorial combination of two irrigation

(water stress and well-watered) and two biostimulant treatments

(treated and control) was adopted, along with a mixed phenotypic-

omics approach. The authors demonstrated the priming effect of the

biostimulant on drought tolerance, detoxification, and stabilization

of the photosynthetic machinery. The metabolic profile and

photosynthetic performance results suggest increased effective

water utilization through lipid hyperaccumulation and leaf

thickening. Also, on tomatoes subjected to combined water and

nutrient deficiency, Kalozoumis et al. evaluated the possible effects

of inoculating plant growth-promoting rhizobacteria (PGPR) with

the agronomic practice of grafting. At the end of the experimental

study, the authors emphasized the importance of the combined
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selection of PGPR strains and rootstock genotypes to achieve a

substantial benefit under combined stress conditions. In a similar

study, Toubali et al. evaluated the single and/or combined effects of

inoculating arbuscular mycorrhizal fungi and compost on the field

production of quinoa (Chenopodium quinoa Willd.) under water

stress. Microbial biostimulation and the presence of compost

ensured that plants subjected to suboptimal water levels

maintained high production yields due to specific morpho-

physiological adaptations. The review by Etesami et al.

investigates in detail the contribution of AMF, phosphate-

solubilizing bacteria (PSB), and silica in improving the availability

and efficacy of phosphate, a limestone-limiting macroelement,

especially in calcareous and acidic soils. Wang et al. observed a

significant increase in maize Bt yield, foliar contents of salicylic acid

(SA) and jasmonic acid, Bt toxin content, and gene expression after

inoculation of an AMF species (Glomus caledonium). However,

even though mutualistic relationships between mycorrhizal fungi

and plants are routinely ‘exploited’ to improve the latter’s tolerance

to a multitude of abiotic and other stresses, most of the scientific

literature is mainly concerned with the study of arbuscular

mycorrhizae. The review proposed by Wei et al. focused on

describing the positive effects (increased tolerance to drought,

heavy metals, soil salinity, and pathogen infections) of ericoid

mycorrhizae on plants belonging to the Ericaceae family. Nazari

et al. evaluated the interactive effects between plant and bacteriocin

molecules to reduce the negative impact of low-temperature stress

(5°C) on canola. Specifically, treatment with 10–9 thuricin 17 (Th17)

significantly improved seed vigor index, germination rate, root and

shoot length, and fresh weight of seeds under optimal, and low-

temperature conditions. According to the study by Sun et al., the

definition and characterization of vegetative attributes through leaf

spectral indices could provide useful information to better

understand plant-microbe relationships by optimizing

bioproducts. The research by Melini et al. emphasizes that the use

of selected strains of Pantoea agglomerans can be a promising

approach for the development of new plant biostimulants for

agricultural use through the fermentative production of auxin/

indole 3-acetate (IAA). Similarly, through in vitro phenotypic

analyses, Gutierrez-Albanchez et al. demonstrated the ability of a

new Pseudomonas, designated as strain BBB001T, to produce

auxins and siderophores. Subsequently, the same authors

confirmed the potential of this strain by testing on olives (Olea

europaea L.) and tomatoes (S. lycopersicum L.) grown under water

limitation or iron deficiency, respectively. Based on the phosphate-

solubilising capacity and the production of IAA, Pseudomonas sp.

strain 1008 (isolated from the rhizosphere of wheat plants), Dıáz

et al. observed an increase in grain yield after inoculation of the

biostimulant bacterium on wheat seeds from 2010–2017. Further

genome sequencing analyses revealed the ability of strain 1008 to

efficiently utilise organic and inorganic sources of phosphorus and

compete for iron scavenging as well as the production of auxins and

GABA. To limit the negative effects induced by iron deficiency on

Cinnamomum camphora, Kong et al. investigated the role of

Rahnella aquatilis (JZ-GX1) by assessing the active iron content,

chlorophyll, and effects on the microbial community. The results
Frontiers in Plant Science 0314
showed that inoculation of JZ-GX1 increased chlorophyll content

and enzyme activities (SOD, POD, CAT, and APX) on stressed

plants. On the other hand, Macias-Benitez et al. investigated the

biostimulating capacity of a rice bran enzyme extract (RBEE) used

as a protective agent against oxidative damage from ozone exposure

in the growth chamber. Pepper plants (Capsicum annum L.) treated

with RBEE showed a reduction in photosynthetic limitation

attributable to the oxidative action of ozone. Pot experiments

conducted by Raza et al. showed that applying a vitamin B

complex significantly improved the photosynthetic performance

of radish plants, underlining the positive contribution of natural

biostimulant products on crop productivity. Although most metals

are essential trace elements for plants, their excess (often caused by

human activities) is responsible for damaging effects that limit plant

growth and metabolism. Considering this, the use of biostimulants

to improve the effectiveness of ordinary remediation practices has

been attracting increasing attention in recent years. Exploiting the

synergistic effect between silicon nanoparticles and iron oxide

nanoparticles, Koleva et al. observed on Phaseolus vulgaris plants

grown on cadmium (Cd)-contaminated soil an improvement in

growth and a significant reduction in electrolyte loss and

malondialdehyde (MDA) content. Similarly, the foliar application

of liquiritoside (liquiritin), a flavonoid complex isolated from

Glycyrrhizae radix, proposed by Akram et al. on Chinese cabbage

(Brassica rapa subsp. parachinensis) mitigated the phytotoxic effects

induced by the presence of lead (Pb) through a reduction in the

MDA, H2O, and cysteine content of the treated plants. Naveed et al.

evaluated the potential of compost, biochar, and co-composted

biochar on Brassica napus plants grown on chromium (Cr)-

contaminated soil. At the end of the experiment, Naveed et al.

observed a significant improvement in biometric and physiological

traits of Cr-stressed plants after using co-composted biochar.

Mustafa et al., in a pot experiment, compared the effects of

biochar obtained from agricultural waste (AB) and food waste

(FWB) on key indicators of soil microbiological health with and

without mineral fertilizer inputs. The results showed changes in the

chemical properties of the soil after fertilization with AB and FWB,

which stimulated the growth of lettuce in the growth chamber.

Similarly, Hammerschmiedt et al. studied the impact of different

digestates (applied at a rate of 40 t ha–1) on soil chemistry and

lettuce yield. At the end of the experiments, the authors observed a

positive stimulation of soil microbial activity following the use of

legume digestates, which could, however, accelerate nitrogen

mineralization processes.

One of the environmental factors that most reduces crop growth

is undoubtedly salt stress (Abdelhamid et al., 2020). Intense

evapotranspiration activity stimulated by environmental warming

combined with poor irrigation (often with water of poor quality)

increasingly causes secondary soil salinization problems. Gao et al.

evaluated the potential beneficial effects of 2-keto-L-gulonic acid

(2KGA) on Chinese cabbage (Brassica campestris ssp. chinensis L.)

subjected to salt stress (100 mM NaCl). The results suggest that

applying 2KGA by promoting the synthesis of L-ascorbic acid can

effectively alleviate the inhibitory and phytotoxic effects of NaCl

salinity. Exogenous application of 5-aminolevulinic acid significantly
frontiersin.org
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reduced damage caused by moderate NaCl stress (50 mmol L–1) on

cucumber seedlings due to increased root cytoactivity and improved

Na+ redistribution and compartmentalization (Wu et al.).

On the other hand, Sorrentino et al. observed after the

application on tomato and lettuce (grown under fully controlled

conditions) of a plant biostimulant based on plant-derived protein

hydrolysate how the positive action of the tested product induced

species-specific adaptive responses that helped to alleviate the

harmful effects of NaCl salinity. Similarly, Zuluaga et al. evaluated

the different sensitivity of lettuce and tomato plants to high salinity

conditions (80 mM for lettuce and 120 mM for tomato) and the

possible protective effects of 4 different plant-derived protein

hydrolysates (C: Malvaceae-derived, P: Poaceae-derived, D:

legume-derived commercial ‘Trainer®’ and H: legume-derived

commercial ‘Vegamin®’). Although lettuce had a constitutive

higher sensitivity to salinity than tomato, the efficacy of

biostimulants was more evident in lettuce. Regarding the positive

role played by microbial biostimulants, Mellidou et al. observed on

tomato plants subjected to salt stress (200 mM NaCl) an up-

regulation of secondary metabolism after inoculation with

Pseudomonas oryzihabitans, which enabled the salinized plants to

respond more readily to salt-induced extremes. Also, on tomatoes,

Becerril-Espinosa et al. observed how establishing an endophytic

interaction with the actinobacterium Salinispora arenicola

promotes germination and growth of roots and shoots under

saline and non-saline conditions. An in-vitro study by Naamala

et al. evaluated the stimulatory effect of cell-free supernatant (CFS)

obtained from Lactobacillus helveticus EL2006H at different

concentrations (0.2 and 1.0% v/v) on the germination and

biometric traits of maize and soybean grown with NaCl levels of

100 and 150 mM. Although the results showed an efficacy of CFS,

these were strongly influenced by the different concentrations used

and the NaCl levels and plant species evaluated. In a hydroponic

experiment, Tarroum et al. observed on tobacco plants an improved

salt tolerance (250 mM) following the application of a nutrient

solution of a cell-free supernatant obtained from a halotolerant

fungal strain (A3) identified as Penicillium olsonii. The results

obtained by Xiao et al. indicated that the application of Bacillus

cereus G2 promoted the growth of Glycyrrhiza uralensis (Fisch. ex

DC.) plants subjected to salt stress (75 mMNaCl) due to a significant

improvement in photosynthetic efficiency and an increased in

carbohydrate products from carbohydrate transformation. At

different salinity levels (0, 20, 50, and 75 mM), Mhada et al.

observed mitigation of the negative impact of salt stress on

Phaseolus vulgaris plants previously primed and/or coated with a

mixture of Rhizobium tropici and trehalose. Christakis et al. first

identified endophytic bacteria of three aliphatic species: Cakile

maritima, Matthiola tricuspidate, and Crithmum maritimum.

Subsequently, they observed their ability to grow at high NaCl

levels and inhibit the development of phytopathogens such as

Verticillium dahliae, Ralstonia solanacearum, and Clavibacter

michiganensis. Based on the results, the authors suggest testing

halophyte endophytes as new ‘bio-inoculant’ agents to improve

crop response to biotic and abiotic (salinity) stress conditions.

Zhang et al., after identifying and isolating a new endophytic

bacterium designated as Bacillus altitudinis strain using 16S rDNA
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sequencing, evaluated through bioassays the positive influence of this

on the growth and development of various plant species.
3 Biostimulants increase tolerance to
biotic stress

The possibility of reducing agrochemicals by developing bio-

control agents would help the entire agricultural sector become

more free of dependence on conventional chemical inputs, offering

sustainable solutions to producers and consumers (Lahlali et al.,

2022). Zhang et al., after isolating 60 actinomycetes, observed

significant antifungal activity on 17 of them against Fusarium

oxysporum f. sp. cubense tropical race 4 (TR4), a pathogen that

causes one of the most common soil diseases globally. Xu et al.

reported that in cucumber plants, there was a strong biocontrol

activity against F. oxysporum sp. cucumerinum by a newly isolated

Bacillus subtilis strain named YB-04. This effect was attributed to

the ability of this strain to secrete amylase, cellulose, and

extracellular protease, as well as produce indoleacetic acid and

siderophores. After evaluating in vitro, the antagonistic activity of

Bacillus tequilensis GYUN-300 (GYUN-300) against the fungal

pathogen Colletotrichum acutatum, Kwon et al. observed on red

pepper plants inoculated with GYUN-300 a reduction in the

incidence of Colletotrichum acutatum attacks compared to

untreated controls. Drobek et al. confirmed the efficacy of several

microbial consortia consisting of bacteria such as: AF117AB

(Paenibacillus polymyxa), Sp115AD (Bacillus subtilis), AF75AB2,

Sp115AD, AF75BC (Bacillus sp.), AF75AA, AF75AD (Streptomyces

sp.), JAFGU (Lysobacter sp.) and AF70AC (Pseudomonas sp.), in

controlling the main microbial pathogens (Botrytis cinerea,

Verticillium sp., Phytophthora sp. and Colletotrichum sp.) of

strawberries, also underlining the positive impact on the final

fruit quality. Seeds of two different rice varieties coated with

Trichoderma strains inhibited the incidence of pathogens. They

improved the chlorophyll content and vigor of the treated plants

(Swain et al.). Valverde et al. evaluated the antifungal activity of 20

commercial macroalgae products against two post-harvest

pathogens (B. cinerea and Penicillium digitatum) of fruit.

Following the chemical evaluation of the tested products, the

results confirmed that some specific bioactive components

reduced the incidence of B. cinerea. At the same time, the control

of P. digitatum was attributed to the presence of carbohydrates and

polysaccharides. The application of a consortium of Trichoderma

asperellum GDFS1009 and Beauveria bassiana OFDH1–5 on maize

plants not only increased antioxidant enzyme activities and

chlorophyll content but also decreased the survival of Ostrinia

furnacalis (Batool et al.).

4 Biostimulants increase nutrient
use efficiency

To maximize crop yields, farmers rely on large quantities of

chemical fertilizers that are not always efficiently absorbed by the

plant. In addition, their industrial production has an environmental
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impact that is no longer sustainable. Incentivizing natural products

that affect N and P utilization is necessary for present and future

agriculture (Umar et al., 2020). As argued by Reis et al., among the

most sustainable agricultural techniques, the use of phosphate-

solubilizing microbial strains is a valuable tool. The results

regarding the solubilization of calcium phosphate in a hydroponic

system with Glycine max plants highlighted the potential of

Lysinibacillus fusiformis (PA26), which was the most efficient due

to the increased P uptake and growth promotion observed in the

inoculated plants. Gong et al. point out that root space availability

and P supply significantly influence phosphorus use efficiency

(PUE) in maize. However, the inoculation of mycorrhizal fungi

allowed plants grown in pots with small diameters (20 cm) to

increase total biomass even with reduced P supply. In a similar

study, Gong et al. suggest that a higher P supply could compensate

for the yield loss attributable to lower density; in addition, for the

same P supply, the use of single superphosphate versus mono

ammonium phosphate improved the growth of maize-grown at

lower planting densities. To improve PUE and growth of maize and

cucumber plants grown in hydroponics, Alzate Zuluaga et al. tested

the efficacy of the 15S strain of Enterobacter sp. Inoculation of the

bacterium under P-limiting conditions induced a greater effect on

cucumber plants due to an increase in P allocation in both the

epigeal and hypogean parts of the plants. In connection with

bacterial gene expression, Yahya et al. studied the action of

phosphate solubilization by Ochrobactrum sp. SSR (DSM

109610). A higher P content characterized wheat plants

inoculated with DSM 109610; the bacterial supplementation

increased the soil availability of this macronutrient and the

alkaline phosphatase activity. The review work proposed by Rizvi

et al. investigates the still under-studied role of the phosphate-

soluble microbiome in managing sorghum cultivation-related

diseases to reduce dependence on chemical pesticides further. In

line with this, Haque et al. evaluated the biofertilising action of

Enterobacter sp. HSTU-ASh6, a rice root endophyte that

mineralizes chlorpyrifos. The results of tomatoes show improved

growth of treated plants after foliar application of the HSTU-ASh6

strain, even with reduced nitrogen fertilization rates. In a pot

experiment on maize, Chen et al. observed an increase in PUE

and yield after the combined application of humic acids (45 kg ha–1)

and an ammonium phosphate fertilizer compared to plants

subjected to phosphorus fertilizer application alone. After

extracting the humic acids (HA) in a phosphate fertilizer

enhanced with HA, Jing et al. evaluated the effects on

hydroponically grown maize seedlings. HA at doses of 2.5 and 5

mg C L–1 enhanced the average N and P uptake rates compared to

untreated controls. To further investigate the effects of HA on plant

growth, Wang et al. evaluated the effects of two different HAs [Aojia

humic acid (AHA) and Shandong humic acid (SHA)] on maize as a

model crop. After characterizing the humic acids through an ESI-

HPLC-MS technology, the authors observed a different beneficial

effect of AHA and SHA on maize growth (with AHA better than

SHA) attributable to the significant differences in molecular

compositions. Furthermore, in connection with HA, Xu et al.

evaluated the effects of a root application (at 1%) on cucumber in

three different hydroponic substrates (pure sand, pure cocopeat,
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and a mixture of sand and cocopeat). The results show that applying

HA improved biometric parameters only in plants grown on pure

cocopeat and cocopeat-sand mixture. Having identified, with

mathematical models, the optimal doses of AMF and Bacillus

megaterium (2.1 kg ha–1 for both), Ganugi et al. observed in co-

inoculated maize plants an increased accumulation of N in the grain

and an improved nitrogen harvest index. Through non-invasive 3D

imaging of root architecture and specific biochemical assays,

Mohammed et al. showed that root application of phosphite

improved nitrogen assimilation and root biomass of maize

seedlings. Chen et al. recorded an improvement in N, P, and K

efficiency in sugarcane plants grown in China in two cultivation

areas (Suixi and Wengyuan) following the application of algae

extracts at different phenological states (sowing, early elongation,

and early maturity). To reduce N application rates, Goñi et al.

evaluated this macroelement’s uptake and assimilation mechanisms

by plants treated with a biostimulant based on Ascophyllum

nodosum extracts. The results on Arabidopsis thaliana showed a

significant increase in nitrate content 6 days after application of the

biostimulant. On the other hand, subsequent field trials revealed a

significant increase in nitrate use efficiency on barley plants grown

with 75% N supply. Similarly, Ciriello et al. demonstrated, on

hydroponic basil, that applying a plant-derived protein

hydrolysate (albeit dose-dependent) can compensate for the

effects of a reduced nutrient solution (1 dS m–1), even improving

yield and quality attributes. To improve the efficacy of synthetic

fertilizers, Amaral and Brown investigated the effects of a plant-

based inositol bioproduct on zinc (Zn) accumulation and mobility

in wheat (Triticum aestivum L.) plants. Foliar application of the

stimulant in combination with zinc sulfate significantly increased

the concentration of this trace element in both grains and shoots

compared to fertilized but not stimulated plants.
5 Biostimulants increase the
qualitative characteristics of
the produce

Interest in agri-food products that meet the goal of a healthy

lifestyle has grown enormously in recent years. Various agronomic

approaches have been proposed to enhance food products’

qualitative and functional attributes, including biostimulants

(Ganugi et al., 2021; Melini et al., 2023). In this respect,

Godlewska et al. observed after foliar application of plant extracts

from common dandelion, valerian, and giant cabbage an

improvement in vitamin C, macro- and micro-nutrient content,

and a variable impact on the composition of fatty acids, and low

molecular weight volatile compounds. Similarly, Abd-Elkader et al.

evaluated the beneficial effects of Trichoderma viride and

Pseudomonas fluorescens and three plant extracts of Eucalyptus

camaldulensis (leaf extract indicated as LE), Citrus sinensis (leaf

extract indicated as LE) and Ficus benghalensis fruits (fruit extract

indicated as FE) with potassium silicate (K2SiO3) on the

biochemical composition of courgette (Cucurbita pepo L.) fruits.

Specifically, the LE combination with K2SiO3 increased greenhouse-
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grown zucchini fruits’ total phenolic content and antioxidant

activity. Wang et al. evaluated the influence of five different

concentrations of methyl jasmonate (MeJA) and salicylic acid

(SA) on the yield and quality characteristics of Chinese chives.

Applying MeJA and SA at concentrations of 500 and 150 mM
resulted in a significant increase in phenols and flavonoids, vitamin

C, and volatile compounds while reducing the nitrate content. Mesa

et al., to evaluate the additive and/or synergistic effects of the

application of a protein hydrolysate of animal origin combined

with low-N priming, observed an improvement in quality

parameters (soluble sugars, acidity, and lycopene content, vitamin

E and vitamin C) on greenhouse tomatoes. Also, on tomatoes,

Zhang et al. studied the effects of fulvic acids (obtained from maize

straw) on fruit quality. The use of fulvic acids increased the

concentrations of minerals (Ca, Fe, and Zn), citric acid, malic

acid, and some amino acids without affecting the concentrations

of soluble sugars. A field experiment of AMF inoculation on alfalfa

(Medicago sativa L.) intended for livestock consumption increased

the yield and nutrient and fatty acid content of the forage.

Pellegrino et al. observed the persistence of positive effects even

two years after inoculation due to an abundance of AMF at the root

level. Although AMF-released glomalin’s functions are known, this

molecule’s exogenous application is still unknown. Liu et al.

investigated the effects of easily extractable glomalin-related soil

protein (EE-GRSP) and difficultly extractable glomalin (DE-GRSP)

on the growth and development of orange trifoliate (Poncirus

trifoliata L.). The application of the two extracts resulted in

contrasting effects. Specifically, the exogenous application of EE-

GRSP enhanced growth, while a decrease was observed for plants

treated with DE-GRSP. To improve the rooting of ‘Hurdal’ rose

cuttings, Monder et al. tested different plant origin preparations

(algae extracts, organic preparation, and plant extract). The best

results were obtained using algae extracts for plant cuttings at the

phenological stage of closed flower buds. Finally, Łangowski et al.

observed on several soybean varieties cultivated in Canada and

Brazil an increase in seed yield following the application of an

Ascophyllum nodosum extract.
7 Conclusions and challenges ahead

It is an absolute prerogative that using plant biostimulants,

irrespective of origin, will increasingly contribute to a mandatory

transition to more economically and ecologically sustainable

production systems. Agroecosystems that are more resilient and

no longer threatened by uncontrolled human activities must be an

integral part of future agriculture. Although the use of natural
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products and/or plant biostimulants is now a complementary tool

to synthetic agrochemicals, the scientific community is called upon

to define the underlying genetic, molecular, and physiological

mechanisms, as a better understanding of these aspects would

greatly facilitate the dissemination of bio-based products in the

agricultural sector. Moreover, elucidating biostimulant × plant

species × environment interaction × agricultural practices are

crucial, in order to select optimal combinations in terms of yield,

yield components and quality, and also optimizing application

parameters (e.g. timing, mode, rate). Finally, it is also urgent to

understand the interactions between biostimulant products, living

organisms and chemical inputs (plant protection products and/or

fertilizers) to develop more sustainable production systems.
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Protein hydrolysates (PHs) are a class of plant biostimulants used in the agricultural
practice to improve crop performance. In this study, we have assessed the capacity
of a commercial PH derived from bovine collagen to mitigate drought, hypoxic, and Fe
deficiency stress in Zea mays. As for the drought and hypoxic stresses, hydroponically
grown plants treated with the PH exhibited an increased growth and absorption area
of the roots compared with those treated with inorganic nitrogen. In the case of Fe
deficiency, plants supplied with the PH mixed with FeCl3 showed a faster recovery from
deficiency compared to plants supplied with FeCl3 alone or with FeEDTA, resulting in
higher SPAD values, a greater concentration of Fe in the leaves and modulation in the
expression of genes related to Fe. Moreover, through the analysis of circular dichroism
spectra, we assessed that the PH interacts with Fe in a dose-dependent manner.
Various hypothesis about the mechanisms of action of the collagen-based PH as stress
protectant particularly in Fe-deficiency, are discussed.

Keywords: protein hydrolysates, biostimulants, collagen, crop performance, Fe deprivation, abiotic stress

INTRODUCTION

Ever since their appearance on land, plants had to deal with numerous abiotic stresses, including
low or high temperature, deficient or excessive water, high light intensity and ultraviolet (UV)
radiation, nutrient shortages or imbalances. These stresses are accountable for great crop yield
loss (Wang et al., 2004; Wani et al., 2016) and are exacerbated by recent climate changes (Boyer,
1982; Rahmstorf and Coumou, 2011). The negative impact on plant growth is worsened when
these stresses are combined, for instance, drought and heat stress were responsible for as much as
the 40% of reduction in crops yield for maize (Daryanto et al., 2016), and up to 68% for cowpea
(Farooq et al., 2017). Moreover, water shortage and soil salinity trigger oxidative, osmotic and
temperature stress, representing another major challenge for productivity (Landi et al., 2017). In the
future, the dramatic increase in land degradation rate is expected to result in a drastic loss of planet
arable lands (Scherr, 1999). According to the data published by the European Union in the World
Atlas of Desertification, the combined effects of soil degradation and climate changes will result
in 10% reduction of global crop yield by 2050, with severe economic losses (Cherlet et al., 2018).
The future scenarios urge scientists to search for new technologies to improve crop productivity,
focusing on organic substances, which not only could replace chemical fertilizers, often responsible
for environmental pollution, but could also be exploited to contrast abiotic stresses (Suhag, 2016).
Nowadays, an increasingly employed resource in agriculture are plant biostimulants. This term
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refers to a very broad class of substances and microorganisms
that includes – as defined by the European Union – “fertilizing
products the function of which is to stimulate plant nutrition
processes independently of the products’ nutrient content with
the sole aim of improving one or more of the following
characteristics of the plant or the plant rhizosphere: (i) nutrient
use efficiency, (ii) tolerance to abiotic stress, (iii) quality traits, or
(iv) availability of confined nutrients in the soil or rhizosphere”
(European Union, 2019). Many diverse bioactive substances are
catalogued as plant biostimulants based on their agricultural
function claims, including: (i) humic and fulvic acids, (ii)
animal and vegetal protein hydrolysates (PHs), (iii) macroalgae
seaweeds extracts, and (iv) silicon, and also some beneficial
microorganisms such as (i) arbuscular mycorrhizal fungi (AMF)
and (ii) nitrogen-fixing bacteria of strains belonging to the
genera Rhizobium, Azotobacter, and Azospirillum. Among the
listed categories, protein hydrolysates are particularly interesting,
not only because they are effective biostimulants, but especially
because they are mainly produced from organic waste, well
fitting into the eco-friendly scheme of circular economy (Xu
and Geelen, 2018). PHs are by-products from several industrial
activities and can either have animal- or plant- origins. Some
of the animal matrix from which PHs can be obtained are
epithelial or connective tissues, hen feathers, and bone meal
(Drobek et al., 2019), while plant-derived PHs can come from
carob germ proteins, alfalfa residue, wheat-condensed distiller
solubles, Nicotiana cell wall glycoproteins and algal proteins
(Calvo et al., 2014).

Most of the studies regarding PHs highlight their capacity
to improve plant growth and nutrient use efficiency, proposing
some mechanisms of action which might include the hormone-
like activities of bioactive peptides (Santi et al., 2017; Ertani
et al., 2019), the stimulation of carbon and nitrogen metabolism,
as well as the regulation of nutrient uptake (Ertani et al.,
2009; Colla et al., 2014). For instance, Santi et al. proved that
the treatment with a bovine collagen-derived PH remarkably
enhanced maize root increasing the root accumulation of K,
Zn, Cu, and Mn when compared with inorganic N and amino
acids treatments (Santi et al., 2017). Moreover, in the same
work, the microarray analysis suggested that the treatment with
the bovine collagen-derived PH to the nutrient solution caused
major changes in the transcriptional profile of the roots, altering
the expression of genes involved in the cell wall organization,
the transport processes, the stress responses and the hormone
metabolism. Recently, Paul et al. (2019b) tested eight different
plant-derived protein hydrolysates on tomato plants, reporting,
for some of the treatments, an increase in relative growth rate
and growth performance. Moreover, metabolomic profiles of
the plants treated with PHs showed that ethylene precursor 1-
aminocyclopropane-1-carboxylate (ACC) and polyamines were
positively modulated, and the ROS-mediated signaling pathways
were affected as well (Paul et al., 2019b).

While there is a vast literature on PHs efficacy as plant growth
and nutrient use efficiency enhancer, relatively few works have
tried to demonstrate that these compounds are also capable to
ameliorate plant performances under abiotic stress conditions. In
an interesting paper, Ertani et al. proved that a plant-derived PH

increased plant biomass in salt-stressed maize plants (Ertani et al.,
2012), ascribing the beneficial effects to the triacontanol, a fatty
acid known to act as plant growth regulator (Chen et al., 2002)
and salt-stress mitigator (Çavuşoğlu et al., 2008), which is present
in the PH in a noticeable amount. Another study from Lucini
et al. (2015) demonstrated the beneficial effects of a plant-derived
PH treatment on lettuce plants grown in pots under saline stress.
The PH treatment helped the plants to better respond to saline
environment compared to those treated with water only, showing
an increased shoot fresh yield. In this case the authors suggested
that the PH mitigated the stress by attenuating the oxidative
stress, improving osmotic adjustment, and rewiring the hormone,
sterol, terpene and glucosinolate profiles (Lucini et al., 2015).
More recently, the work of Trevisan et al. (2019) investigated
the activity of a collagen-derived PH as stress-mitigator, in maize
seedlings subjected to hypoxic, saline and nutritional stress. The
plants treated with this biostimulant produced longer roots in all
the three stress conditions than those which did not receive the
treatment. The transcription level of the superoxide dismutase
ZmSOD1a gene was induced upon PH treatment in hypoxia,
nutritional deficiency, and when saline and nutritional stress
were combined. The authors therefore suggested that the PH
might mitigate the effects of different stresses by regulating of
the expression of genes involved in ROS scavenging (Trevisan
et al., 2019). Another recent work, from Paul et al. (2019a),
positively assessed the beneficial effect of a plant-derived PH
as stress-mitigator on tomato plants grown under limited water
availability. They suggested that PH-treated plants were able to
better cope with oxidative stress thanks to major changes in
phytohormones and lipid profiles (Paul et al., 2019a). Lastly,
Casadesús et al. (2019, 2020) assessed the beneficial effects of a
product derived from enzymatic hydrolysis of animal proteins in
tomato plants grown under water, temperature or nutrient stress
suggesting that the positive effects on root growth are due to
the increased biosynthesis of specific phytohormones (Casadesús
et al., 2019, 2020).

The aim of this work is to investigate the capacity of a collagen-
based PH to act as multi-stress protectant when supplied to plant
species of agricultural interest by setting up fast and reliable
experimental laboratory tests. We carried out the experiments on
hydroponically grown maize plants treated with a commercial
PH (LMW10 – produced by SICIT group) derived from acid
hydrolysis of bovine collagen. We demonstrated that the PH was
able to protect the root apparatus from drought and hypoxic
stresses. We also proved that the PH quickened the recovery
of plants after iron (Fe) deficiency. Moreover, we provide
evidence of the chemical interaction between the PH and Fe
ions as a possible mechanism that could favor the micronutrient
availability for root uptake in the nutrient solution.

MATERIALS AND METHODS

Plant Materials, Growth Conditions and
Phenotypic Analyses
Maize seeds (P0943 Hybrid, Pioneer Italia S.p.A.) were soaked
in water for 24 h and germinated in the dark on wet filter
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paper for 72 h. Seedlings with similar size were then transferred
in pots that can accommodate 6 plantlets, containing 2L of
a 0.5 mM CaSO4 solution and grown for 24 h under a
16/8 h light/dark regime at 22–26◦C, 40–50% relative humidity,
125 µE m−2 s−1 light intensity. For the experiments under
drought and hypoxic conditions, seedlings were successively
grown in a diluted nutrient solution containing 100 µM MgSO4,
5 µM KCl, 200 µM K2SO4, 175 µM KH2PO4, 400 µM
CaSO4, 25 µM NH4H2PO4, 2.5 µM H3BO3, 0.2 µM MnSO4,
0.2 µM ZnSO4, 0.05 µM CuSO4, 0.05 µM NaMoO4, 2 µM
Fe-EDTA and supplemented with either protein hydrolysates
(SICIT Group) or inorganic nitrogen (NH4H2PO4) (Santi
et al., 2017). The protein hydrolysate, a liquid formulation
obtained from the hydrolysis of cow connective tissue, contains
32.3% (w/w) total carbon (C), 12.3% (w/w) total nitrogen (N),
10.9% (w/w) organic N of which 68.5% (w/w) total amino
acids and 12.4% (w/w) free amino acids. The amino acids
composition and the mineral ion concentrations are summarized
in Supplementary Tables 1, 2. Drought stress was obtained
following the method described by Han et al. (2017). The
plants were grown in an aerated nutrient solution supplemented
with 15% w/w of polyethylene glycol (PEG, MW6000), root
growth as well as leaf fresh and dry weight (Supplementary
Figure 1) was recorded after 9 days of treatment. To study
the effects of PH under hypoxic stress, maize seedlings were
grown in the above described nutrient solution interrupting air
insufflation (see also Results section for detailed description of the
experimental conditions). For the experiments on Fe deprivation
and supply, seedlings were grown in 2L pots in a aerated Fe-
deprived nutrient solution (Sega et al., 2020) containing 2 mM
Ca(NO3)2, 500 µM MgSO4, 100 µM KCl, 700 µM K2SO4,
100 µM KH2PO4, 10 µM H3BO3, 0.5 µM MnSO4, 0.5 µM
ZnSO4, 0.5 µM CuSO4, 0.01 µM (NH4)6Mo7O24 for 7 days.
Afterwards, seedlings were transferred in the nutrient solution
containing 20 µM Fe, as either FeEDTA (−Fe/+FeEDTA), or
FeCl3 supplemented with 0.1 mL L−1 PH (−Fe/+FeBio) or
with the equivalent amount of N supplied (−Fe/+FeCl3) as
inorganic nitrogen (NH4H2PO4). Control plants were grown
in the nutrient solution containing FeEDTA 20 µM for
14 days (+FeEDTA) or in the nutrient solution deprived of
Fe with the addition of 14.3 mgL−1 of N (−Fe/−Fe). Primary,
seminal and lateral root total length and surface area were
measured with WinRHIZOTM scanner and automated software
(Arsenault et al., 1995).

Macro- and Micro-Nutrients
Quantification
The Fe concentration in the leaf samples and in the PH product
was quantified by ICP-MS analysis. For the analysis dried leaf
samples and the PH product (about 5 mg) were weighted
and digested in a TFM micro-sampling insert using 350 µl
of 69% ultrapure HNO3. The inserts were put into a 100-
ml oven vessel containing 10 ml of water (milliQ, 18.2 M
cm) and 1 ml of 30% H2O2. As reference we digested 5 mg
of NIST 1515 (apple leaves). The digestion of the samples
was performed using a microwave oven (Milestone StartDR

microwave). A 20-min ramping period was used to reach a
digestion temperature of 180◦C. The temperature was thereupon
maintained for 20 min. At the end, sample were diluted with
water (milliQ, 18.2 M cm) to a final concentration of 2% HNO3.
Multi-elemental analysis was carried out using the Agilent
7500cx ICP-MS (Agilent). Each macro- and micronutrient was
quantified using a multi-element standard solution. For the
assessment of leaf Fe concentration, we collected three biological
samples, each derived from a pool of 4 leaves, and two
technical replicates for each measurement. For the analysis of
PH mineral content, the mean values were calculated using three
technical replicates.

SPAD Measurements
A SPAD-502 Plus Chlorophyll meter R© (Konica Minolta) was
used to acquire SPAD values of the third fully expanded
leaf of each plant. The values were distinctly taken at
the top or at the mid part of the leaves. Measurements
were acquired immediately before Fe was supplied in the
hydroponic solution, and two, four, and 7 days after that
moment. Values from nine to twelve leaves per experimental
condition were sampled and averaged to a single SPAD value
for each treatment.

Circular Dichroism Spectral
Measurement
Circular dichroism (CD) spectra were recorded with a JASCO
J-1500 spectropolarimeter (Japan Spectroscopic Co., Tokyo,
Japan), using a quartz cell of 1 mm path length at 25◦C. CD
spectra were scanned in the far-ultraviolet range from 190 to
250 nm. Values were measured at an interval of 1 nm, and the
spectra obtained were the average of 5 reads. The biostimulant
was diluted in distilled water to get a total amount of nitrogen
of 71.5 mg L−1. FeCl3 was added to the biostimulant in aqueous
solutions at different concentrations [(µM) 0, 50, 100, 150, 200,
250]. Spectra of FeCl3 dissolved in distilled water without the
biostimulant, at different concentrations, were used as blank
reference. Final spectra resulted from the subtraction of their
respective blanks and subsequent smoothing. The CD data were
expressed in terms of molar ellipticity, [θ], in deg cm2 dmol−1

and were calculated referring to a Mean Residual Weight (MRW)
fixed at 106.5 g mol−1.

Quantitative RT-PCR Analysis
Total RNA was extracted from root samples, using the
SpectrumTM Plant Total RNA kit (Sigma-Aldrich, St. Louis,
MO, United States) and quantified using NanoDropTM 1000
(Thermo Scientific, Waltham, MA, United States). For RNA
extraction we used three biological samples, each consisting
of the roots of four plants. DNase I treatment was carried
out for each sample using one microgram of total RNA
and the RQ1 RNase-Free DNase (Promega, Madison, WI,
United States) according to the manufacturer’s procedure.
DNase-treated samples were then used to synthetized cDNA
with the ImProm-II Reverse Transcription System (Promega,
Madison, WI, United States). Real-time RT-PCR experiments
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were performed with the Fast SYBR R© Green Master Mix
(Thermo Fisher Scientific) on the QuantStudio 3 Real Time-
PCR (Thermo Fisher Scientific) according to the manufacturer’s
protocols. The reactions were carried out in a volume of
10 µL with a final primer concentration equal to 350 nM and
1 µL of a 1:3 solution of cDNA as template. The following
thermal profile was set-up: 95◦C for 20 s, 40 cycle of 95◦C
for 3 s and 60◦C for 30 s. Two housekeeping transcripts
were employed, one encoding an ubiquitin-conjugating enzyme
(GRMZM2G027378_T01) and the other an unknown protein
(GRMZM2G047204_T01), respectively. The analysis of the
expression of ZmIRT1 and ZmYS1 was carried out with primers
used by Nozoye et al. (2013) whilst for the expression of ZmTOM1
the primers were designed accordingly to Chan-Rodriguez and
Walker (2018). The sequences of all primers were reported in
Supplementary Table 3.

The PCR reaction efficiencies were calculated with the
LinRegPCR program (Ramakers et al., 2003). Mean normalized
expression (MNE) (Simon, 2003) was calculated for each
transcript and each sample using the two housekeeping
transcripts separately. A mean MNE value was determined using
a geometric mean of the two MNE values obtained for each
transcript and each sample (Vandesompele et al., 2002).

Statistical Analysis
Statistical analysis was performed using GraphPad Prism version
5.03 software. Student’s t-test for unpaired data was applied
when two independent variables were compared as is the case
of data shown in Figures, and a p value < 0.05 was accepted as
statistically significant. Data are presented in the figures as mean
and standard error of the mean.

RESULTS

The Stimulation of Root Growth Induced
by PH Is Not Affected by Drought
Conditions
To investigate whether the PH could mitigate drought stress,
we grew maize seedlings from the emergence of the primary
root in a diluted nutrient solution supplemented with the PH
(Bio) or inorganic nitrogen (NH4H2PO4; N) and 15% w/w of
polyethylene glycol (PEG, MW6000) (Figure 1A). After 9 days
of treatment, we analyzed the length and surface area of the
roots. Consistently with previous results (Santi et al., 2017), the
plants grown in the presence of the protein hydrolysate under
normal condition had longer main and lateral roots compared
to inorganic N-treated plants (Figures 1B,C). The improved
root growth confers to Bio-treated plants also an extended
absorption surface (Figures 1D,E). Thus, we confirmed that
the PH promotes the root apparatus development when water
is abundantly available. Under drought conditions obtained by
using 15% PEG, plants treated with N showed a significant
increase in both main and lateral root length (+37.6 and+78.1%,
respectively) and area (+43.1 and +90.1%, respectively) with
respect to non-stressed plants. In plants treated with Bio,

drought conditions did not lead to statistically significant
increase in the main root growth, while lateral roots length
and area (+51.0 and +23.2%) were augmented although to
a lesser extent as compared to the N-treated plants. Notably,
under drought stress, plants treated with the PH maintained
a significantly higher root growth compared to the plants
supplied with inorganic nitrogen (main root length: +67.0%;
lateral root length: +73.0%; main root area: +61.4%; lateral root
area:+57.8%).

The PH Counteracts the Inhibitory
Effects of Hypoxia on Root Growth
To establish whether the PH could alleviate hypoxic stress,
maize seedlings were grown hydroponically in a diluted
nutrient solution supplemented with the PH (Bio) or inorganic
nitrogen (NH4H2PO4; N). Control plants (N+; Bio+) were
grown in pots with air insufflation, while hypoxic stress
was imposed (N−; Bio−) by interrupting air flow. The
plants were grown for 4 days after the emergence of the
primary root, then, roots length and area were analyzed
(Figure 2A). Under hypoxic conditions, plants treated with
inorganic nitrogen (N−) showed a statistically significant
reduction of main and lateral root length (−22.1 and −25.6%,
respectively) (Figures 2B,C) and area (−24.2 and −19.5%,
respectively) compared to the control (N+) (Figures 2D,E).
The hypoxic stress in the Bio-treated plants resulted in the
inhibition of lateral root growth and surface area (−35.6 and
−33.7%), a bit higher than what was observed in N-treated
plants. However, the PH treatment (Bio−) alleviated the
effects of hypoxia on the main roots, since their length and
surface area did not differ from those of Bio-treated control
plants (Bio+). Overall, under hypoxic conditions, the root
apparatus of Bio-treated plants (Bio−) was more developed
than that of N-treated plants even when grown under sufficient
oxygen supply (N+).

Further analyses were conducted to test whether the treatment
with PH could favor root recovery from hypoxic stress. We
therefore set up a new experiment in which plants cultivated with
either the PH or inorganic nitrogen were grown hypoxically for
4 days and then supplied with air or maintained under hypoxia
for further 5 days. Plants treated with inorganic nitrogen and
grown for 9 days under hypoxic stress (N−−) grew stunted
compared to those treated with the PH (Bio−−) (Bio−− vs.
N−−: main root length: +80.1%; lateral root length: +108.1%;
main root area: +65.6%; lateral root area: +136.8%; p < 0.001
for all the comparisons) (Figures 3A–D). When plants treated
with inorganic nitrogen were supplied with air (N−+), the root
growth did not ameliorate significantly compared to that of the
oxygen depleted plants (N−−). Conversely, plants treated with
the PH and supplied with air (Bio−+) showed a statistically
significant increase (+24.4%) in lateral root length compared
to those maintained in hypoxia (Bio−−). As for the other
growth parameters, the trend observed was similar (Bio−+ vs.
Bio−− seminal root length: +14.5%; seminal root area: +16.9%;
lateral root area: +19.6%). Thus, the treatment with the PH
showed beneficial effects on root growth under hypoxic stress and

Frontiers in Plant Science | www.frontiersin.org 4 February 2021 | Volume 12 | Article 60062322

https://www.frontiersin.org/journals/plant-science
https://www.frontiersin.org/
https://www.frontiersin.org/journals/plant-science#articles


fpls-12-600623 February 3, 2021 Time: 11:55 # 5

Ambrosini et al. Collagen-Based Hydrolysate for Stress Protection

FIGURE 1 | Effects of the PH on root growth of maize plants subjected to drought stress. Maize plantlets grown with or without 15% PEG in the nutrient solution
after 9 days of treatment with either 0.1 mL L−1 PH (Bio) or with the equivalent amount of total N (14.3 mg L−1), supplied as inorganic nitrogen (N) (A). Total seminal
and primary root length (B), total lateral root length (C), total seminal and primary root area (D) and lateral root area of the maize plantlets treated as described above
(E). Root length and root area were measured with WinRHIZOTM software. Mean values per plant are reported. Bars represent the standard error (SEM) (n = 21),
Student’s t-test was applied, *p < 0.05; ***p < 0.001.
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FIGURE 2 | Effects of the PH on root growth of maize plants subjected to hypoxic stress. Maize plantlets grown with (+) or without (–) air insufflation in the nutrient
solution after 4 days of treatment with either 0.1 mL L−1 PH (Bio) or with the equivalent amount of total N (14.3 mg L−1), supplied as inorganic nitrogen (N) (A). Total
seminal and primary root length (B), total lateral root length (C), total seminal and primary root area (D), and lateral root area (E), of the maize plantlets treated as
described above. Root length and root area were measured with WinRHIZOTM software. Mean values per plant are reported. Bars represent the standard error
(SEM) (n ≥ 22), Student’s t-test was applied, *p < 0.05; **p < 0.01; ***p < 0.001.

Frontiers in Plant Science | www.frontiersin.org 6 February 2021 | Volume 12 | Article 60062324

https://www.frontiersin.org/journals/plant-science
https://www.frontiersin.org/
https://www.frontiersin.org/journals/plant-science#articles


fpls-12-600623 February 3, 2021 Time: 11:55 # 7

Ambrosini et al. Collagen-Based Hydrolysate for Stress Protection

FIGURE 3 | Effects of the PH on root growth of maize plants after recovery from hypoxic stress. Total seminal and primary root length (A), lateral root length (B), total
seminal and primary root area (C), lateral root area (D), of maize seedlings treated with 0.1 mL L−1 PH (Bio) and seedlings treated with equivalent amounts of total N
(14.3 mg L−1), supplied as inorganic nitrogen (N). The seedlings were hydroponically grown under hypoxia for 5 days, and then kept under normal air flow or hypoxic
stress for further 4 days. Root length and root area were measured with WinRHIZOTM software. Mean values per plant are reported. Bars represent the standard
error (SEM) (n ≥ 7), Student’s t-test was applied, *p < 0.05; **p < 0.01; ***p < 0.001.

most probably facilitate the recovery once the plants return to
normal oxygen regimen.

The Presence of PH in the Growing
Solution Favors the Recovery From Fe
Deficiency
To investigate whether the PH can favor plant Fe uptake
after starvation, maize seedlings were grown in an Fe-depleted
solution for 7 days, and then Fe was supplied to a concentration
of 20 µM as Fe chelated with EDTA, FeCl3, or FeCl3 previously
mixed with the PH (Figures 4A–C). Control plants were grown
in a nutrient solution containing 20 µM FeEDTA (+FeEDTA), or
in the absence of Fe throughout the experiment (−Fe/−Fe). We
monitored the pH of the different nutrient solutions every day
during Fe supply. In all the treatments the pH was favorable for Fe
uptake and showed little variation among the different solutions,
ranging from 5.2 to 5.3 at first day of supply to 5.9–6.2 at the end
of the experiment.

At the 2nd day after the Fe supply, plants treated with
the PH performed as well as the plants treated with FeEDTA
(−/+FeEDTA), and significantly better than those grown in the
solution containing the Fe salt only (+56.9%) if we consider
the SPAD values detected in the middle part of the leaf,

while no significant differences were observed in the top part
(Figures 4B,C and Table 1). On the 4th day, SPAD values of
plants supplied with Fe mixed with the PH were significantly
higher than those of plants treated with FeCl3 alone (TOP
leaf: +42.0%, MID leaf: +37.5%) and similar to those of plants
supplied with FeEDTA (Figures 4A–C). At the 7th day, maize
grown with FeCl3 reached mid-leaf SPAD values comparable to
those of FeCl3 plus protein PH, while the top-leaf values were still
higher for those treated with the PH (+18.7%). Overall, during
the supply, the plants treated with the mix of Fe and the PH were
the fastest to overcome foliar chlorosis, reaching in only 4 days
similar top-leaf SPAD values than those of the plants which did
not undergo Fe starvation. Furthermore, these values were even
increased in the mid-leaf (+32.3%). Similarly, the plants supplied
with FeEDTA were able to recover from the chlorosis at the 4th
day on the mid-leaf (+24.6%). However, they reached top-leaf
SPAD values similar to the positive control just at the 7th day
of supply. The worst performing plants were those supplied with
FeCl3: although able to reach the mid-leaf SPAD values of the
positive control at the 4th day, they did not show an increase
conversely to the other two theses; moreover, they could not
equal the performance of the control plants at the top of the
leaf (−17.5%). The analysis of the plants maintained in FeEDTA
for the entire length of the experiment revealed a progressive
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FIGURE 4 | Effects of PH on recovery from Fe deprivation. Maize plantlets grown in nutrient solutions with FeEDTA for 11 days, without any Fe source for 11 days,
or without Fe for 7 days and then supplied with FeCl3 mixed with the biostimulant for further 4 days (A). SPAD values progression in leaves of maize seedlings
treated with the PH (Bio) during recovery from Fe deprivation. Maize plantlets were grown in a nutrient solution containing FeEDTA 20 µM for 14 days (+ FeEDTA), or
in an Fe-depleted nutrient solution (-Fe) for 7 days, and supplied with 20 µM Fe as either FeEDTA (–Fe/ + FeEDTA), FeCl3 (–Fe/ + FeCl3) or FeCl3 supplemented with
0.1 mL L−1 PH (–Fe/ + FeBio). A group of plants were maintained in the nutrient solution deprived of Fe with the addition of 14.3 mg L−1 of N supplied as inorganic
nitrogen (–Fe/–Fe). SPAD values were taken at the top (B) and mid (C) part of the leaf. Mean values are reported. Bars represent the standard error (SEM) (n ≥ 9). Fe
concentration in maize leaves subjected to different treatments during recovery from Fe deprivation (D). Values of Fe concentration assessed via ICP-MS in maize
leaves harvested after 7 days of Fe supply. Mean values are reported. Bars represent the standard error (SEM) (n = 3), Student’s t-test was applied, *p < 0.05.

TABLE 1 | Comparison of SPAD values in maize seedling subjected to different treatments during recovery from Fe deprivation.

Vs. MID TOP

FeEDTA/FeEDTA −Fe/FeEDTA −Fe/FeCl3 FeEDTA/FeE DTA −Fe/FeEDTA −Fe/FeCl3

2◦day −Fe/FeEDTA −25.9%(**) −47.9% (***)

−Fe/FeCl3 −46.2%(***) −27.3%n.s. −52.7%(***) −9.3%n.s.

−Fe/FeBio −15.5%(*) 14.0%n.s. 56.9%(**) −37.4%(***) 20.1%n.s. 32.4%n.s.

4◦day −Fe/FeEDTA 24.6%(**) −18.5%(*)

−Fe/FeCl3 −3.8%n.s. −22.8%(*) −35.1%(***) −20.4%n.s.

−Fe/FeBio 32.3%(***) 6.2%n.s. 37.5%(**) −7.9%n.s. 13.0%n.s. 42.0%(***)

7◦day −Fe/FeEDTA 26.0%(***) −4.9%n.s.

−Fe/FeCl3 21.0%(*) −4.0%n.s. −17.5%(*) −13.3%n.s.

−Fe/FeBio 28.0%(**) 1.5%n.s. 5.8%n.s. −2.1%n.s. 2.9%n.s. 18.7%(*)

Percentage variations of SPAD values recorded at mid-leaf (MID) and top-leaf (TOP) after 2, 4 or 7 days of Fe supply. Student’s t-test was applied, *p < 0.05; **p < 0.01;
***p < 0.001.
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decrease in the mid leaf SPAD values which was probably due to
the rapid growth of the plants under optimal Fe conditions.

The positive effect of PH on Fe-deprivation recovery was
confirmed by the analyses of Fe concentration in maize leaves
(Figure 4D). In fact, in plants supplied with Fe together with the
PH for 7 days the concentration of Fe was higher than that of
plants grown with FeEDTA or those supplied with FeCl3. These
latter plants were able to reach a concentration comparable to that
of the positive control plants, but significantly lower than those
grown with Fe and the PH (−25.34%).

To exclude any direct contribution of the PH on plant Fe
uptake, we grew Fe-deprived plants in the nutrient solution with
the addition of the PH (0.1 mL L−1) alone. We have compared
the SPAD values measured for seven consecutively days in the
leaves of plants grown without Fe and plants grown without Fe
but with the addition of PH. The values recorded were similar
in both treatments (−Fe and −Fe + PH) ranging from 3.5 to
10, which are typical of chlorotic maize leaves. In addition, we
assessed the concentration of Fe in the product (Supplementary
Table 2). At our experimental condition (1:10,000 PH dilution)
the Fe supplied by PH was calculated to be at a concentration of
0.032 µM, therefore irrelevant compared to that presents in the
nutrient solution.

The PH Interacts With Fe Ions
To test the hypothesis that the PH under study can act as an
Fe chelator, we evaluated the interaction of the PH with Fe ions
by circular dichroism. We collected the CD spectrum of the
PH itself dissolved in water ([N] = 71.5 mg L−1), and then the
spectra of the PH mixed with FeCl3 at six different concentrations
[(µM) 0, 50, 100, 150, 200, 250)]. We set the PH concentration
to a total amount of N of 71.75 mg L−1 and the FeCl3 central
concentration of the range to 100 µM, in order to obtain the
same ratio between the Fe and the PH concentrations used in
the hydroponic system for the Fe supply experiments. The PH
CD spectrum obtained (Figure 5) is an intermediate between
the typical soluble type II collagen spectrum, which features two
characteristic peaks, a large negative one at 197 nm, and a small
positive one at 220 nm, and the polyproline spectrum, which
displays the large negative peak shifted at 206 nm, and the small
positive one at 228 nm (Lopes et al., 2014). For instance, the
CD spectrum of the PH presents two peaks one at 202 nm and
the other at 221 nm, implying that for this product the chemical
hydrolysis does not alter considerably the capability of the matrix
to form polyproline II (PPII)-type structures. The CD spectra
of the PH mixed with Fe showed a dose-dependent reduction
of the peak at 202 nm compared to the reference spectrum
of the PH alone (Supplementary Table 4), while the peak at
221 nm did not show major alterations when Fe is added (data
not shown). At the lowest Fe concentration, 50 µM, a slight
increase of the molar ellipticity value at 202 nm was observed;
adding 100 µM Fe we found a greater increase; for concentrations
higher than 150 µM, the molar ellipticity value remained almost
unaltered, suggesting that the interaction between the PH and
the Fe ions was saturated at 150 µM. These findings suggest that
the PH PPII-type structure undergoes a slight conformational
change in the secondary structure when Fe ions are present in

FIGURE 5 | Circular dichroism spectra of protein hydrolysate dissolved in
aqueous solutions with FeCl3 at different concentrations. The figure shows the
CD spectra of the PH diluted in aqueous solutions ([N] = 71.5 mg L−1) with
different FeCl3 concentrations [(µM) 0, 50, 100, 150, 200, 250]. Dashed lines
mark 202 and 221 nm wavelengths. Molar ellipticity was calculated referring
to a Mean Residual Weight (MRW) fixed at 106.5 g moL−1.

the solutions. The helix is able to interact with the Fe ions, that
are therefore responsible for the increase in the molar ellipticity
values, although they do not destabilize the structure to the extent
of denaturation (Lopes et al., 2014).

The PH Induces Transcriptional Changes
in Maize Roots During Recovery From Fe
Deficiency
We carried out a transcriptional analysis on the effects of the PH
in maize roots during Fe supply in order to shed light on the
mechanisms of action that favors recovery from Fe deficiency.
We studied the expression of key genes involved in Fe uptake
(ZmTOM1, ZmYS1, and ZmIRT1) and in peptide transport
(ZmOPT ids. GRMZM2G152555_T01, Zm00001d031287_T001)
in roots subjected for 7 days to Fe-deprivation (−Fe) and
supplied for 24 h with either 20 µM FeCl3 (−Fe/+FeCl3) or
FeCl3 plus PH (−Fe/+FeBio) in comparison to roots of plants
always grown under Fe deficiency (7 days plus 24 h; −Fe/−Fe)
(Figure 6). ZmTOM1 codes for an efflux transporter of mugineic
acid family phytosiderophores and ZmYS1 codes for a proton-
coupled symporter of metals chelated to phytosiderophore and
to nicotianamine (Schaaf et al., 2004) and both play a key role
in Strategy II of Fe acquisition employed by the graminaceous
species such as maize (Kobayashi and Nishizawa, 2012). On the
other hand, ZmIRT1 protein is a Fe(II) transporter involved
in the Strategy I (reduction strategy). These three proteins
(ZmTOM1 ZmYS1, ZmIRT1) have been shown to increase their
expression level in maize roots under Fe deficiency (Li et al., 2013;
Nozoye et al., 2013; Wairich et al., 2019). We clearly observed
this effect after 24 h of FeCl3 supply (Figures 6A–C). In fact,
Fe supply caused a strong reduction of the transcript levels of
ZmTOM1, ZmYS1, and ZmIRT1 with respect to the roots of maize
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FIGURE 6 | Quantitative RT-PCR analysis of genes involved in Fe uptake in maize roots. Relative transcript level, calculated as Mean normalized expression (MNE) of
ZmTOM1 (A), ZmYS1 (B), ZmIRT1 (C) and ZmOPT (D) was assayed in roots of plants grown under Fe-deprivation conditions (–Fe/–Fe) and after 24 h Fe-resupply
either as FeCl3 (–Fe/ + FeCl3) or FeCl3 plus PH (–Fe/FeBio). The values are the mean of three biological replicates. Bars represent the standard error (SEM).
Student’s t-test was applied, *p < 0.05; **p < 0.01; ***p < 0.001.

plants continuously grown under Fe deficiency. In the roots
supplied with FeCl3 in the presence of the PH, the expression
level of ZmTOM1 and ZmIRT1 was significantly higher than
the expression measured with FeCl3 alone, but still lower than
the transcript levels of Fe-deprived roots (Figures 6A,C). We
did not observe any significant difference in the expression level
of ZmYS1 between roots supplied with FeCl3 in presence and
absence of PH (Figure 6B).

In order to investigate the involvement of peptide transporters
in the mechanisms that favors Fe recovery in plants treated
with the PH, we analyzed the expression of the ZmOPT, a gene
found to be responsive to the PH treatment (Santi et al., 2017).
ZmOPT might be involved in mediating the uptake of Fe bound
to peptides. The expression of ZmOPT showed an increasing
tendency in both roots treated with FeCl3 and FeCl3 plus the
PH, this trend appears more pronounced in the presence of the
PH (Figure 6D).

Overall, concerning the modulation of genes involved in
response to Fe deficiency, these results indicate that the roots
supplied with FeCl3 plus the PH displayed an intermediate
behavior between Fe-deprived roots and roots supplied with
FeCl3 alone.

DISCUSSION

Biostimulants represent a vast category of products used in
the agricultural practice to increase crop productivity, nutrient
acquisition and stress resistance. They include natural products
of animal and plant origin as well as microorganisms. Due
to the generally complex nature of the biostimulants, often
composed by a mixture of different molecules, it is very difficult
to identify the active components responsible for the beneficial
effects on crops (Yakhin et al., 2017). On the other hand, the
presence of different active biomolecules in a single product can
widen the physiological processes that can be targeted. This can
explain the various beneficial effects that can be obtained by a
single biostimulants.

The scientific research on biostimulants should be focused
on two main targets: (i) to identify the bioactive components
of a product (ii) to test the activity of the product on different
physiological processes and under different environmental
conditions. Concerning the first point, the possibility to find
out the main active molecules can allow, on one hand to
use a reductionist approach for studying the mechanism of
action of the biostimulant, and, on the other hand, to optimize
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the products at the industrial level. This approach appears
feasible only with certain categories of biostimulants (e.g., protein
hydrolysate obtained from a tissue with few abundant proteins),
whereas quite difficult for biostimulants originated from complex
matrix (e.g., seaweed extracts). The second goal is important for
defining the product claims. The claims are usually based on
the results from experiments conducted under green house or
field conditions monitoring a single plant trait, principally crop
growth or product quality. It is possible therefore that in many
cases other beneficial effects can be disregarded. Experiments
carried out under laboratory conditions can be used to easily test
the effects of biostimulants on a great variety of physiological
parameters and under different environmental conditions to
obtain information on the potential uses of a product. The
set-up of the experiments must be carefully planned to assure
reproducibility, for instance the assessment of the biological
variability and the choice of proper controls appear crucial. In this
work, we have planned a series of laboratory experiments to test
whether a collagen-based PH has the capacity to exert beneficial
effects on plants subjected to different types of stress. The crop
used was maize because in a previous work we demonstrated the
positive effects of the collagen-based PH on maize root growth
and mineral ion uptake after few days of application (Santi
et al., 2017). The plants were grown hydroponically in an aerated
nutrient solution supplied with the PH. The use of hydroponic
culture has several advantages; for instance, it permits the precise
control of the medium composition, the possibility to study the
response to deprivation or excess of a single mineral nutrient
and also the simulation of various stress conditions. A very
critical issue in evaluating the effects of a biostimulant is also
the choice of a proper control, in our case as the biostimulant
object of the study was a PH, we added to the control nutrient
solution NH4

+ to reach the same amount of total N supplied
with the PH. In this way we also proved that the effects of
the biostimulant are not due to N fertilization. We chose to
assess the potential activity of the collagen-based PH as multi-
stress protectant against three different types of abiotic stresses:
drought, hypoxia and Fe starvation and we analyzed the effects
on growth during the first days after germination, a phase that
can be critical for the plant emergence after sowing.

Our results confirmed the observations made by Trevisan
et al. (2019) about the capacity of the PH to protect the root
apparatus under hypoxic conditions and extended the analysis
to the advantages that the presence of PH supplied in the
medium can bring during the recovery from the stress (Trevisan
et al., 2019). Indeed, when after 4 days of hypoxia the plants
returned to the normal air insufflation, the presence of the PH
in the medium rapidly stimulated the resumption of root growth
whereas untreated roots did not seem to recover.

To our knowledge, the effects of collagen-derived PH on plants
subjected to water stresses has not previously been investigated.
To apply water stress conditions, we follow a method described
by Han et al. (2017) to generate osmotic stress in maize plants
under hydroponic cultivation by adding 15% PEG to the nutrient
solution (Han et al., 2017). The response to osmotic stress was
similar in N− and PH-treated plants. In both cases we observed a
slight decrease in shoot fresh biomass (Supplementary Figure 1

and Figure 1A) and an increase in root growth – mainly in the
lateral roots for what concerns the PH-treated plants- leading
to a change in shoot/root ratio which is a typical response of
plants to water deficit. Although the plant species and the PEG
concentration used are different, our results are in accordance
with those of Ji et al. (2014), who showed that one of the effects of
PEG-mediated osmotic stress in wheat is the induction of lateral
root development (Ji et al., 2014). Overall, we showed that the
water stress did not alter the positive effects of PH on root growth
most probably allowing under longer term a better acquisition
of water and nutrients in the PH- treated plants compared to
the control ones.

The positive effects of PH on abiotic stress resistance has
often been ascribed to its capacity to counteract the oxidative
stress (Lucini et al., 2015) mainly through the induction of
genes involved in antioxidant defense (Caruso et al., 2019).
In this regard, we previously observed that the collagen-based
PH compared to other biostimulants such as free amino acids,
produces only a moderate alteration of genes related to oxidative
stress under normal conditions (Santi et al., 2017) suggesting
that it is not itself an oxidative stress elicitor. Interestingly,
the collagen-based PH acts on phytohormone homeostasis
and signaling, modifying the expression of genes involved in
metabolism, transport and signal transduction of gibberellin,
cytokinins and auxin (Santi et al., 2017). It is presumable that the
effects of the collagen-based PH on the hormone functions could
be responsible for the positive effects on root growth also under
stress conditions.

Concerning the experiments of recovery after Fe-starvation,
we obtained several lines of evidence about the positive effects
of the collagen-based PH. The SPAD measurements and Fe
concentrations in the leaves clearly demonstrated that the
administration of PH mixed to FeCl3 confers a faster recovery
from deprivation as compared with treatments with FeCl3 or
FeEDTA. We can hypothesize that the positive role of the PH on
Fe accumulation in starved plants is linked to both biological and
chemical proprieties of the PH itself. Some interesting insights
concerning the structural features of the PH under study and on
its interaction with Fe were discovered thanks to the CD spectra
analyses. CD has been widely used as a reliable source to study the
interactions among biomolecules (Greenfield, 2007), especially
proteins, and some works had already highlighted the diagnostic
features of collagen, collagen peptides and poly-proline type II
(PPII) structures spectra (Piez, 1968; Piez and Sherman, 1970;
Adzhubei et al., 2013; Lopes et al., 2014). The PH spectra obtained
was extremely reproducible and had the typical shape of the
collagen peptides and PPII (type II polyproline helices) reference
spectra (Lopes et al., 2014). The similarities between these CD
spectra were striking and we can therefore assume that the
acid hydrolysis process produces a mixture of short peptides
that maintains the PPII secondary structure. Furthermore, CD
spectra showed that the collagen-based PH can interact with Fe
in a dose-dependent manner suggesting the formation of Fe-
PH complexes. Results previously reported by Santi et al. (2017)
hinted that the collagen-based PH could improve Fe uptake
through a transcriptional reprogramming of genes playing a
role in the metal transport processes. With the exception of
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ZmYS1, here we show that the molecular components involved
in maize root Fe acquisition (e.g., solubilization and uptake,
ZmTOM1 and ZmIRT1, respectively) (Li et al., 2013, 2018;
Nozoye et al., 2013; Wairich et al., 2019) are more expressed
in PH-treated roots during the FeCl3 supply (Figures 6A–
C), possibly indicating that the mechanisms of Fe sensing
by maize roots are, in this condition, less susceptible to
the restored cellular Fe accumulation. Interestingly, a similar
behavior was described in Fe-deficient tomato plants supplied
with Fe chelated to fulvic acid like water-extractable humic
substances, another category of plant biostimulant (Zamboni
et al., 2016). Furthermore, we cannot exclude a role of ZmOPT
in the uptake of Fe-PH complexes, since it showed the
highest expression in PH-treated roots although not statistically
significant (Figure 6D).

We propose that the PH role as Fe deficiency stress mitigator
might be explained with a combination of possibly synergic
chemical and molecular mechanisms leading to an increased
uptake and distribution of Fe when Fe is supplied after shortage.
In particular, these mechanisms seem to be based on: (1) an

enhanced stimulation of phytosiderophore (PS) efflux leading
to a higher solubilization of Fe(III); (2) an increased uptake of
the reduced form of Fe since the presence of ZmFRO2 in maize
genome has been ascertained (Li et al., 2018); (3) an easier uptake
of Fe as a chelated complex with the PH; (4) an increased Fe
solubilization due to the presence of PH and an effective ligand
exchange process involving Fe-PH and PSs making more efficient
the action of these chelators (Figure 7).

In conclusion, we demonstrated that the collagen-based PH
under study, not only is a plant growth promoting agent, but it
might also be used effectively as hypoxic, drought, and nutrient
stress mitigator.

The protective effects cannot be related to a single mechanism
of action, but most probably are the result of different activities
of the peptides both in the external medium and inside the
cells. A further characterization of this matrix could help
to shed light on the role of its peptides at the cellular
level, considering that many works have showed how small
peptides are crucial for plant signaling (Gancheva et al.,
2019). For instance, IRON MAN (IMA), CLV3/ESR-RELATE D

FIGURE 7 | Mechanisms of action of the PH as Fe-deficiency stress mitigator. Schematic representation of the maize root apparatus after the administration of Fe in
the absence (left) or presence (right) of the PH. We show that PH increases the lateral root length (Santi et al., 2017) thus favoring soil exploration for nutrients. In
addition, PH treatment maintains a higher expression of genes encoding (1) the transporter involved in PS efflux (ZmTOM1) and (2) the transporter of Fe(II) (ZmIRT1),
possibly reduced by plasma membrane Fe reductase activities (not shown in the scheme). The PH tends to increase the expression of (3) putative Fe-peptide
transporter (ZmOPT). The PH can also chelate Fe and facilitate the exchange of Fe to the PSs (4).
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(CLE) and HYDROXYPROLINE-RICH GLYCOPEPTIDE
SYSTEMINS (HypSys) are three important families of peptides,
on the range of 5–20 amino acids, involved in very different
processes. The members of the former family control iron
transport in plants (Grillet et al., 2018), those of the second one
are involved in the differentiation of shoot and root meristems
(Leasure and He, 2012), while those of the third one are plant
protective signal peptides, participating in plant defense reactions
(Pearce, 2011).
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Water-deficit stress negatively affects seed germination, seedling development, and
plant growth by disrupting cellular and metabolic functions, reducing the productivity
and yield of field crops. In this study, sodium silicate (SS) has been employed as a seed
priming agent for acclimation to mild water-deficit stress by invoking priming memory in
wheat plants. In pot experiments, the SS-primed (20, 40, and 60 mM) and non-primed
control seeds were allowed to grow under normal and mild water-deficit conditions.
Subsequently, known methods were followed for physiological and biochemical studies
using flag leaves of 98-day mature wheat plants. The antioxidant and hydrolytic
enzymes were upregulated, while proteins, reducing sugars, total sugars, and glycine
betaine increased significantly in the flag leaves of wheat plants originated from SS-
treated seeds compared to the control under mild water-deficit stress. Significant
decreases in the malondialdehyde (MDA) and proline contents suggested a controlled
production of reactive oxygen species, which resulted in enhanced cell membrane
stability. The SS priming induced a significant enhancement in yield, plant biomass,
and 100-grain weight of wheat plants under water-deficit stress. The improvement in
the yield parameters indicated the induction of Si-mediated stress acclimation in SS-
primed seeds that elicited water-deficit tolerance until the maturity of plants, ensuring
sustainable productivity of climate-smart plants.

Keywords: seed priming, sustainable productivity, water-deficit stress tolerance, wheat, silicon

INTRODUCTION

Around the world, sustainable agriculture is facing severe threats from ecotoxicological conditions,
climate change, and environmental stresses that pose serious challenges to global food security.
Plants growing in a dynamic environment are heavily influenced by the aforesaid stress factors
and exhibit a significant reduction in growth, development, and final yield, although they try to
counterbalance the negative impacts through certain adaptive mechanisms, such as changing the
osmotic potential, plant structure, and growth pattern, boosting the antioxidant defense potential
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and regulating physiological and biochemical processes (Teh and
Koh, 2016). Over the years, drought or water deficit has been
recognized as the most brutal environmental stress that retards
the growth and development of plants by having negative impacts
on the physiological, biochemical, and morphological traits. It
hampers the normal metabolic, antioxidant, and photosynthetic
activation and nutrient movement in plants. The disrupted
processes at the subcellular level impair the growth-promoting
parameters and lead to reduced plant growth and biomass
and to yield losses (Wang et al., 2018; Easwar Rao and
Viswanatha Chaitanya, 2020). Wheat is a major staple food, and
its seed germination, seedling growth, and plant development
also experience the drought-induced negative impacts, which
ultimately result in low yield (Amirjani and Mahdiyeh, 2013; Guo
et al., 2017). Wheat plants experience negative changes in protein
contents, antioxidant potential, and hormone composition at
the vegetative and reproductive stages under drought. It also
influences the chlorophyll content, cuticle thickness, and opening
and closing of the stomata (Bano et al., 2012; Guan et al.,
2015; Li et al., 2020). In fact, water limitations severely reduce
the uptake and translocation of macro- and micronutrients,
which affect leaf–water relations, photosynthesis, and chlorophyll
fluorescence, resulting in reduced plant growth, early senescence,
and low wheat productivity (Zlatev, 2009; Karim et al., 2012;
Wang et al., 2017).

Seed germination is one of the major phases in the life of
higher plants in which all well-regulated metabolic, biochemical,
and physiological processes ensure the rapid and uniform
emergence of seedlings and plant development. Priming is a
seed pre-conditioning technique that modulates the biochemical
and physiological processes for the acceleration of germination
and alleviation of stress, and for higher crop yields. In fact,
it programs the seeds for the tolerance of abiotic stresses
by regulating metabolism, antioxidant enzymes, and protein
synthesis and readjusting the underlying subcellular pathways
(Wojtyla et al., 2016; Hameed et al., 2019). Over the last few
decades, a range of physical, chemical, and biological treatments
have been well explored for hydropriming, chemopriming,
biopriming, and thermoprining for pre-germinative metabolic
modulations in seeds in order to withstand abiotic and biotic
stress conditions at germination, seedling growth, and plant
development. Various natural and synthetic priming agents
(inorganic salts, organic molecules, and natural metabolites)
have been reported to boost the antioxidant potential as a
stress-responsive strategy for the alleviation of drought-induced
damages in germinating seeds (Aranega-Bou et al., 2014; Savvides
et al., 2016; Singh et al., 2020). Various studies have reported
the applications of salicylic acid, abscisic acid, jasmonic acid,
hydrogen peroxide, ascorbic acid, sodium nitroprusside, sodium
chloride, sodium glutamate, etc., as wheat seed priming agents
to induce tolerance against drought and to mitigate the above-
mentioned negative impacts (Hameed and Iqbal, 2014; Bhardwaj
et al., 2017; Habib et al., 2020).

Over the last few decades, several authors have reported the
ability of silicon (Si) to induce tolerance against biotic and
abiotic stresses, including salinity, high temperature, chilling,
drought, etc. It accelerates seed germination and enhances

plant growth and crop yield. It acts as a plant protectant and
biostimulant under a range of stress conditions. It also improves
the water status and water use efficiency of plants and reduces
lipid peroxidation under drought stress (Hasanuzzaman et al.,
2018; Liu et al., 2019). It could regulate osmolyte accumulation
and readjust osmotic potential under water-deficit conditions.
Si provision improved the yield of rice by increasing the
mobilization of photoassimilates and amino acids from vegetative
tissues to grain and nitrogen use efficiency. It redirected the
primary metabolism by acting as a signaling factor under
unstressed conditions (Pang et al., 2019; Mohanty et al., 2020).

Keeping the above facts in mind, this study was planned to
employ Si as a wheat seed priming agent to induce acclimation to
mild water-deficit stress until the maturity of plants.

MATERIALS AND METHODS

In this study, spring wheat (Triticum aestivum L. cv. AARI-
2011) seeds (100 g for each treatment) were primed with 20,
40, and 60 mM sodium silicate (SS) solution, the Si donor, for
8 h. Then, they were washed and dried at 26 ± 2◦C under
shade. On the other hand, some wheat seeds were soaked only
in water to achieve hydro-primed seeds for comparative study.
Pot experiments with a completely randomized design were
conducted in three replicates (five pots per replicate with five
seeds per pot) to investigate the effects of silicon-induced priming
on mature wheat plants produced from SS-primed seeds under
normal and mild water-deficit conditions. Each pot was filled
with 1.4 g cm−3 sandy clay loam soil containing 22% clay, 33%
silt, and 45% sand. Normal growth conditions were maintained
by providing water at soil water-holding capacity. On parallel,
the drought stress was induced by maintaining water at 50% soil
water-holding capacity. Physiological and biochemical analyses
were performed using flag leaf samples collected from 98-
day matured plants originated from SS-primed, hydro-primed,
and non-primed control seeds grown under normal and mild
drought conditions.

Physiological Analyses
A known conductometric method was employed for the
measurement of cell membrane stability (CMS) (Blum and
Ebercon, 1981). The samples were autoclaved for 24 h before
and after conductivity reading from the control (C) and stressed
(T) leaf samples.

CMS % = [(1− (T1/T2))/(1− (C1/C2))]× 100
where T1 is the stress sample conductance before autoclaving,
T2 is the stress sample conductance after autoclaving, C1 is the
control sample conductance before autoclaving, and C2 control
sample conductance after autoclaving.

The water status parameters (turgor, osmotic, and water
potential) were measured using the youngest leaf samples
according to known procedures. The difference between the
water potential (9w) and osmotic potential (9s) values provided
the leaf turgor potential (9p).

(9p = 9w −9s)
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Biochemical Analyses
Biomolecules
Total soluble proteins (TSPs) were estimated by the method of
Bradford using bovine serum albumin (BSA) as the standard
(Bradford, 1976). Reducing sugars were determined using a
well-known dinitrosalicylic acid method (Miller, 1959) and
the total sugar content estimated using the phenol sulfuric
acid reagent method (Dubois et al., 1951). The reducing and
total sugar contents were determined from a standard curve
prepared by using glucose as the standard. Non-reducing
sugars were calculated by subtracting the reducing sugars from
the total sugars.

Enzymatic and Non-enzymatic Antioxidants
For the different biochemical analyses, leaf samples (0.5 g)
were ground in specific extraction buffer and centrifuged at
15,000 × g for 20 min at 4◦C for different biomolecules and
enzymes. Subsequently, the separated supernatant was employed
for the below given biochemical analyses according to well-
established methods. Spectroscopic analyses were performed
using a spectrophotometer (Hitachi, U2800).

Specific extraction buffers were used to homogenize the
leaf samples (0.5 g) as in a known procedure. The activity of
superoxide dismutase (SOD) was assayed by measuring its ability
to inhibit the photochemical reduction of nitroblue tetrazolium
(NBT) following a known method (Giannopolitis and Ries, 1977).
One unit of SOD activity was defined as the amount of enzyme
which caused 50% inhibition of photochemical reduction of
NBT. The activities of peroxidase (POD) and catalase (CAT)
were also measured using a well-established method (Chance
and Maehly, 1955). For POD activity, we noted an increase
in the absorbance of the reaction solution at 470 nm. In the
case of CAT activity, we recorded a decrease in the absorbance
of the reaction solution at 240 nm. An absorbance variation
of 0.01 U/min was taken as one unit of CAT and POD
activities. Further, the activities of enzymes were expressed on
seed weight basis.

The level of lipid peroxidation was measured in terms of
malondialdehyde (MDA, a product of lipid peroxidation)
content determined by a known method which involves
thiobarbituric acid (TBA) reaction (Heath and Packer,
1968). An extinction coefficient of 155 mM−1 cm−1 was
used for the calculation of MDA content. The Folin–
Ciocalteu reagent was employed according to a known
micro-colorimetric method for the determination of the
total phenolic content (TPC) (Ainsworth and Gillespie, 2007).
A linear regression equation was used for the measurement
of TPC after preparing the standard curve with different
concentrations of gallic acid.

Hydrolytic Enzymes
Protease activity was determined by a known casein digestion
assay (Drapeau, 1976). The absorbance of the filtrate was
measured at 280 nm. By this method, 1 U is the amount
of enzyme that releases acid-soluble fragments equivalent to
0.001 A280 per minute at 37◦C and pH 7.8. Enzyme activity
was expressed on a protein basis. The α-amylase activity was

determined by following a reported method (Varavinit et al.,
2002). Accordingly, maltose was used for the construction of the
standard curve to measure enzyme activity.

Osmolytes
The known acid ninhydrin method was employed for the
measurement of proline content at 520 nm and expressed as
micrograms proline per gram fresh weight (FW) (Bates et al.,
1973). A known spectroscopic method was adopted for the
determination of glycine betaine (GB) (Grieve and Grattan,
1983). Warm distilled water was used to prepare an aqueous
extract of dry leaves, which was mixed with 0.2 ml of potassium
triiodide solution and 0.25 ml of 2 N HCl. After keeping this
solution in an ice bath for 90 min, 20 ml of dichloromethane
and 2 ml of water were added for the extraction of GB.
The optical density of the organic phase was determined at
365 nm, and the GB concentrations were measured on a
fresh weight basis.

Pigment Contents
A known spectrophotometric-based method was followed to
measure chlorophyll a (chl a), chlorophyll b (chl b), total
chlorophyll (total chl), and carotenoids in leaf samples (Arnon,
1949; Peters and Noble, 2014). The pigments were extracted
in 85% acetone and centrifuged at 4,000 rpm for 15 min;
subsequently, the supernatant was used for the absorbance of the
recorded values at 645, 663, and 480 nm. Afterward, the pigment
contents were calculated as follows:

Chl a (mg/g FW)

= [12.7(OD663)− 2.69(OD645)× V/1, 000×W]

Chl b (mg/g FW)

= [22.9(OD645)− 4.68(OD663)× V/1, 000×W]

Carotenoids (mg/g FW) = [Acar/EM] × 1, 000Acar

= OD480 + 0.114(OD663)− 0.638(OD645)

Where, OD represents optical density, V is the volume of the
sample, W is the weight of fresh tissue taken for extraction,
and EM is 2,500.

Yield Attributes
The mature wheat plants were used to calculate the plant biomass,
100-grain weight yield, and the grain yield per plant under stress
and non-stress conditions.

Statistical Analyses
Finally, significance of the data was tested using variance and
Tukey’s (honestly significant difference, HSD) test at p < 0.05
and, where applicable, at p < 0.01. Thus, the mean ± SD values
are presented in graphs.
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RESULTS

The SS-treated and non-treated wheat seeds were allowed
to germinate in pots under normal and mild drought stress

conditions. Later, the flag leaf samples of 98-day mature
plants were used for biochemical, physiological, and yield
responses and compared with the control under stress and non-
stress conditions.

FIGURE 1 | Contents of biomolecules in the flag leaf of wheat plants grown after sodium silicate seed priming under non-stress and water-deficit stress conditions.
Each data point represents the mean of three samples ± SD. Bars with different alphabet are significantly different (p < 0.05 and P > 0.01) according to Tukey’s
(HSD).
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Biochemical Parameters
The protein contents increased significantly with increasing
concentrations of the priming agent under normal as well as
stress conditions compared to the control (Figure 1). There
was a significant increase in reducing sugars with increasing

concentrations of the applied sodium silicate priming solution
under both conditions. However, the increasing effect was more
pronounced in the flag leaves of plants originated from prime
seeds under normal conditions. Interestingly, an entirely opposite
effect was observed in the case of non-reducing sugars. The

FIGURE 2 | Antioxidant enzyme activities in the flag leaf of wheat plants grown after sodium silicate seed priming under non-stress and water-deficit stress
conditions. Each data point represents the mean of three samples ± SD. Bars with different alphabet are significantly different (p < 0.05 and P > 0.01) according to
Tukey’s (HSD).
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total sugars increased with increasing concentrations of the
priming agent under drought, while under normal conditions,
only priming with 60 mM SS treatment induced a significant
increase in total sugars.

In the case of the antioxidant enzymes, both POD and
CAT activities were upregulated significantly with increasing
priming concentrations under both conditions. However, a more
pronounced effect was observed in POD and CAT under the mild

drought and normal conditions, respectively. Priming with 20
and 40 mM SS induced a significant increase in SOD activity
under drought. Under normal conditions, only 40 mM SS
treatment caused a significant increase in SOD. The maximum
upregulation of SOD was observed as a result of priming with
20 mM SS under stress (Figure 2).

The MDA contents exhibited a significant decreasing trend
with increasing priming concentrations. The maximum MDA

FIGURE 3 | Malondialdehyde (MDA) contents and total phenolics in the flag leaf of wheat plants grown after sodium silicate seed priming under non-stress and
water-deficit stress conditions. Each data point represents the mean of three samples ± SD. Bars with different alphabet are significantly different (p < 0.05 and
P > 0.01) according to Tukey’s (HSD).
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was observed in the flag leaves of plants originated from non-
primed seeds grown under drought. Treatment with 40 mM SS
induced a significant decrease, while the other treatments caused

an increment in the non-enzymatic antioxidant, the TPC, under
both conditions compared to the control (Figure 3). In the case
of the hydrolytic enzymes, the protease and α-amylase activities

FIGURE 4 | Hydrolytic enzyme activities in the flag leaf of wheat plants grown after sodium silicate seed priming under non-stress and water-deficit stress conditions.
Each data point represents the mean of three samples ± SD. Bars with different alphabet are significantly different (p < 0.05 and P > 0.01) according to Tukey’s
(HSD).
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were significantly upregulated due to the priming treatments
under normal as well as stress conditions (Figure 4).

The proline contents decreased significantly and linearly with
increasing SS priming concentrations, while a significantly linear
increase was observed in GB under both conditions (Figure 5).

Priming with 40 mM SS only caused a significant increase in
chl a under normal conditions. The priming treatments induced
a significant decrease in chl b and total chl under normal
conditions. Under drought, priming with 20 and 60 mM SS
caused a significant increase in chl a and chl b, respectively.
Priming with 60 mM SS also increased the total chl significantly
under stress. A significant increase in total carotenoids was
observed as a result of priming with 20 and 40 mM SS under

normal conditions. Meanwhile, priming with 60 mM induced a
significant increase in total carotenoids under stress (Table 1).

Physiological Parameters
There was a significant and linear decrease in the water potential
of flag leaves with increasing SS priming concentrations under
both conditions. The osmotic potential exhibited a similar
trend under stress. However, a significant increasing effect
was induced by 60 mM treatment under normal conditions.
A significant increase in turgor potential was observed with
increasing priming concentrations under both conditions
(Table 2). CMS increased significantly with increasing SS priming
concentrations (Figure 6).

FIGURE 5 | Osmolyte contents in the flag leaf of wheat plants grown after sodium silicate seed priming under non-stress and water-deficit stress conditions. Each
data point represents the mean of three samples ± SD. Bars with different alphabet are significantly different (p < 0.05 and P > 0.01) according to Tukey’s (HSD).
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Yield Attributes
The yield of plants increased significantly with priming
treatments under both conditions; however, the effect was more
pronounced under stress-free conditions. A significant increase
in 100-grain weight was observed only as a result of priming with
20 mM SS under normal and stress conditions, while the other
treatments were unable to induce any perceptible change in it.
The priming treatments induced a significant increase in plant
biomass under both conditions (Table 2).

DISCUSSION

Applications of SS as a wheat seed priming agent induced a
significant increase in TSP in the flag leaves of plants under
both conditions. Proteins provide energy and amino acids
to germinating seeds and developing seedlings and execute a
number of physiological and biochemical processes in plants,
being vital enzymes in various subcellular metabolic and
signaling pathways. Drought stress induces severe negative
impacts on such pathways due to their high dependence
on water availability (Ali and Elozeiri, 2017). As a stress-
mitigating strategy, plants produce drought-responsive proteins
for biochemical readjustments to counterbalance the deleterious
impacts and provision of resistance against stress (Al-Jebory,
2012). Silicon applications are known to enhance the expressions
of drought-related proteins in rice plants under drought
(Khattab et al., 2014). Accordingly, in our study, the Si-
induced marked increment in TSP has been considered as a
mechanistic response to water-deficit conditions. Hence, the
significant improvement of the TSP content with increasing SS
concentrations suggested the facilitating role of Si in protein
synthesis under normal as well as stress conditions. The produced
proteins could have assisted in the regulation of metabolic
pathways and provided energy and nutrients for the induction
of stress tolerance.

There were significant increases in the reducing and total
sugars with increasing SS concentrations under stress and stress-
free conditions. Plants increase their sugar content as a part of
their stress-insulating mechanism because they could provide
energy for metabolic processes and assist in the regulation of
stress responses. Sugars do act as osmoprotectants and provide
membrane stability, especially under water-deficit conditions
(O’Hara et al., 2013; Poonam et al., 2016). Maize plants produced
from Si-primed seeds were reported to show higher contents
of soluble sugars under alkaline and water-deficit stress (Abdel
Latef and Tran, 2016; Parveen et al., 2019). Hence, a Si-mediated
increase in the reducing and total sugars has been considered as
a positive factor for drought tolerance in this study. However,
SS priming induced a significant decrease in non-reducing
sugars, which suggested their lesser requirements in water-deficit
management in this study.

In our case, the Si priming treatments significantly increased
the POD and CAT activities in the flag leaves of wheat plants
under normal and stress conditions. Priming with 20 and
40 mM SS caused a significant increase in SOD activity under
stress and normal conditions, respectively, while all the other
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priming treatments induced a significant decrease in SOD under
both conditions. In general, plants utilize non-enzymatic and
enzymatic antioxidants for real-time detoxification of stress-
induced reactive oxygen species (ROS). Therefore, upregulated
antioxidant enzymes have been considered as a major stress-
responsive strategy for counterbalancing excessive ROS (Sofo
et al., 2015). The exogenous as well as priming applications
of Si have been known to boost antioxidant enzymes in late-
sown wheat and maize plants under drought (Sattar et al.,
2017; Parveen et al., 2019). Thus, in our case, the elevated
activities of the antioxidant enzymes represented an increased
antioxidant potential for the provision of water-deficit tolerance
in wheat plants.

The overexpression of the antioxidant enzymes along with
the readjustment of biomolecules might have mitigated the
negative impacts of water-deficit and helped to detoxify the
excessive generation of ROS. It has been signified by the
significant reduction of MDA contents with increasing priming
concentrations prominently under mild water-deficit conditions.
Under both conditions, two priming treatments induced a
significant increase in TPC, a non-enzymatic antioxidant. The
elevated antioxidant potential with reduced MDA contents
suggested acclimation to water deficit in wheat plants induced as
priming memory in primed seeds.

In our study, the activities of both hydrolytic (protease and
α-amylase) enzymes increased significantly and almost linearly
with increasing concentrations of SS under both conditions.
Usually, plants show an upregulation of hydrolytic enzymes as
a mechanistic approach for the mitigation of abiotic stresses
including water deficit (Wang et al., 2016). They re-mobilize
stored proteins and soluble sugars for the regulation of various
metabolic and physiological functions vital for seed germination,
seedling development, and plant growth (Adda et al., 2014;
Martinez et al., 2019). In this perspective, the upregulation of the
hydrolytic enzymes has been considered as a positive factor to
elicit water-deficit tolerance in wheat plants.

Proline accumulation appears as one of the major stress-
combating strategies in plants against a number of abiotic
stresses, including water-deficit conditions. It helps the plants
in osmotic readjustments for the development of water-deficit
resistance. Further, it has been suggested as the biomarker of
osmotic stress injury (Heuer, 2010; Chun et al., 2018). In our
case, the proline contents were decreased significantly in the
flag leaf of wheat plants with increasing priming concentrations
compared to the control under both conditions. Accordingly, it
represented that SS priming provided water-deficit acclimation
in wheat plants, thus reducing the chances of osmotic injury
and the requirement of proline. Glycine betaine is also produced
in plants as an adaptive mechanism to counter abiotic stresses,
including drought or water-deficit conditions. It is a known
osmolyte that helps in stress-related osmotic readjustments for
buffering of the redox potential, membrane stability, and higher
ROS scavenging capacity. It interacts with the hydrophobic
and hydrophilic domains of protein complexes and membranes,
protects them from ROS, and maintains their structural and
functional integrity. Thus, it offers counteracting mechanisms
to settle the stress-related metabolic dysfunctions, ensuring
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FIGURE 6 | Effect of sodium silicate seed priming on cell membrane stability. Each data point represents the mean of three samples ±SD. Bars with different
alphabet are significantly different (p < 0.05 and P > 0.01) according to Tukey’s (HSD).

improved growth and survival of plants (Xu et al., 2018;
Annunziata et al., 2019). Silicon applications have regulated the
osmolytes as a mechanistic approach to induce drought tolerance
in different species of plants (Yang et al., 2017; Hasanuzzaman
et al., 2018). In our case, there was a significant and linear increase
in GB with increasing SS priming concentrations compared
to the control under water-deficit and normal conditions.
Therefore, the SS-mediated increase of GB in flag leaves has been
suggested as a positive factor that elicits water-deficit tolerance
in wheat plants.

Water-deficit conditions generally induce negative impacts on
the chlorophyll content, resulting in a reduced photosynthetic
activity (Chen et al., 2016; Hussain et al., 2019). In our
case, SS priming produced significant increases in chl a,
chl b, and total chl in flag leaves, suggesting the stress-
mitigating role of Si under mild water-deficit conditions. Further,
treatment with 60 mM SS caused a significant increase in
total carotenoids under stress. In general, drought caused a
significant reduction in carotenoid content in plants. They have
been suggested as important precursors of plant hormones
and accessory pigments for photosynthesis (Mibei et al., 2017).
Foliar applications of Si also increased the photosynthetic
pigments, including carotenoids, in wheat under normal and
drought conditions (Maghsoudi et al., 2016). In a very
recent study, silicon fertilization improved chlorophyll and
carotenoids in sugarcane cultivars grown under water-deficit
conditions (De Camargo et al., 2019). Thus, in our study,
the silicon-mediated increase in photosynthetic pigments and
carotenoids has been correlated to its stress alleviatory role for
sustainable productivity.

In our case, the priming treatments resisted the negative
impacts of mild water-deficit conditions and exhibited a
significant increase in CMS in flag leaves. The increase in CMS
has also been justified by a low MDA, a higher antioxidant

potential, and higher amounts of osmolytes owing to the
Si-regulated metabolic, biochemical, and signaling processes
under mild water-deficit conditions. The increased CMS and
the higher content of osmolytes developed osmoregulation,
which significantly improved the relative water contents in flag
leaves. Exogenous applications of Si have also been known to
improve the CMS and water status in a variety of plants under
different stress conditions (Bybordi, 2015; Maghsoudi et al., 2016;
Altuntas et al., 2018).

All SS priming treatments induced biochemical alterations,
consequently improving yield, plant biomass, and the 100-grain
weight of wheat plants grown under mild water-deficit and
normal conditions. The improvement of the yield parameters at
the whole plant stage indicates the induction of priming memory
in SS-primed seeds, which elicited water-deficit tolerance until
the maturity of plants. Therefore, silicon-mediated priming
memory in primed seeds enabled them to tolerate water deficit
at the seed germination, seedling growth, and plant development
stages, thus ensuring sustainable productivity with long-lasting
stress acclimation.

CONCLUSION

The silicon-mediated priming effects elicited water-deficit
resistance in wheat plants by upregulating the antioxidant and
hydrolytic enzymes with an increased level of osmoprotectants.
Further, it induced a significant reduction in proline and MDA
contents, representing a lesser ROS production that resulted in
enhanced cell membrane stability. The improvement in the yield
parameters at the whole plant stage indicated the induction of
priming-mediated biochemical alterations in SS-primed seeds
that invoked water-deficit acclimation until the maturity of
plants, ensuring climate-smart growth of wheat.
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1 Brandon Bioscience, Tralee, Ireland, 2 Plant Biostimulant Group, Shannon Applied Biotechnology Centre, Munster
Technological University Kerry, Tralee, Ireland, 3 Instituto de Ciências Agrárias, Universidade Federal de Uberlândia/UFU,
Uberlândia, Brazil, 4 Instituto de Biotecnologia, Universidade Federal de Uberlândia/UFU, Uberlândia, Brazil, 5 Fundação
Educacional de Ituverava FAFRAM, Faculdade Agronomia, Ituverava, Brazil

Soybean is one of the most valuable commercial crops because of its high protein,
carbohydrate, and oil content. The land area cultivated with soybean in subtropical
regions, such as Brazil, is continuously expanding, in some instances at the expense of
carbon storing natural habitats. Strategies to decrease yield/seed losses and increase
production efficiency are urgently required to meet global demand for soybean in a
sustainable manner. Here, we evaluated the effectiveness of an Ascophyllum nodosum
extract (ANE), SealicitTM, in increasing yields of different soybean varieties, in two
geographical regions (Canada and Brazil). In addition, we investigated the potential of
SealicitTM to reduce pod shattering at the trials in Brazil. Three different concentrations
of SealicitTM were applied to pod shatter-susceptible (SS) UFUS 6901 and shatter-
resistant (SR) UFUS 7415 varieties to assess their impact on pod firmness. SS
variety demonstrated a significant decrease in pod shattering, which coincided with
deregulation of GmPDH1.1 and GmSHAT1–5 expression, genes that determine pod
dehiscence, and higher seed weight per pod. SealicitTM application to the SR variety did
not significantly alter its inherent pod shatter resistance, but provided higher increases
in seed yield at harvest. This yield increase maybe associated with to other yield
components stimulated by the biostimulant. This work demonstrates that SealicitTM,
which has previously been shown to improve pod firmness in Arabidopsis and selected
commercial oilseed rape varieties through IND gene down-regulation, also has the
potential to improve pod resistance and seed productivity in soybean, a member of
the legume family sharing a similar strategy for seed dispersal.

Keywords: seaweed, Ascophyllum nodosum extract, pod shattering, soybean (Glycine max), seed loss,
sustainable agriculture, plant biostimulants
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INTRODUCTION

The increased food production requirement, in the context of
limited availability of arable land and a climate emergency driven
by greenhouse gas emissions, makes the development of more
efficient agricultural production a necessity. At the same time,
consumer trends for consumption of more plant protein and less
meat result in surging demand for plant proteins and oils that are
very efficiently produced by legumes, especially soybean. Since
1961, the world production of soybean has increased 13-fold
through the rapid expansion of the production area (from 23.8
to 124.9 Mha) and a significant boost of average harvested seed
yield (from 1,128 to 2,791 kg/ha). In 2018, United States (35%),
Brazil (34%), and Argentina (11%) produced approximately 80%
of the world’s harvested soybean, which is equivalent to almost
350 Mt (FAO, 2018) and steadily growing.

Soybean (Glycine max) is a relatively young crop; it is
estimated that it was domesticated only 3,000–5,000 years ago in
China (Prince et al., 2020), with subsequent cultivation spreading
to other Asian regions. It is believed that during that time
soybean acquired a number of shatter-resistant genes to impair an
evolutionary-conserved seed dispersal mechanism (Dong et al.,
2014). Current crops have been optimized for desired traits,
starting from the selection by first farmers (Meng et al., 2013),
through genome-wide association analysis (GWAS) combined
with bioinformatics (Moreira et al., 2019). Independently of the
method, the decrease of seed loss by dispersal and maximization
of seed production was always the main goal. The major
discoveries revealing the mechanism of seed dispersal are mostly
attributed to the acquisition of Arabidopsis thaliana as a model
plant system for fundamental research. Arabidopsis, a member
of the Brassicaceae, develops a characteristic dry dehiscent fruit
composed of two fused carpels that shatter the seeds through
breaking of the dehiscence zones, along the silique, after maturity
(Ferrándiz, 2002; Łangowski et al., 2016). Apart from Arabidopsis,
several important genes involved in pod shattering, namely,
IND, ALC, SHP1, SHP2, and FUL, and their complex regulatory
network involved in pod dehiscence, were identified in a number
of other members of the brassicas (Liljegren et al., 2000, 2004;
Rajani and Sundaresan, 2001; Lewis et al., 2006; Girin et al.,
2011; Pabón-Mora et al., 2014; Balanzà et al., 2016) such as
Capsella rubella (Eldridge et al., 2016; Dong et al., 2019) and
Brassica juncea (Østergaard et al., 2006), rapa (Mongkolporn
et al., 2003), or napus (Raman et al., 2014), as well as in rice
and soybean (Konishi et al., 2006; Li et al., 2006; Suzuki et al.,
2010; Funatsuki et al., 2014; Yoon et al., 2014; Dong and Wang,
2015). In contrast to the bicarpellate silique of crucifers, legumes
(including soybean) develop a fruit consisting of a single carpel
fused on both sides. The pod walls, composed of several layers
and cell types, are connected along the ventral and dorsal sutures.
The opening of the soybean pod is triggered by the tension built
inside the senescing pod and starts on the dorsal side (Tiwari
and Bhatia, 1995; Zhang et al., 2018). Dong et al. (2014) found
that excessive lignification of fiber cap cells (FCC) conferred
the shatter-resistant phenotype. This process is controlled by
SHATTERING1–5 (SHAT1–5), homologs to AtNST1/2, which
is known to promote secondary wall biosynthesis. The same

study compared gene expression between the wild allele and
domesticated soybean, revealing that SHAT1–5 was 15-fold
higher expressed than its wild counterpart. In parallel, Funatsuki
et al. (2014) reported another major QTL (quantitative trait locus)
involved in soybean pod shattering. Complementation assays
showed that POD DEHISCENCE1 (GmPDH1.1) was found to be
highly expressed in inner sclerenchyma, which correlated with
lignin deposition. GmPDH1.1 encodes a dirigent-like protein
involved in lignin biosynthesis (Suzuki et al., 2010) and pod
dehiscence by increasing the twisting force in the pod wall (Dong
and Wang, 2015). Therefore, the loss-of-function of Gmpdh1
has been widely used as a shattering-resistant gene in soybean
breeding (Funatsuki et al., 2014). Additionally, more than half
of Chinese landraces and most of South Asian landraces were
shown to possess PDH1 and its shatter-resistant pdh1 allele,
which suggested that pdh1 was indispensable to effectively grow
soybean in a dry climate (Kaga et al., 2012; Funatsuki et al.,
2014). The soybean pod is designed to withstand the natural
fluctuations of humidity and temperature; however, the longer
it stays in the field and the more cycles of wetting/drying occur,
the higher the chance the pods will burst open with loss of the
seeds to the soil. Unfortunately, because of rapidly changing
weather conditions, with unexpectedly long periods of drought
or rainfall and therefore delayed harvest, soybean shattering in
the field, or during harvest, are becoming more frequent. These
factors have been directly correlated to higher losses (Menezes
et al., 2018; Zhang et al., 2018; Silveira et al., 2019), averaging
120 kg/ha in Brazil (Schanoski et al., 2011), or up to 319 kg/ha in
the Southeastern United States (Philbrook and Oplinger, 1989).

In the last decade, a class of crop inputs known as plant
biostimulants has gained significant attention for improving
plant productivity. Plant biostimulants, especially those extracted
from the brown alga Ascophyllum nodosum, have been reported
to deliver a number of benefits to plants/crops (Craigie, 2011;
Vera et al., 2011; Sharma et al., 2013; Ali et al., 2016; Goñi et al.,
2016, 2018; Shukla et al., 2018, 2019; Carmody et al., 2020).
Previously, we reported the efficacy of a specialty A. nodosum
extract (ANE) biostimulant, namely, SealicitTM, and explored
the mode of action (MOA) in reducing pod dehiscence in
A. thaliana and winter oilseed rape (WOSR) (Łangowski et al.,
2019). SealicitTM is a novel ANE containing PSI-759 biomolecule
complex, produced using a targeted plant signal induction (PSI)
approach to formulation development. In this study, the goal
was to test the efficacy of SealicitTM in increasing yield and
conferring pod shattering resistance in another major podded
crop, soybean. The impact of SealicitTM on soybean yield was
assessed using a randomized block field trial design at two
distinct geographical locations (Canada and Brazil) with four
different varieties. Employing multiple experimental approaches,
the impact of SealicitTM on plant and pod phenotypic traits
and pod firmness were assessed for two Brazilian soybean
varieties UFUS 6901 [shattering-susceptible (SS)] and UFUS
7415 [shattering-resistant (SR)] (Bicalho et al., 2019). In order
to decipher the MOA at the molecular level, the expression
of soybean pod shattering genes, GmPDH1.1 and GmSHAT1–
5 were also evaluated. Overall, the current studies aimed to
further support the efficacy of a specialty biostimulant from
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A. nodosum, with a defined composition, to reduce seed loss and
increase yields in crops producing dry pods, bringing exciting
opportunities for sustainable agriculture.

MATERIALS AND METHODS

Study Site, Experimental Conditions, and
Treatment Application
The field trials in Canada were conducted in 2017 on two
commercial glyphosate herbicide-resistant varieties (McLeod
R2 referred to as V1 and NSC Austin RR2Y referred to as
V2 throughout the manuscript). V1 and V2 varieties were
evaluated in Minto midwestern Ontario (located at 49◦24′26′′
N, 100◦01′26′′ W and 474-m altitude) and Elm Creek, Manitoba
(located at 49◦40′34′′ N, 97◦59′32′′ W and 252-m altitude),
respectively. V1 was seeded on May 17, 2017, and harvested
on September 28, 2017. V2 variety was seeded on May 11,
2017, and harvested on September 29, 2017. The climate for
both locations is classified as humid continental climate (Dfa)
according the Köppen climate classification. A mean temperature
of 15.8◦C, ranging from 4.6 to 25.8◦C, and a mean accumulated
precipitation of 262.8 mm was recorded during the trial with V1
in Minto. The V2 trial was characterized by a mean temperature
of 22.5◦C, ranging from 5.2 to 27.5◦C, and a mean accumulated
precipitation of 284.5 mm. The soil type for clay loam and loamy
sand for V1 and V2 field trials, respectively, and the previous crop
in both sites was flax. V1 variety has an early cycle (124 days
until harvest) with average Sclerotinia resistance and high seed
yield potential (3.3 Mt/ha). V2 has an early cycle (124 days until
harvest), superior white mold resistance, and high seed yield
potential (3.2 Mt/ha). Soybeans were sown by mechanical drilling
with a row space of 20 cm, at a seed rate of 140 and 100 kg/ha
for V1 and V2, respectively. The pest management program
consisted of the application of the herbicide Round-up (900 g/ha,
Bayer) and the insecticide Matador (83 mL/ha; Syngenta).

SealicitTM is a proprietary PSI-759 ANE produced under
high temperatures and alkaline conditions through a targeted
PSI approach to formulation development and was provided by
Brandon Bioscience (Tralee, Ireland). SealicitTM was applied at
1.5 L/ha by single foliar spray at vegetative stage V2–V3, which
corresponds to the stage 14–16 according to the soybean BBCH
scale (SoyBase, 2020). This system is used for uniform coding
for phenologically similar growth stages of all monocotyledonous
and dicotyledonous plant species (Hack et al., 1992). A portable
CO2 spraying system at a constant pressure of 2.76 bars was used
to apply an equivalent volume of 100 L/ha. Control plants were
sprayed with an equal volume of water. The experimental design
was a randomized block design with four replicates per condition
and each plot was 9 m2.

The field experiments in Brazil were conducted at the
FAFRAM experimental station located in the city of Ituverava-
SP (20◦00′00′′ S, 47◦47′20′′ W and 631-m altitude) between
December 2, 2019, and March 25, 2020. The climate is classified
as a tropical wet and dry climate (Aw) according the Köppen
climate classification. A mean temperature of 25.2◦C, ranging
from 13.6◦C to 34.9◦C, and a mean accumulated precipitation

of 250.7 mm were recorded during the field trial period in the
weather observing station INM759 of Ituverava [20◦36′00′′ S,
47◦77′00′′ W and 613-m altitude (Agritempo, 2020)]. The soil
type was red clay latosol, and the previous crop grown in the
field trial site was soybean. Both tested commercial soybean
varieties were provided by the Soybean Improvement Program
of the Federal University of Uberlândia (UFU, 2020). SS variety
(UFUS 6901) has a very early cycle (108 days until harvest) with
resistance to the nematode Pratylenchus brachyurus and high seed
potential yield (3.9 Mt/ha). SR variety (UFUS 7415) has an early
cycle (110 days until harvest) and is highly resistant to Asian
soybean rust (Phakopsora pachyrhizi) with tolerance to drought
stress and high seed potential yield (4.3 Mt/ha) (Hamawaki et al.,
2018). Soybeans were sown by mechanical drilling with a row
space of 50 cm, at a seed rate of 65.3 kg/ha, on December 2,
2019, with the fertilizer application of 340 kg/ha of formulated
04-14-08 (NPK). The pest management program consisted of the
application of the broad-spectrum insecticide Kaiso (100 mL/ha;
Nufarm), the post emergent herbicide Dribble (400 mL/ha;
Sumitomo), and the systemic fungicide Fox (500 mL/ha; Bayer).
SealicitTM was applied by single foliar spray at vegetative
stage V5–V7, before the emergence of the inflorescence, which
corresponds to stages 16–18 according to the soybean BBCH
scale. Dosage rates were 0.75, 1.5, and 3.0 L/ha of SealicitTM.
A portable CO2 spraying system at a constant pressure of 2.1
bars was used to apply an equivalent volume of 200 L/ha. Control
plants were sprayed with an equal volume of water. The distance
between the spray lance and the plants was 50 cm, promoting a
better cover of the sprayed biostimulant on the leaf tissue. The
experimental design was a randomized block design in a 4 × 2
factorial design (number of treatments × number of varieties)
with 13 replicates per condition (156 plots per field trial). The
plots measured 2 m wide by 5 m long (10 m2) and had four
rows. These rows were spaced 0.5 m; 0.5-m buffer zones were
established for each plot, and only a central 4 m2 was used for
phenotypic determinations or sampling purposes. The final plant
stand per plot averaged 43 for both soybean varieties.

Plant and Yield Measurements
In the Canadian trials, harvesting was performed using a
calibrated plot combine, and final harvested plot yields were
recorded for at least four independent biological replicates per
variety and treatment with soybean seed yield extrapolated to
kg/ha. In Brazil, plant and yield measurements were taken
in at least eight independent biological replicates per variety
and treatment. Three independent biological pod samples were
collected per variety and treatment and pooled for further
analysis. Plant height was measured from the surface of the soil
to the end of the main stem (hypocotyl) at the stages of early
flowering (R1; BBCH60) and full maturity (R8; BBCH89). Plant
lodging was assessed visually according to the following scale (1–
5); 1: almost all plants standing, 2: less than 25% plants show
stem lodging, 3: 25–50% of plants show stem lodging, 4: 50–
80% of plants show stem lodging, 5: 100% plants show stem
lodging. The presence of Asian soybean rust disease pressure
caused by the fungus P. pachyrhizi was assessed visually according
a scale of one to five (1: no disease symptoms; 2: 25% plants
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with disease symptoms; 3: 50% plants with disease symptoms; 4:
75% plants with disease symptoms; 5: 100% plants with disease
symptoms). Soybean plants at stage R8 were harvested manually
and processed by a soybean threshing machine. The seed yield
was determined from the central 4-m2 area of each plot. After
weighing, the seed weight per plot was extrapolated to kg/ha.

Evaluation of Pod Shattering Resistance
and Pod Phenotypic Traits
Soybean plants from the trials in Brazil were used for
determination of pod firmness and evaluation of phenotypic
traits. Before harvesting (114 days after sowing), five plants at
full maturity (R8 stage or BBCH89 when the fruit ripening is
complete) were picked randomly from each plot. Pods were
collected randomly from these plants. In contrast to Arabidopsis
and oilseed rape, where a mechanical test is the most common
technique to measure pod firmness (Morgan et al., 2001),
the oven drying method is the most convenient and widely
accepted assessment of pod shattering resistance in soybean.
The test implemented during the course of these field trials
was based on peer-reviewed published methods with minor
modifications (Funatsuki et al., 2014; Krisnawati and Adie, 2017;
Krisnawatiorcid et al., 2020). First, harvested pod samples were
allowed to equilibrate their moisture levels at room temperature.
After this acclimatization period, pod length was measured using
ImageJ software (available at1) with a minimum of 60 biological
replicates (pods) per variety and treatment. Evaluation of pod
shattering resistance and seed weight per pod was performed
on five biological replicates with 20 pods per replicate. Pod
shattering resistance was analyzed after incubating pod samples
at 65◦C for the time required to open ≥ 50% of the control
pods (Figure 2). This time period was calibrated for both SS and
SR varieties. Pod shattering was calculated as the percentage of
open pods versus total number of pods. After completing the pod
shattering resistance test, the same dried soybean pods were used
to determine the average seed weight per pod.

RNA Isolation and qRT-PCR
RNA was obtained from soybean pods at stage R5 (BBCH
75–79), which corresponds to the stage 17b according to fruit
developmental scale for the model plant A. thaliana (Smyth
et al., 1990; Roeder and Yanofsky, 2006). Four green fruits
per plant were collected from at least five plants per plot and
immediately frozen in liquid nitrogen, ground, and stored
in −80◦C to prevent RNA degradation. All pods collected
per plot were considered a single biological replicate. All
samples were collected within 2 h of midday. For quantitative
reverse transcriptase–polymerase chain reaction (qRT-PCR)
analysis, at least three biological replicates of each treatment and
variety were analyzed. Three technical replicates per biological
replicate were analyzed. Expression analyses were performed
by real-time PCR using a Roche LightCycler 96 System (Roche,
United Kingdom). Quantitative PCR was performed using the
LightCycler RNA Master SYBR Green I one-step kit (Roche,
United Kingdom) according to the manufacturer’s instructions.

1https://imagej.net/Welcome

The expression level of genes of interest was expressed in
n-fold change and calculated according 2−11CT (Livak and
Schmittgen, 2001). Primers used for qRT-PCR reactions are as
follows: GmPDH1 FW: 5′-GAGGGAGGCGTTTTACGAC-3′;
REV: 5′-GACGTGGCAACCATGACTC-3′ (Funatsuki et al.,
2014); GmSHAT1–5 FW: 5′-GGAGAACCACCACAACACCA-
3′; REV: 5′-GTCCGTGCCCATCTCTACTG-3′ (AHJ81058.1);
GmCYP2 FW: 5′-CGGGACCAGTGTGCTTCTTCA-3′; REV:
5′-CCCCTCCACTACAAAGGCTCG-3′ (Jian et al., 2008).
GmCYP2 was used as the reference gene for normalization.

Statistical Analysis
Statistics were evaluated with Sigma Plot 12 and Statgraphics
Centurion XVI software. The seed yield differences between
control and SealicitTM treatment for V1 and V2 were analyzed
using t test at p ≤ 0.05. The effects of SealicitTM on pod
shattering, GmPDH1 and GmSHAT1–5 gene expression was
analyzed with one-way analysis of variance (ANOVA) by
Tukey honestly significant difference (HSD) test at p ≤ 0.05.
The rest of plant data were compared by using two-way
ANOVA, with Tukey’s HSD test at p ≤ 0.05. Where the
interaction between the two factors, variety (SS and SR) and
SealicitTM treatment (0, 0.75, 1.5, and 3 L/ha) (V × S),
was significant, data were subjected to one-way ANOVA,
comparing all SealicitTM treatments with each other within
the same soybean variety. Where V × S interaction was not
significant, the effects of variety and SealicitTM treatments
were evaluated separately, comparing the respective means
through t test (variety) or one-way ANOVA Tukey’s HSD
test (SealicitTM treatment) at p ≤ 0.05. The application
of all parametric tests was performed after checking the
normality of the data (Shapiro–Wilk test) and equal variance
assumptions. Unless stated otherwise, all data are expressed
as average ± standard error (SE). Details of the individual
sample size for each analysis are mentioned in the tables
and figure legends.

RESULTS

Effects of SealicitTM on Soybean Seed
Yield
The Canadian trial seed yields for control plots of both tested
varieties (V1: 3,241 kg/ha; V2: 3,388 kg/ha) were similar to
average values obtained by Canadian growers in the same
growing season (V1: 3,256 kg/ha; V2: 3,188 kg/ha) (Manitoba
Pulse Soybean Growers, 2017). The application of SealicitTM

in V1 at vegetative stage did produce a small statistically
nonsignificant yield increase (+1.08%; p = 0.796). However, the
V2 variety had a larger increase in yield of 4.91% (p = 0.207),
producing 164 kg/ha more than control plots (Figure 1).
The impact of SealicitTM on yield in the Brazilian trials was
also evaluated. A two-way ANOVA analysis demonstrated that
SealicitTM treatment had a statistically significant effect on seed
yield (p = 0.026). This parameter was also highly affected by
the interaction variety x SealicitTM (p = 0.047) (Table 1). The
SS variety had increased seed yield of 6.6% (p = 0.078) and
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FIGURE 1 | Effects of SealicitTM on seed yield in two commercial soybean
varieties with glyphosate herbicide resistance. SealicitTM was applied by foliar
spray (1.5 L/ha) at vegetative stage (V2–V3), and its performance was
benchmarked against untreated plants. Field trials with V1 and V2 were
carried out in Minto (ON, Canada) and Elm Creek (MB, Canada) in 2017 under
standard grower practice, respectively. Each bar represents seed yield (kg/ha).
Number of biological replicates (n = 4).

6.2% (p = 0.154) at low (0.75 L/ha) and high (3 L/ha) doses,
respectively. Only a minor increase of 2.2% (p = 0.555) was
recorded at the 1.5 L/ha rate for the SS variety. SealicitTM

provided a more pronounced positive yield effect on the SR
variety when it was applied at low (13.1%; p = 0.047) and
medium (17.9%, p = 0.016) doses, respectively. However, only a
small increase was recorded for the high SealicitTM dose (1.9%;
p = 0.774).

The Effects of SealicitTM Treatment on
Soybean Plant Development
The impact of soybean variety and SealicitTM treatment on a
number of plant phenotypic parameters including height, degree
of lodging, and the prevalence of Asian soybean rust was assessed
in both Brazilian varieties. A two-way ANOVA test revealed that
in conjunction both parameters (variety × SealicitTM) had no
significant effect on height or lodging parameters (Table 2). The
SS plants showed an overall statistically significant increase of
plant height at flowering (+9.2%; p = 0.006) and full maturity
(+9.8%; p ≤ 0.001) stage compared to SR plants. SS plants
had increased their lodging degree 1.6 times compared to SR
plants (p≤ 0.001); however, the absolute values of this parameter
confirmed that less than 25% of the soybean plants were not
erect. The effect of SealicitTM on plant height and the degree
of lodging were not statistically significant with respect to the
control. Finally, soybean plants did not show any symptoms of
Asian rust disease indicating the quality of the field trial (Table 2).

Effects of SealicitTM on Pod Morphology
In order to assess whether SealicitTM had any impacts on
soybean pod growth and development, as reported previously
for Arabidopsis and WOSR (Łangowski et al., 2019), the average
fresh seed weight per pod and pod length were measured in SS
and SR varieties. A two-way ANOVA revealed that SealicitTM

had a significant effect on the average fresh seed weight per pod
(p = 0.024) (Table 1). In comparison to the control, the average

TABLE 1 | Analysis of variance and mean comparisons for fresh seed weight per
pod, pod length, and harvested seed yield at full maturity stage (R8) with two
commercial soybean varieties treated with water and three concentrations
of SealicitTM.

Source of variance Seed
weight/pod (g)

Pod length
(cm)

Seed yield
(kg/ha)

Variety (V) NS *** NS

SealicitTM (S) * *** *

V × S NS NS *

Variety

SS 0.44 ± 0.01 4.04 ± 0.02 a 3, 691.4 ± 63.6

SR 0.44 ± 0.01 4.14 ± 0.02 b 3, 773.3 ± 66.3

SealicitTM

Control 0.42 ± 0.01 a 4.03 ± 0.02 a 3, 522.2 ± 93.8 a

0.75 L/ha 0.45 ± 0.01 b 4.13 ± 0.02 b 3, 867.1 ± 86.9 b

1.5 L/ha 0.43 ± 0.01 ab 4.03 ± 0.02 a 3, 873.7 ± 86.9 b

3 L/ha 0.46 ± 0.01 b 4.18 ± 0.02 b 3, 666.4 ± 99.5 a

V × S

SS + control 0.40 ± 0.02 3.98 ± 0.03 3, 558.4 ± 63.7 a

SS + 0.75 L/ha 0.46 ± 0.01 4.13 ± 0.04 3, 792.0 ± 79.4 ab

SS + 1.5 L/ha 0.43 ± 0.01 3.94 ± 0.03 3, 636.3 ± 59.8 a

SS + 3 L/ha 0.47 ± 0.02 4.13 ± 0.03 3, 779.0 ± 147.0 a

SR + control 0.43 ± 0.01 4.09 ± 0.03 3, 486.0 ± 169.9 a

SR + 0.75 L/ha 0.44 ± 0.01 4.12 ± 0.04 3, 942.2 ± 170.6 b

SR + 1.5 L/ha 0.43 ± 0.01 4.11 ± 0.03 4, 111.2 ± 111.4 b

SR + 3 L/ha 0.45 ± 0.00 4.23 ± 0.03 3, 553.8 ± 125.0 a

NS, *, and ***, nonsignificant or significant at p ≤ 0.05, and p ≤ 0.001, respectively.
Different letters indicate statistical differences for p ≤ 0.05 based on t test (V) or
one-way ANOVA Tukey’s HSD test (S or V × S). Number of biological replicates
(seed weight, n = 5; pod length, n ≥ 60; seed yield, n ≥ 8). ±represents
standard error (SE).

fresh seed weight was the highest at 0.75 L/ha with the 3 L/ha
application rate (7.1 and 9.5%), followed by a lower yet significant
increase at the 1.5-L/ha application rate (2.4%). The two-way
ANOVA test did not show any significant interactions across
varieties and SealicitTM treatments on pod length (p = 0.060).
However, there was a significant increase in pod length in the
SR, when compared to the SS variety (p ≤ 0.001). When these
differences were examined in detail, there were also significant
differences between the treated and untreated plants (p ≤ 0.001).
Similarly, to seed weight per pod, the low and higher application
rates, for both tested varieties, positively affected the pod length,
which was longer by 2.5 and 3.4% as compared to control,
respectively (Table 1).

Effects of SealicitTM on Pod Shattering
Resistance
The effect of SealicitTM and control treatments on the shatter
resistance of harvested pods from the Brazilian field trial was
assessed. As expected, the SS variety required a shorter calibration
time (4 h) compared to the SR variety (48 h), demonstrating
the sensitivity of the method used. Interestingly, when applying
the same incubation times for the treated samples, we observed
a strong effect of SealicitTM on SS with very few pods bursting
compared to the controls across all treatments (p ≤ 0.001). This
suggested that the lowest dose (0.75 L/ha) was sufficient to confer
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TABLE 2 | Analysis of variance and mean comparisons for plant height at flowering (R1) and full maturity (R8) stage, lodging degree, and degree of Asian rust disease
with two commercial soybean varieties, treated with water and three concentrations of SealicitTM.

Source of variance Plant height flowering (cm) Plant height maturity (cm) Lodging degree (1–5) Asian rust disease degree (1–5)

Variety (V) ** *** *** NS

SealicitTM (S) NS NS NS NS

V × S NS NS NS NS

Variety

SS 84.2 ± 1.8b 95.1 ± 1.8b 2.2 ± 0.2b 1.0 ± 0.0

SR 77.1 ± 1.8a 86.6 ± 1.5a 1.4 ± 0.1a 1.0 ± 0.0

SealicitTM

Control 81.4 ± 2.3 91.4 ± 2.5 1.7 ± 0.2 1.0 ± 0.0

0.75 L/ha 80.8 ± 2.8 91.2 ± 2.8 1.8 ± 0.3 1.0 ± 0.0

1.5 L/ha 81.6 ± 2.2 91.5 ± 2.3 1.8 ± 0.3 1.0 ± 0.0

3 L/ha 78.8 ± 2.7 89.3 ± 2.8 1.8 ± 0.2 1.0 ± 0.0

V × S

SS + control 82.0 ± 2.8 93.3 ± 2.8 2.0 ± 0.4 1.0 ± 0.0

SS + 0.75 L/ha 82.6 ± 4.6 92.6 ± 4.5 2.1 ± 0.4 1.0 ± 0.0

SS + 1.5 L/ha 87.6 ± 2.5 98.4 ± 2.5 2.4 ± 0.4 1.0 ± 0.0

SS + 3 L/ha 82.4 ± 3.7 93.7 ± 3.7 2.0 ± 0.4 1.0 ± 0.0

SR + control 80.8 ± 3.7 89.6 ± 3.9 1.4 ± 0.2 1.0 ± 0.0

SR + 0.75 L/ha 76.9 ± 2.3 87.4 ± 2.2 1.3 ± 0.2 1.0 ± 0.0

SR + 1.5 L/ha 75.7 ± 2.4 84.6 ± 1.8 1.2 ± 0.1 1.0 ± 0.0

SR + 3 L/ha 75.1 ± 3.6 85.0 ± 3.6 1.7 ± 0.2 1.0 ± 0.0

NS, **, and ***, nonsignificant or significant at p ≤ 0.01, and pp ≤ 0.001, respectively. Different letters indicate statistical differences for p ≤ 0.05 based on t test (V) or
one-way ANOVA Tukey’s HSD test (S or V × S). Number of biological replicates (n ≥ 8). ± represents standard error (SE).

shattering resistance to the susceptible variety by decreasing
pod opening by nearly fivefold. The SR samples showed minor
decreases in shatter at low and high doses, but a slight increase
at 1.5 L/ha dose; however, these fluctuations were not statistically
significant (Figure 2).

SealicitTM Affects the Development of
Dehiscence Zone
To further assess the impact of SealicitTM on pod shatter, the
expression level of two major genes regulating pod dehiscence,

FIGURE 2 | Effects of SealicitTM rate on soybean pod shattering. Each bar
represents the percentage of open pods versus total number of pods.
Different letters within the same soybean variety indicate statistically significant
differences between the treatments based on one-way ANOVA Tukey’s HSD
test at p ≤ 0.05. Number of biological replicates (n = 5).

GmPDH1.1 (active in inner sclerenchyma) and GmSHAT1–5
(active in FCCs), was examined (Funatsuki et al., 2014). The
relative gene expression change was measured in reference to
the housekeeping gene CYCLOPHILIN2 (CYP2) (Jian et al.,
2008). Funatsuki et al. (2014) showed that the transcript level of
GmPDH1.1, which is involved in secondary wall biosynthesis and
lignin deposition, decreased due to an early stop codon mutation,
which is characteristic for pod-shatter resistant varieties. In our
current studies, we observed that SealicitTM significantly and
gradually decreased GmPDH1.1 expression in a concentration-
dependent manner, in the variety SS (Figure 3). However,
the expression analysis performed in the SR variety showed
the opposite trend, which supports a variety-dependent effect.
Next, the expression level of GmSHAT1–5, which similarly
to GmPDH1 is involved in secondary wall biosynthesis, was
examined. Interestingly, the transcript level in pods collected
from treated plants was increased in both varieties (Figure 4). The
SR variety had a small increase that was statistically significant at
the highest dose. On the other hand, a significant increase (1.6-
fold) was observed for the SS variety, which is in agreement with
GmPDH1 expression level and the pod firmness test (Figure 3).

DISCUSSION

Soybean (G. max) is one of the most important global crops
because of its high protein and fat content. Its broad use for
the production of food, oil, and fodder creates a continuously
growing demand, having serious implications for the natural
environment (Kocira et al., 2019). In order to reduce the
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FIGURE 3 | Relative expression of GmPDH1.1 in soybean pods treated with
SealicitTM. Different letters within the same soybean variety indicate
statistically significant differences between the treatments based on one-way
ANOVA Tukey’s HSD test at p ≤ 0.05. Number of biological replicates (n = 3).

FIGURE 4 | Relative expression of GmSHAT1–5 in soybean pods treated with
SealicitTM. Different letters within the same soybean variety indicate
statistically significant differences between the treatments based on one-way
ANOVA Tukey’s HSD test at p ≤ 0.05. Number of biological replicates (n = 3).

impact of agricultural-related deforestation and pollution, new
solutions for more efficient and sustainable soybean production
are urgently needed. In our previous work, we have shown
that ANE biostimulant SealicitTM is capable of reducing pod
shattering, influencing fruit development and yield in the model
plant system Arabidopsis, as well as selected varieties of WOSR
(Łangowski et al., 2019). Following on from the previous detailed
analysis of SealicitTM action, we have tested whether similar
effects can be observed in soybean grown in field conditions.
In this study, the impact of SealicitTM on soybean productivity
and pod shattering, as assessed by (i) testing pod-shatter in
low humidity conditions and (ii) analyzing the expression level
of major genes determining pod shattering, was determined.
Productivity parameters were complemented with morphological
analysis of plant height, seed weight per pod, pod length, and
finally seed yield assessment. Here, we demonstrated that the
same biostimulant can be successfully utilized not only in the
Brassicaceae family species but also legumes, providing a new
solution for a pressing problem.

Soybean Yield Evaluation
SealicitTM field testing in Canada and Brazil using a randomized
block field trial design showed consistent and agronomically

sound yield results (Table 1 and Figure 1). V1 and V2 seed
yield values in control plots were very similar to average values
obtained by Canadian growers in the same growing season
(V1: 3,256 kg/ha; V2: 3,188 kg/ha, respectively) (Manitoba Pulse
Soybean Growers, 2017). The effect of SealicitTM appears to be
variety specific, which is similar to that previously observed for
WOSR. The yield increase for V2 was 4.91% with a p = 0.207.
Although the p value did not meet the typical 0.05 scientific
threshold, the magnitude of the yield increase was agronomically
interesting, and it provided a basis for running additional trials
with a larger number of replicates to reduce the p value. It
should be noted that little information is available on the
susceptibility of these short-cycle Canadian varieties to pod
shatter, so additional trials were performed with soybean varieties
with known shatter susceptibility to investigate the potential of
SealicitTM in this crop. The harvested seed yields at full maturity
for the Brazilian varieties SS and SR were in the range expected
in previous field trials developed in four consecutive sowing
seasons in Uberlândia-MG (Bicalho et al., 2019). All treated
soybean varieties with SealicitTM produced increased yield with
respect to their untreated counterparts. Yield increases were
statistically significant with p ≤ 0.05 for treatments, likely due
to the higher replicate numbers versus the Canadian trials. It
is evident that there was a significant interaction between the
dose (0.75 and 1.5 L/ha) and the yield for the SR variety, which
was not the case for the SS variety. Therefore, dose optimization
on specific varieties may be important to gain maximum benefit
from SealicitTM in soybean crops.

Impact of SealicitTM Treatments on
Soybean Architecture and Pod
Phenotype
While the SS variety was significantly taller than the SR variety,
SealicitTM did not demonstrate an ability to influence plant
height. From published work on ANEs in soybean and tomato
plants, we have learned that this class of plant biostimulants did
not have a statistically significant effect on plant height despite
yield increase (Guerreiro et al., 2017; Carmody et al., 2020).
It indicates that this phenotypic trait may not be sufficient to
predict yield benefits provided by ANE biostimulants. We have
previously reported that SealicitTM is able to increase the pod
weight in Arabidopsis and seed weight of some WOSR varieties
(Łangowski et al., 2019). Here we observed a substantial seed
weight increase in both soybean varieties tested. This result
is contrary to data published by Kocira et al. (2019), which
presents a 1,000-soybean-seed weight decrease after foliar spray
with a nonspecialty seaweed extract from Ecklonia maxima.
This finding highlights the importance of the seaweed specie
and the process used for extraction on bioactivity-related
parameters of seaweed extract biostimulants (Goñi et al., 2016,
2018; Shukla et al., 2019; Carmody et al., 2020). Moreover,
both soybean varieties showed an increased pod length, which
is in agreement with SealicitTM ability to dysregulate FUL,
RPL, and IND expression and pod length in Arabidopsis and
some WOSR varieties (Łangowski et al., 2019), suggesting that
this specialized ANE biostimulant may also modulate soybean
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pod auxin homeostasis and signaling, crucial for fruit growth
and development (Liljegren et al., 2004; Sorefan et al., 2009;
Dong et al., 2019).

SealicitTM Impact on Pod Shattering
Resistance and Pod Dehiscence Genes
Data derived from multiple trials in commercial WOSR varieties
demonstrated a positive association between pod firmness and
yield (Łangowski et al., 2019). Soybean pod architecture and
dehiscence mechanism show significant differences in relation
to Brassicaceae fruits, yet the principle of seed dispersal is still
relying on lignin deposition that determines physical resistance
(Dong et al., 2014; Funatsuki et al., 2014). Pod shattering
resistance tests performed on soybean control pods showed
variability in treated varieties, ranging from 4 h for SS to 48 h
for SR, proving the robustness and sensitivity of the method.
The difference in calibration time was to be expected as both
varieties are genetically diverse (Bicalho et al., 2019). On the
other hand, the SR variety, classified as resistant to shatter,
showed no statistically significant improvement after SealicitTM

treatments, whereas the SS variety, classified as susceptible to
pod shattering, showed a very significant fruit firmness increase
across all the doses applied. In addition, SealicitTM decreased
GmPDH1.1 and increased GmSHAT1–5 expression in the SS
variety, which is consistent with a reduction in shatter. Moreover,
GmPDH1.1 transcript levels were decreasing with increasing
SealicitTM concentration in SS variety, yet increasing in SR,
indicating that the effect is dose and genome/variety dependent.
It is important to note that the SR variety, despite showing
insignificant increase in GmPDH1.1 transcript level, also showed
slight increase in GmSHAT1–5. Taking into account that the
transcript levels of both might be extremely different, a small
increase in SR GmSHAT1–5 transcript could not only counteract
the insignificant increase of GmPDH1, but also account for a
small increase of SR in pod firmness test (Figure 2). Therefore,
it is tempting to speculate that pod firmness in soybean fruit
is a balance between the amount of the lignin deposited in the
FCCs and inner sclerenchyma, which may be determined by
multiple genes that ultimately regulate the dorsoventral tension.
In order to gain an in-depth understanding of the mechanism
and critical signaling pathways, transcriptome and proteome
analysis of multiple genes involved in fruit development (i.e.,
FUL, RPL, IND, SHP, and ALC) (Ferrándiz, 2002), their mutants,
and complementation lines are necessary (Dong and Wang,
2015). Most importantly, the enhanced productivity of SS was
positively associated with GmPDH1.1 and GmSHAT1–5 gene
expression, increased pod shattering resistance, and higher seed
weight per pod. However, the seed yield increase in treated
SR soybean plants was not clearly associated with any of
the parameters evaluated in this study, being likely due to
additional effects promoted by SealicitTM that have not been the
subject of investigation. As observed previously by Guerreiro
et al. (2017), foliar applications of ANE biostimulant can
stimulate additional yield-related parameters in soybean such
as increased number of pods per plant, which could be one of
the contributing factors. Briglia et al. (2019) also showed an

improvement in soybean biovolume and green area after foliar
spray treatment with different combinations of seaweed and plant
extracts. Those additional benefits of ANE application could
potentially account for increased seed weight and fresh seed yield
in the SR variety.

Agronomical and Environmental
Implications
The gradually increasing soybean production (by 4–5% annually)
in Brazil means it will become the biggest world producer with
an estimated 129 Mt in season 2020/2021. The harvested area is
forecasted at a record 36.8 Mha, up by 1.7 Mha from last season’s
record (USDA, 2020). While soybean production in Brazil is
growing, losses due to adverse weather conditions become more
frequent (Rowntree et al., 2013; Van Roekel et al., 2015; Zhang
et al., 2018). The Brazilian Agricultural Research Corporation
(EMBRAPA) has established that one 60-kilo bag per hectare is
an acceptable loss threshold value (Silveira et al., 2019). However,
in the last 30 years, a wide range of yield losses (54–561 kg/ha)
has been recorded in different regions of Brazil due to adverse
weather events and delayed and/or inadequate mechanical
harvesting (Chioderoli et al., 2012; Barbosa and Schmitz, 2015;
Bandeira, 2017), averaging 120 kg/ha loss at a national level
(Schanoski et al., 2011). In this study, we have demonstrated
that this lost yield can be recovered and safeguarded using the
ANE biostimulant SealicitTM at a low dose rate (0.75 L/ha),
increasing seed yield by an average of 9.8% in two commercial
soybean varieties (+344.9 kg/ha). The use of the biostimulant
would allow production output to grow in a sustainable manner
contrary to expanding crop area. It is important to note that
the yield uplift that can be obtained with SealicitTM application
provides a compelling return on investment for the grower
(>3:1). According to the current average market price of soybean,
growers will be able to obtain added revenues of $135/ha by
applying SealicitTM in the Brazilian market, which creates a
strong financial incentive for the growers to switch to a more
environment-friendly and sustainable agriculture.

Conclusions and Future Perspectives
ANE-based biostimulants are a rapidly growing crop input,
because of their efficacy in a number of applications in modern
agriculture. The investigations reported were undertaken to
determine if SealicitTM has an impact on pod development in
soybean. The data generated suggest that SealicitTM has a strong
antishattering effect in a non–shatter-resistant soybean variety.
It is also increasingly evident that SealicitTM treatments, despite
impacting on pod dehiscence, may have in some species and
varieties accompanying effects stimulating average seed weight
per pod and pod length, which ultimately reflects on yield. In
order to gain a better understanding of SealicitTM’s MOA in
soybean, lignin staining and transversal sections presenting fruit
morphology and lignin deposition could be further analyzed. Pod
shattering is determined by multiple contributing genes, which
makes their identification challenging even by GWAS. Therefore,
a lack of sufficient understanding of physiological and genetic
mechanisms hinders improvements of such traits by intensive
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breeding or genome editing (Verdugo et al., 2010; Korte and
Farlow, 2013). SealicitTM appears to provide a solution for a yield
reducing concealed developmental trait that is pod shattering,
not only in oilseed rape but also in soybean and possibly other
species relying on similar, conserved, seed dispersal mechanisms.
Biostimulants that mobilize genetic plant potential to achieve
high-quality crop with maximum yield represent an attractive
tool to currently applied methods for efficient food production.
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This study is a unique report of the utilization of Trichoderma strains collected from even
tree barks for rice plant growth, its health management, and paddy straw degradation.
Seven different spp. of Trichoderma were characterized according to morphological
and molecular tools. Two of the isolated strains, namely Trichoderma hebeiensis
and Trichoderma erinaceum, outperformed the other strains. Both of the strains
controlled four important rice pathogens, i.e., Rhizoctonia solani (100%), Sclerotium
oryzae (84.17%), Sclerotium rolfsii (66.67%), and Sclerotium delphinii (76.25%). Seed
bio-priming with respective Trichoderma strains reduced the mean germination time,
enhanced the seedling vigor and total chlorophyll content which could be related
to the higher yield observed in two rice varieties; Annapurna and Satabdi. All the
seven strains accelerated the decomposition of rice straw by producing higher
straw degrading enzymes like total cellulase (0.97–2.59 IU/mL), endoglucanase (0.53–
0.75 IU/mL), xylanase (145.35–201.35 nkat/mL), and laccase (2.48–12.60 IU/mL). They
also produced higher quantities of indole acetic acid (19.19–46.28 µg/mL), soluble
phosphate (297.49–435.42 µg/mL), and prussic acid (0.01–0.37 µg/mL) which are
responsible for plant growth promotion and the inhibition of rice pathogen populations.
Higher expression of defense enzymes like catalase (≥250% both in shoot and root),
peroxidase (≥150% in root and ≥100% in shoot), superoxide dismutase (≥ 150% in
root and ≥100% in shoot), polyphenol oxidase (≥160% in shoot and ≥120% in shoot),
and total phenolics (≥200% in root and ≥250% in shoot) as compared to the control
indicates stress tolerance ability to rice crop. The expression of the aforementioned
enzymes were confirmed by the expression of corresponding defense genes like PAL
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(>3-fold), DEFENSIN (>1-fold), POX (>1.5-fold), LOX (>1-fold), and PR-3 (>2-fold)
as compared to the non-treated control plants. This investigation demonstrates that
Trichoderma strains obtained from tree bark could be considered to be utilized for the
sustainable health management of rice crop.

Keywords: Trichoderma hebeiensis, indole acetic acid, prussic acid, straw degrading enzyme, vigor index, stress
responsive enzyme, antioxidant genes, biofertilizer

INTRODUCTION

The population of the world is increasing rapidly and it is
expected that the world population will be around 9.6 billion in
2050. To attain food security for all, the production of food must
be increased to 70% by 2050. Crops should be protected from
biotic stresses in order to achieve this goal. This should be done
in a more eco-friendly and sustainable way, potentially by using
certain biocontrol agents (BCA).

Different BCA like bacteria, fungi, and viruses are being used
frequently for the management of diseases in different crops
(Abraham et al., 2013). Fungal biocontrol agents are popular as
they may be reproduced easily in an artificial nutrient media
and are suitable for commercial multiplication (Singh et al.,
2013). Genus Trichoderma is compelling as a biocontrol operator
against various pathogens (Parmar et al., 2015). The primary
natural habitat of Trichoderma is traditionally seen as soil or
plant rhizosphere, even though maximum diversity of these
species happens over-the-ground (Druzhinina et al., 2011). With
the expanding dangers to nature and to our food security,
determination of Trichoderma spp. as a BCA has been expecting
centrality in giving security for plant protection and development
(Swain and Mukherjee, 2020). Trichoderma spp. also induces
plant growth by the creation of various phytohormones and
activates plant supplements for better boost. Trichoderma spp.
is not only marketed as a biopesticide, biofertilizer, and growth
promoter, but also used as a nutrient solubilizer and organic
matter decomposer (Woo et al., 2014). There are just a couple
of reports on the assessment of Trichoderma as a biocontrol
specialist obtained from above the ground territories (Jahagirdar
et al., 2019). As per Whipps and Lumsden (2001), almost 60%
of fungal BCA market is shared by Trichoderma spp. and there
are significant challenges to investigate. The activity or mode of
action of Trichoderma spp. is as per the following:

1. Generation of trichodermin, trichothecenes,
trichorzianins, or gliotoxins (Mukherjee et al., 2013).

2. Seeking sustenance and space (Celar, 2003).
3. Antibiosis (Swain and Mukherjee, 2020).
4. Mycoparasitic capacities—a relationship in which one

living fungus goes about as a supplement hotspot for
another (Punja and Utkhede, 2003).

Trichoderma spp. produces auxins that are chargeable for
plant bloom and root improvement in each symbiotic and
pathogenic communication with plants (Swain et al., 2018). An
amazing effect on plant improvement has been demonstrated
for several Trichoderma secondary metabolites. Koninginins,

6-pentyl-α-pyrone, trichocaranes A–D, harzianopyridone,
cyclonerodiol, harzianolide, and harzianic acid are instances
of exacerbates that affect plant development in a considerably
subordinate way (Swain and Mukherjee, 2020). To understand
the plant growth promotion activity, rice seeds were bioprimed
with the Trichoderma strains. Biopriming will help in increase in
colonization, proliferation, and establishment of BCA on the seed
surface. Consequently, it will boost seedling vigor and will be able
to induce systemic resistance to biotic and abiotic stresses (Singh
D. P. et al., 2020). Plant-microbe interactions setup by distant,
distinct, and assorted microbial associations tend to instigate
various common beneficial systemic changes in the expression
level of plant genes that encode for proteins to detoxify reactive
oxygen species (ROS). The beneficial microorganisms because
of their presence in the plant rhizosphere help plants in easing
biotic and abiotic stresses (Singh P. et al., 2020).

Faster decomposition of rice straw can be achieved by
inoculating microorganisms, like ligno-cellulolytic microbes.
Trichoderma produces high levels of several biomass degrading
enzymes like cellulase and xylanase (Juturu and Wu, 2014).
These enzymes degrade cellulose and hemicellulose, respectively.
Lignin was degraded by ligninolytic enzymes into simpler
phenyl rings (Sancez, 2009). In this investigation, we analyzed
seven distinctive spp. of Trichoderma segregated from the
bark of various trees in the Odisha province of India to
consider biocontrol properties and rice straw decomposition
capacity alongside their growth promotion activity in rice by
the production of various enzymes and the expression of genes
related to this.

MATERIALS AND METHODS

Isolation, Characterization, Growth
Condition and Biocontrol Potential of
Trichoderma spp.
Seven Trichoderma strains were collected from the bark of
various trees. The isolation and purification of all the strains were
made according to standard techniques described by Mukherjee
et al. (2014). Trichoderma species were identified by using
the typical conidiophores structure (Gams and Bissett, 1998)
and according to ISTH guidelines. Molecular characterization,
identification, and construction of the phylogenetic tree of all
the fungal isolates were done according to Swain et al. (2018).
Total genomic DNA from the young mycelia was secluded
by utilizing standard SDS (sodium dodecyl sulfate) technique

Frontiers in Microbiology | www.frontiersin.org 2 February 2021 | Volume 12 | Article 63388158

https://www.frontiersin.org/journals/microbiology
https://www.frontiersin.org/
https://www.frontiersin.org/journals/microbiology#articles


fmicb-12-633881 February 23, 2021 Time: 10:35 # 3

Swain et al. Trichoderma in Sustainable Crop Health Management

(Mukherjee et al., 2014). The molecular characterization of all
the fungal segregates were based on the sequences of Internal
Transcribed Spacer (ITS) regions, Translation Elongation Factor
1 (TEF1) regions and RNA Polymerase B-larger subunit-II (RPB-
II) regions according to standard strategies1. The species were
recognized by BLASTN search on the NCBI site and the character
was affirmed by contrasting the sequences and with authentic
sequences from GenBank, and a phylogenetic tree constructed
on http://www.phylogeny.fr. Biocontrol potential of isolated
Trichoderma strains was evaluated against above Rhizoctonia
solani CRRI-RS-8 (MTCC-12232) causing sheath blight of rice,
Sclerotium oryzae CRRI-S.O (MTCC-12230) causing seedling
blight of rice, Sclerotium rolfsii causing foot rot of rice and
Sclerotium delphinii (MTCC11568) causing seedling rot of rice.

The confrontation assay was carried out by concurrent
inoculation of both Trichoderma and the pathogen close to the
edge of the plate, put opposite to one another. Plates inoculated
with pathogens only were utilized as control. The percentage of
mycelial growth inhibition was determined by Swain et al. (2018)

Percentage of inhibition = [(R1− R2) /R1] × 100

where, R1, radial growth of the pathogen in control plate; R2,
radial growth of the pathogen in test plate.

Quantification of Production of Indole
Acetic Acid, Prussic Acid, and
Solubilization of Inorganic Phosphate by
Trichoderma spp.
The indole acetic acid (IAA) produced by different strains of
Trichoderma was quantified as per Sureshrao et al. (2016).
For the quantitative estimation of IAA, agar plugs (5 mm)
from the edge of actively growing colonies of Trichoderma
were inoculated to 20 ml DF (Dworkin and Foster) salts
minimal media and incubated for 3 days at 28◦C. The medium
was supplemented with L-tryptophan at a concentration of
1.02 g l−1. After incubation for 72 h, the mycelia were removed
from the culture medium by centrifugation at 5,000 rpm
for 5 min. One ml aliquot of the supernatant was mixed
vigorously with 4 ml of Salkowski’s reagent and allowed to
stand at room temperature for 20 min. The absorbance at
535 nm was measured. The concentration of IAA in each
culture supernatant was determined by using an IAA (Himedia)
as standard curve.

For prussic acid production, Trichoderma spp. was grown
on Tryptic Soya Agar (TSA) supplemented with 4.4 g L−1 of
glycine for 2 days. White filter paper discs were cut in the
same size and soaked in picric acid solution. The sheets of
filter papers were placed on the upper lid of each plate. The
plates were sealed with Parafilm and incubated for 7 days at
28◦C. After incubation, prussic acid production was observed
by the color changes of the filter paper from yellow to light
brown or reddish brown (Meera and Balabaskar, 2012). The
colored filter paper was then eluted by placing the filter
paper in a clean test tube containing 10 mL distilled water

1http://www.isth.info/tools/blast/markers.php

and the absorbance was measured at 625 nm by using a
spectrophotometer (Manwar et al., 2011).

Quantitative estimation of phosphate solubilization was
performed in Pikovskaya broth (Himedia) containing tricalcium
phosphate as a phosphate source. Freshly grown Trichoderma
isolates were inoculated to 50 ml of Pikovskaya’s broth and
incubated at 28◦C and allowed to shake at 100 rpm. After
5 days the broth culture was centrifuged at 10,000 rpm for
10 min. To the 0.5 ml of the culture supernatant, 5 ml of
chloromolybdic acid was added and mixed thoroughly. Volume
was made up to 10 ml with distilled water and 125 µl
chlorostannous acid was added to it. Immediately, the final
volume was made-up to 25 ml with distilled water and mixed
thoroughly. The absorbance was measured at 610 nm by using
a spectrophotometer. The corresponding amount of soluble
phosphorous was calculated from a standard curve of potassium
dihydrogen phosphate (KH2PO4). Phosphate solubilizing activity
was expressed in terms of tricalcium phosphate solubilization
which in turn was measured by µg ml−1 of available
orthophosphate as calibrated from the standard curve of KH2PO4
(Jackson, 1973).

Qualitative and Quantitative Screening of
Straw Degrading Enzymes Produced by
Trichoderma spp.
Seven Trichoderma strains were screened for cellulase activity
on carboxy-methyl cellulose (CMC) (Analytical Reagent
grade, Himedia, India) and xylanase activity on xylan agar
medium containing 1% beech wood xylan (Molecular biology
grade, Himedia, India) as the substrate (Teather and Wood,
1982). The Trichoderma isolates were cultured on petriplates
(90 mm × 15 mm, Himedia, India) containing 1% CMC agar
media or 1% beech wood xylan media at 26◦C. After 5 days’
incubation, plates were stained with 1% solution of Congo red
and followed by destained with 1N NaOH solution on a Gyrotory
Shaker (Model G2, New Brunswick Scientific Co., Inc., Edison,
NJ, United States) at 50 rpm for 15 min to detect clear distinct
zone (Saczi et al., 1986). The Enzymatic Index (EI) was calculated
for the above two enzymes by measuring the clearance zone as
per Florencio et al. (2012).

The qualitative screening for laccase activity of the
Trichoderma strains were examined by culturing the respective
isolates on PDA media supplemented with 0.04% guaiacol (Extra
Pure, Himedia, India) and 0.01% (w/v) chloramphenicol with
pH 5.5. They were examined for the development of a mixture
of red-brown colored zone around the fungal colonies after
incubation at 28◦C for 72 h (Kalra et al., 2013). Here; three
independent experiments were performed with three imitates
per isolate. For each isolate the average EI of the three analyses
was determined alongside the standard deviation.

The quantitative enzymatic screening of seven Trichoderma
strains was carried out. Assay of four major enzymes, i.e., total
cellulase, endoglucanase, xylanase, and laccase were carried out.
The extraction of the crude enzyme was done using rice straw
(Variety, Swarna sub-1, Indica type) as the base material as
per Pathak et al. (2014) with minor modifications. Trichoderma
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grown on PDA plates (2 days’ culture) were sub-cultured and
grown on rice bran (4%) agar media for a period of 5 days
at 27◦C. After completion of the incubated period, 10 mL
of sterile double distilled water having 0.1% polyoxyethylene
(20) sorbitan monooleate was added to the plates to collect
the fungal spores. Fungal spores (2 × 106 CFU/mL) were
inoculated in 250 mL flask containing grinded sterilized rice
straw of 5 g and 15 mL of Mandel and Reese nutrient salt
solution (NSS). After 5 days of incubation, crude enzyme
extraction was done by using citrate buffer (pH 4.8) in NSS:
extraction buffer (1:2: V/V). The fermented matter was shaken
for 15 min at room temperature. Multilayered cheese cloth
was used for the filtration of the fermented product and
the centrifugation of the filtrate was done at 10,000 rpm
for 15 min at 4◦C (Hermel, Labortechnik GmbH, Type-
Z36HK, Nr-580901000). The clear supernatant was used as a
crude enzyme sample.

The total cellulase activity and endo-β-1,4-glucanase of the
above Trichoderma strains was determined as units per milliliter
(IU/mL) by Dinitro Salicylic Acid (DNS) method using Whatman
No.1 filter paper and 2% CMC as substrates, respectively (Ghosh,
1987). The activity of xylanase and laccase enzyme produced
by the Trichoderma isolates were measured by using 1% xylan
(Bailey et al., 1992) and guaiacol (Monssef et al., 2016) as
substrates, respectively. The activity of xylanase and laccase was
expressed in nkat/mL and IU/mL, respectively.

In vitro Preparation of Rice Straw
Compost by Trichoderma spp.
The in vitro preparation of rice straw compost was carried
out by all the strains of Trichoderma. The moisture content in
rice straw was measured. Inoculums of seven different isolates
(107 cfu mL−1) were poured into different conical flasks (250 mL)
containing 25 gm of straw (Variety, Swarna sub-1, Indica type)
and kept at ambient temperature. The weight of the flask was
measured at regular intervals along with control until 60 days
after inoculation. The C/N ration of the decomposed rice
straw was determined. Total carbon and nitrogen content was
measured according to the methods given by Walkley and Black
(1934) and Keeney and Bremner (1965), respectively.

Measurement of Plant Growth Promoting
Parameters, Vigor Index, and Chlorophyll
Content Under Greenhouse Conditions
Biocontrol potential and growth promotion property of
Trichoderma strains were confirmed under controlled conditions.
Rice seeds (Annapurna, Indica type and Satabdi, Indica type)
were bio-primed with respective Trichoderma formulations
(1 × 107 cfu g−1) and set in soils (double autoclaved) filled
in 30 cm × 30 cm pots. Soapstone (a mix of Talcum powder,
hydrous magnesium silicate, and Talc) was used to prepare
the respective Trichoderma formulation as per Indian Patent
File no. 1240/KOL/2015. Seeds not primed with Trichoderma
formulation were treated as control. Germination capacity and
vigor index of the seeds sown in the pot were examined as per
Abdul-Baki and Anderson (1973) and Swain et al. (2018). For

the assessment of vigor index germination percentage, seedling
length and dry weight of seedling was taken into consideration.
The effect of Trichoderma on the plant chlorophyll content of the
leaf was evaluated as per Porra (2002).

Measurement of Plant Growth Promoting
Parameters Under Field Conditions
For the assessment of growth promotion under in vivo conditions
two direct seeded rice varieties (“Annapurna” and “Satabdi”) were
used. Seeds dressed with respective Trichoderma formulations
were treated as treatments. The experiment was conducted
in completely randomized design with four replications. The
agronomical parameters (root length, shoot length, dry root
weight, dry shoot weight, no of tiller/hill, and yield/hill) were
recorded. Expression of plant stress responsive enzymes like
peroxidase (PER), catalase (CAT), superoxide dismutase (SOD),
polyphenol oxidase (PPO), and total phenolics (TP) conveyed by
the plants treated with Trichoderma were investigated at active
tillering stage (Arnon, 1949; Sadasivam and Manickum, 2011;
Swain et al., 2018).

Extraction of RNA, cDNA Synthesis and
Examination of Gene Articulation by
Real-Time-PCR
Total RNA was extracted from the fresh plant leaves by
utilizing RNeasy Plant Mini Kit (Qiagen, Germany). RNA
concentration was quantified by using Nano Drop 2000 (Thermo
Fisher Scientific). cDNA synthesis was carried out by using
Maxima H minus first strand cDNA synthesis Kit with dsDNase
(Thermo Fisher Scientific) as per the manufacturer’s guidelines.
Quantitative real-time (RT-PCR) reaction was performed in
the Insta-Q96 RT-PCR system (Himedia Laboratories, Mumbai,
India) using Maxima SYBRGreen/ROX qPCR master mix
(Thermo Fisher Scientific) for five growth promotion and
antioxidant genes, i.e., POX (peroxidase), LOX (lipoxigenase),
PAL (phenylalanine ammonia lyase), DEFENSIN, PR-3 (PR
protein). Act (actin) was utilized as housekeeping genes for
normalization of relative gene articulation level. All primers were
designed by IDT programming. All the treatments were in sets of
three for each primer pair in a similar plate. The PCR reactions
were set by convention formulated by Singh P. et al. (2020) with
minor adjustments.

Statistical Analysis
Statistical analysis was performed by utilizing the Statistical
Analysis Software (SAS) of ICAR-IASRI, New Delhi2 was used
for statistical analysis. All the investigations were replicated three
times. Seed germination rate was ARCSINE transformed. The
other seed quality boundaries were examined with no change. All
the information was exposed to single way characterized analysis
of variance (ANOVA) and means of treatments were compared
based on Tukey’s honestly significant difference test (HSD) at 0.05
probability level using SAS.

2www.iasri.res.in/sscnars/-
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RESULTS AND DISCUSSION

Identification of Trichoderma Strains
Based on morphological characteristics and molecular
identification, the isolates were identified as Trichoderma
harzianum (CRRI-T1), Trichoderma erinaceum (CRRI-T2),
Trichoderma atroviride (CRRI-T3), Trichoderma hebeiensis
(CRRI-T15), Trichoderma parareesei (CRRI-T16), Trichoderma
longibrachiatum (CRRI-T22), and Trichoderma reesei (CRRI-
T27) (Figure 1 and Supplementary Figure 1). The ITS sequence
data from CRRI-T1, CRRI-T2, CRRI-T3, CRRI-T22, CRRI-T27,
and TEF sequence data from CRRI-T15, CRRI-T16 have been
deposited with NCBI (Table 1). Out of these 7 isolates 4 are rarely
found in India (i.e., T. erinaceum, T. hebeiensis, T. parareesei,
and T. reesei). This provides the evidence for the maximum
diversity of this genus occurring above ground. This may be the
first time in India, we are reporting T. hebeiensis, T. parareesei,
and T. reesei from the above ground. T. reesei reported earlier
were isolated from soil and obtained from the mutation of other
species of Trichoderma (Kar et al., 2006; Saravanan et al., 2008).

Biocontrol Capability of Trichoderma
Strains and Its Mechanism
Mycelial growth of R. solani, S. oryzae, S. rolfsii, and S. delphinii
were inhibited by 98.33–100.00, 18.75–84.17, 14.17–66.67,
and 56.67–76.25%, respectively. CRRIT-2, CRRIT-3, CRRIT-
15, CRRIT-16 overgrew R. solani within 3 days. Similarly,
these isolates grew quicker in dual culture against S. oryzae
and covered minimum of 70% of the medium surface within
3 days (Table 1). In case of S. delphinii, CRRIT-15, CRRIT-2

exhibited more than 70% inhibitory effect whereas all other
strains were able to colonize in between 58 and 63% of the
medium surface. Among the seven strains, T. hebeiensis (CRRIT-
15) and T. erinaceum (CRRIT-2) was superior antagonist against
four rice pathogens (Supplementary Figure 2). Biocontrol
potential of these isolates can be correlated with prussic acid
(HCN) production. The highest quantity of HCN was produced
by CRRI-T15 (0.37 µg/mL) which was significantly higher as
compared to other isolates. Other isolates such as CRRI-T1,
CRRI-T2, CRRI-T3, CRRI-T16, and CRRI-T27 produced 0.03,
0.02, 0.05, 0.02, and 0.03 µg/mL HCN (Table 2).

Many species of Trichoderma were accounted for as biocontrol
specialists for a wide range of plant pathogens (Abdollahi et al.,
2012; Kumar et al., 2012; Swain et al., 2018). Mycoparasitism
is clearly one of the mechanisms for biocontrol action of
Trichoderma (Mukherjee et al., 2013). Besides mycoparasitism,
release of prussic acid has been proposed as a significant
antifungal component. Cyanide produced by microbes may act
as an inhibitor to soil borne pathogens without any harm to the
host plant (Noori and Saud, 2012). Hence, for the management of
soil borne pathogens, the prussic acid produced by Trichoderma
spp. played a vital role. Biocontrol potential of Trichoderma spp.
mainly depends on the host plant, agro climatic conditions and
nutrient availability (Mukherjee et al., 2013). To the best of our
knowledge, T. hebeiensis and T. parareesei from the above ground
part have been explored as potential biocontrol for the first time.

Trichoderma as a Decomposer
Cellulase activity of fungal isolates with EI values of more than
1.5 were considered to be potential cellulase producers (Florencio
et al., 2012; Saroj et al., 2018). All the seven strains were potential

FIGURE 1 | Phylogeny of the isolated Trichoderma spp. (CRRI-T1 to CRRI-T27) used for the recent study.
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TABLE 1 | Details of Trichoderma isolates and confrontation assay showing the inhibition of pathogen growth by different Trichoderma isolates on PDA medium.

Strain
designation

Source of collection Place of collection GPS location Species identified NCBI accession
Nos.

Percentage of inhibition

Rhizoctonia
solani

Sclerotium
oryzae

Sclerotium
rolfsii

Sclerotium
delphinii

CRRI-T1 Bark of a Litchi
chinensis

NRRI, Cuttack 85◦92′E, 20◦45′N Trichoderma harzianum KX853519.1 98.75A 67.50C 40.83D 63.33B

CRRI-T2 Bark of a Cassia tora 42-Mouza (Barala),
Cuttack

86◦92′E, 20◦44′N Trichoderma erinaceum KR014407.1 100.00A 73.33B 49.58C 75.00A

CRRI-T3 Bark of a Cassia tora 42-Mouza (Barala),
Cuttack

86◦58′E, 20◦45′N Trichoderma atroviride KR014408.1 100.00A 70.83BC 47.50C 56.67C

CRRI-T15 Bark of a Samanea
saman

42-Mouza (Barala),
Cuttack

86◦52′E, 20◦45′N Trichoderma hebeiensis MK247223.1 100.00A 84.17A 66.67A 76.25A

CRRI-T16 Bark of a Samanea
saman

42-Mouza (Barala),
Cuttack

86◦12′E, 20◦44′N Trichoderma parareesei MK247224.1 100.00A 69.58BC 57.50B 58.75BC

CRRI-T22 Decomposed wood of
Dalbergia sissoo

NRRI, Cuttack 85◦92′E, 20◦45′N Trichoderma
longibrachiatum

MH894348.1 98.33A 18.75E 14.17E 59.58BC

CRRI-T27 Bark of a Samanea
saman

Fakirpada, Cuttack 86◦92′E, 20◦45′N Trichoderma reesei MK163352.1 99.58A 31.67D 45.42CD 59.17BC

CV (%) 0.65 3.05 5.01 1.585

Tukey’s HSD at 5% 1.855 5.1802 6.5756 5.5483

Means with same letter are not significantly different at p ≤ 0.05.
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TABLE 2 | Quantitative enzyme assay of selected Trichoderma isolates.

Treatment name IAA (in µ

g/mL)
HCN (in µ

g/mL)
Inorganic phosphate

(in µ g/mL)
Endoglucanase

(in IU/mL)
Total cellulase

(in IU/mL)
Xylanase (in

nkat/mL)
Laccase (in

IU/mL)

CRRIT-1 31.37C 0.03C 318.20D 0.67C 0.99E 145.35E 2.64C

CRRIT-2 42.38B 0.27B 412.30B 0.70BC 0.87F 195.89B 11.74A

CRRIT-3 30.39C 0.05C 339.30C 0.68C 2.13B 192.99B 9.85B

CRRIT-15 46.28A 0.37A 435.42A 0.75A 2.59A 201.35A 12.60A

CRRIT-16 22.42D 0.02C 303.70DE 0.59D 1.09D 152.43D 3.35C

CRRIT-22 19.19E 0.01C 297.49E 0.53E 0.97E 149.29DE 2.48C

CRRIT-27 32.01C 0.03C 320.20D 0.74AB 1.28C 164.40C 2.87C

CV (%) 3.48 18.93 1.74 2.38 1.64 0.85 6.99

Tukey’s HSD at 5% 3.1823 0.0601 17.2 0.0453 0.0665 4.1534 1.2982

Means with same letter are not significantly different at p ≤ 0.05.

FIGURE 2 | Enzymatic Index of cellulase and xylanase activity of Trichoderma isolates used in the present study.

cellulase producers as the EI value was more than 1.5. Earlier
Saroj et al. (2018) reported thermophilic fungi isolated from
soil, i.e., Aspergillus fumigatus JCM 10253 and Aspergillus terreus
with highest EI values of 1.50 and 1.24 for cellulase activity,
respectively. Florencio et al. (2012) reported T. harzianum CEN
139, T. sp. 104 NH and T. harzianum CEN 155 exhibited
1.74, 1.72, and 1.61 EI value for cellulase activity, respectively.
Similarly, EI values of xylanase activity of Trichoderma isolates
ranged from 0.50 to 1.33. CRRIT-15 exhibited the highest
xylanase activity, i.e., 1.68 EI value followed by CRRIT-27 and
CRRIT-2. The strains reported by Saroj et al. (2018) exhibited
range 1.01–1.13 of EI value for xylanase activity. However,
CRRIT-26, CRRIT-2, and CRRIT-27 had better cellulase and
xylanase activities in comparison to others as reported earlier.
All the strains exhibited positive reddish-brown zones around the
fungal colonies indicating laccase activity. Monssef et al. (2016)
examined 24 fungal isolates for the production laccase enzyme
and found only T. harzianum could produce the enzyme. These

results are in line with Gochev and Krastanov (2007) who found
that many of Trichoderma spp. with cellulase activity could also
be a good source of laccase (Figure 2).

All the isolates were examined for endoglucanase, total
cellulase, xylanase, and laccase activity. CRRIT-15 showed
maximum endoglucanase activities, i.e., 0.75 IU/mL whereas
CRRIT-22 isolate showed lowest endoglucanase activities (i.e.,
0.53 IU/mL). Similarly, CRRIT-15 and CRRIT-3 showed
maximum total cellulase activities, i.e., 2.59 and 2.13 IU/mL,
respectively. Similarly, CRRIT-15 released maximum xylanase
activity of 201.35 nkat/mL followed by CRRIT-2 195.89 nkat/mL.
Among four isolates, CRRIT-15 showed 12.60 IU/mL of laccase
activity followed by CRRIT-3 9.85 IU/mL of activity (Table 2).

Earlier Druzhinina et al. (2011) reported that T. reesei
is a major source of hydrolytic enzymes like cellulase and
hemicellulase. T. harzianum CEN 139, T. sp. 104 NH, and
T. harzianum CEN 155 exhibited 1.74, 1.72, and 1.61 EI value and
0.27, 0.23, and 0.22 IU/mL of endoglucanase activity, respectively
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TABLE 3 | Characteristics of Trichoderma mediated-rice straw-compost.

Treatment name Gravimetric weight loss of
decomposed rice straw

after 30 days (in percentage)

Gravimetric weight loss of
decomposed rice straw

after 60 days (in percentage)

C/N (in
percentage)

Control 4.48G 12.52E 67.40A

CRRIT-1 7.97F 10.49F 35.33B

CRRIT-2 17.46B 18.27B 18.27B

CRRIT-3 10.76E 12.53E 34.01B

CRRIT-15 18.60A 20.95A 24.78F

CRRIT-16 14.61C 15.35C 29.72CD

CRRIT-22 12.65D 13.55D 30.39C

CRRIT-27 16.81B 18.57B 28.54DE

CV (%) 2.34 1.27 1.38

Tukey’s HSD at 5% 0.8724 0.5605 1.3851

Means with same letter are not significantly different at p ≤ 0.05.

TABLE 4 | Effect of Trichoderma application on seedling vigor index of different rice varieties.

Treatment name Seedling length (cm) Seedling dry weight (g) Vigor index-1 Vigor index-2

Annapurna Satabdi Annapurna Satabdi Annapurna Satabdi Annapurna Satabdi

Control 20.10C 21.67D 0.09D 0.11F 2210.00D 2166.67D 9.67D 11.00D

CRRIT1 24.70B 29.03BC 0.11C 0.14E 2470.00C 3036.67ABC 11.33C 14.00C

CRRIT2 27.40AB 33.03AB 0.14A 0.19B 2740.00AB 3336.67AB 14.00A 17.33AB

CRRIT3 26.53AB 31.30ABC 0.14AB 0.16CD 2653.33BC 2996.67BC 13.67AB 16.00BC

CRRIT15 28.57A 35.47A 0.15A 0.21A 2923.33A 3413.33A 14.00A 18.33A

CRRIT16 26.03AB 33.53AB 0.12BC 0.18BC 2603.33BC 3153.33ABC 12.33BC 16.00BC

CRRIT22 25.03B 28.23C 0.12C 0.16DE 2530.00BC 2823.33C 12.00C 15.33BC

CRRIT27 24.97B 28.03C 0.12C 0.16DE 2436.67BC 3257.67AB 11.67C 15.67BC

CV (%) 3.92 5.33 4.27 4.96 3.39 4.46 3.87 5.21

Tukey’s HSD at 5% 2.8722 4.6085 0.0152 0.0232 250.76 388.66 1.3881 2.3207

Means with same letter are not significantly different at p ≤ 0.05.

FIGURE 3 | Mean germination time in rice varieties treated with Trichoderma and control condition.
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TABLE 5 | Chlorophyll content in different rice varieties due to the application of different Trichoderma isolates.

Treatment name Chla (mg/g of fresh leaf) Chlb (mg/g of fresh leaf) Chla/Chlb (mg/g of fresh leaf) Total chlorophyll (mg/g of fresh leaf)

Annapurna Satabdi Annapurna Satabdi Annapurna Satabdi Annapurna Satabdi

Control 3.73E 1.18F 0.87D 0.11F 4.28A 10.78A 4.61E 1.29F

CRRIT1 8.70D 8.43E 2.38C 3.04E 3.66B 2.77D 11.09D 11.47E

CRRIT2 14.43A 15.60C 4.35AB 4.38CD 3.33EC 3.57B 18.78A 19.98C

CRRIT3 12.71C 14.63D 4.04AB 4.36D 3.14C 3.36B 16.76C 18.99D

CRRIT15 13.37BC 20.55A 4.52A 6.98A 2.98C 2.95CD 17.89AB 27.54A

CRRIT16 14.35A 15.35CD 4.34AB 4.84C 3.31EC 3.17BCD 18.69A 20.19C

CRRIT22 13.36BC 19.51B 3.97B 5.60B 3.36EC 3.49B 17.34BC 25.11B

CRRIT27 13.87AB 15.43C 4.06AB 4.71CD 3.42EC 3.28BC 17.93AB 20.14C

CV (%) 2.22 1.90 5.06 3.86 4.79 3.33 2.08 1.78

Tukey’s HSD at 5% 0.7542 0.7586 05197 0.4724 0.4736 0.3999 0.9223 0.9277

Means with same letter are not significantly different at p ≤ 0.05.

(Florencio et al., 2012). Lee et al. (2011) reported T. harzianum
isolated from post-harvest rice straw possesses 0.095 IU/mL of
endoglucanase activity and 0.222 IU/mL of total cellulase activity.
Similarly, Pathak et al. (2014) reported T. harzianum isolated
from soil, rotting wood, and manure from different locales
of northern India possesses 1.28 IU/mL endoglucanase and
0.37 IU/mL of total cellulase activity. So, both the isolates NRRIT-
26 and NRRIT-27 seem to be a very good potential cellulase
and xylanase producer and they may be used as a better option
for the preparation of rice straw compost as compared to the
previous reports. According to Pathak et al. (2014) 100.2 IU/mL
of xylanase activity was observed in the case of T. harzianum
collected from various location of northern India. NRRIT-26,
i.e., T. reesei showed highest xylanase activity as compared to
the other three isolates that can be considered as the best
candidate for rice straw compost. The other three strains, i.e.,
NRRIT-27, CRRIT-13, and CRRIT-5 also showed higher xylanase
activity in comparison to isolates reported by Lee et al. (2011)
and Pathak et al. (2014).

Moreover, T. harzianum and T. longibrachiatum are the
wellsprings of laccase production as portrayed by Holker
et al. (2002) and Velazquez-Cedeno et al. (2004), respectively.
We reported here the creation of laccase enzyme in all the
Trichoderma isolates isolated from tree bark. Trichoderma are
adapted well to rice straw and they could be utilized to degrade
straw as reported by previous researchers (Kang et al., 2004).
Overall, the isolate, CRRIT-15 released the highest number of
enzymes as compared to other isolates. Hence, it may be used
as a candidate for the preparation of rice straw compost in an
economically way.

The Trichoderma inoculated straw was decomposed at a
faster rate as compared to the non-inoculated one. Among the
seven Trichoderma strains, NRRIT-15, CRRIT-2, and NRRIT-27
could be able to produce compost from rice straw at a faster
rate. There was 18.60, 17.46, and 16.81% of weight loss of the
rice straw with NRRIT-15, CRRIT-2, and NRRIT-27 treatments,
respectively, after 30 days (Table 3). The loss of weight of
the rice straw was 20.95, 18.27, and 18.57%, respectively, after
60 days when treated with NRRIT-15, CRRIT-2, and NRRIT-
27. The above mentioned three isolates had also secreted higher

quantities of ligno-cellulolytic enzymes as stated above. These
enzymes decomposed the rice straw at a faster rate. There were
insignificant changes in weight loss after 60 days of incubation
as compared to 30 days of incubation. Similarly, the C/N ratio
did not vary between 30 and 60 days. So based on these data,
we can conclude the compost is generally stable after 30 days of
incubation. As Trichoderma mediated rice straw compost has a
low C/N ratio in in vitro condition, the technique can be extended
to field conditions which will improve organic matter along with
fertility of the soil.

Trichoderma as a Plant Growth Promoter
Auxins play a critical role for both the plant growth and
root development. The quantity of IAA synthesized by various
Trichoderma strains in the broth was ranged from 19.19 to
46.28 µg/mL (Table 4). The highest IAA was produced by CRRI-
T15 (46.28 µg/mL) which was significantly higher followed by
CRRI-T2 (42.38 µ g/mL).

Quantitative assessment of soluble phosphate concentrations
in Pikovskaya’s broth was varied from 297.49 to 435.42 µg/mL
(Table 2). CRRI-T15 may be treated as the best inducer of
phosphate mobilization as it exhibited higher phosphate
solubilization capacity in Pikovaskaya’s broth. The amount
of inorganic phosphate solubilized was 435.42 µg/mL.
Other Trichoderma strains, i.e., CRRI-T1, CRRI-T2, CRRI-
T3, CRRI-T16, CRRI-T22, and CRRI-T27 were also good
phosphate solubilizers.

Parameters related to seed vigor and seed germination of
different Trichoderma dressed seeds varied from 2.13–4.13 days
(Mean germination time), 2166.67–3413.33 (Vigor index-I) and
11.00–18.33 (Vigor index-II), respectively in variety Satabdi
(Figure 3). A similar trend was also found in the case of
the Annapurna rice variety. Physiological parameters among
the treatments were significantly varied in both the varieties.
Absolute chlorophyll content went from 4.61 to 18.78 mg/g in
the Annapurna rice variety. Seeds inoculated with T. hebeiensis
(CRRIT-15), T. parareesei (CRRIT-16), T. erinaceum (CRRIT-
2), and T. longibrachiatum (CRRIT-22) had significantly higher
chlorophyll parameters when contrasted with other isolates
depicted in the current examination (Table 5). Seed biopriming
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TABLE 6 | Growth promotion in different rice varieties due to Trichoderma application as indicated by various agronomical parameters.

Treatment
name

Dry root weight (g) Dry shoot weight (g) Fresh root weight (g) Fresh shoot weight (g) Root length (cm) Shoot length (cm) Number of tiller/hill Yield/hill (g)

Annapurna Satabdi Annapurna Satabdi Annapurna Satabdi Annapurna Satabdi Annapurna Satabdi Annapurna Satabdi Annapurna Satabdi Annapurna Satabdi

Control 0.13G 0.20E 0.28C 0.57D 0.32E 0.52F 1.35F 1.30E 2.60D 1.80F 9.54E 8.33D 12.00D 11.00E 19.59F 22.20D

CRRIT1 0.24F 0.49DE 0.62C 1.14D 0.46E 1.40E 1.94E 2.62D 3.13D 2.67E 11.41E 9.30D 14.33CD 18.33CD 23.46DE 33.60C

CRRIT2 0.35E 1.16AB 2.63B 2.66ABC 1.67B 2.42BC 7.67B 6.43A 6.57B 5.47BC 17.37AB 17.60A 16.67BC 23.67AB 26.96BC 41.38AB

CRRIT3 0.79CD 0.79CD 2.64B 2.33BC 1.20D 1.93D 6.77CD 5.86B 6.13BC 5.20C 16.32BCD 16.33B 18.00AB 19.67C 29.23AB 39.46B

CRRIT15 0.96A 1.34A 3.79A 3.05A 1.91A 2.98A 8.72A 6.80A 7.33A 6.17A 19.00A 18.37A 20.33A 24.67A 31.14A 43.53A

CRRIT16 0.73B 1.00ABC 2.32B 2.95AB 1.65B 2.23C 7.45BC 6.30AB 6.63B 5.70B 17.32ABC 16.00B 20.00A 21.00BC 30.54A 40.80B

CRRIT22 0.67C 0.91BC 2.48B 2.33C 1.38C 1.77D 6.32DE 3.37C 5.80C 4.47D 14.45D 14.67C 15.00C 16.00D 22.73E 36.15C

CRRIT27 0.62D 1.01ABC 2.27B 2.53ABC 1.22CD 2.61B 5.91E 6.66A 6.73AB 5.20C 15.33CD 16.10B 19.33A 20.67C 25.60CD 40.38B

CV (%) 2.59 13.82 9.42 9.79 5.08 5.08 4.33 3.59 3.76 3.28 4.57 2.84 5.36 4.79 3.17 2.45

Tukey’s
HSD at 5%

0.0402 0.3431 0.5777 0.6191 0.1794 0.2905 07198 0.5089 0.6083 0.4327 1.9868 1.2063 2.6206 2.6766 2.391 2.629

Means with same letter are not significantly different at p ≤ 0.05.

TABLE 7 | Expression of defense enzymes related to stress in the rice varieties.

Treatment
name

Expression of catalase (in
unit/min/gm)

Expression of peroxidase (in
unit/min/gm)

Expression of superoxide
dismutase (in unit/min/gm)

Expression of polyphenol
oxidase (in unit/min/gm)

Expression of total
phenolics (in unit/min/gm)

Annapurna Satabdi Annapurna Satabdi Annapurna Satabdi Annapurna Satabdi Annapurna Satabdi

ROOT SHOOT ROOT SHOOT ROOT SHOOT ROOT SHOOT ROOT SHOOT ROOT SHOOT ROOT SHOOT ROOT SHOOT ROOT SHOOT ROOT SHOOT

Control 5.00E 7.00E 5.00F 5.67E 0.51F 0.39E 0.52D 0.42H 3.56E 5.98E 4.39G 3.63G 20.49D 24.99D 19.23D 27.55D 0.11G 3.48G 0.10G 3.73G

CRRIT1 9.00D 18.33D 10.67E 10.33D 0.72E 0.84D 0.66D 0.67G 7.78CD 8.50D 5.57F 5.43F 25.85C 30.35C 24.60C 32.92C 0.87F 4.37F 0.86F 4.62F

CRRIT2 20.67A 27.67AB 20.33B 24.67AB 1.28AB 1.89A 2.11A 1.49C 10.58A 12.42A 10.31B 11.64B 58.78A 63.28A 57.53A 65.85A 4.20B 7.70B 4.19B 7.95B

CRRIT3 18.33B 26.00BC 19.67BC 23.33B 1.07C 1.46B 1.66C 1.13E 9.59B 10.27C 9.76C 10.44C 41.15B 45.65B 39.90B 48.21B 2.90D 6.40D 2.89D 6.66D

CRRIT15 21.67A 28.67A 22.33A 26.33A 1.33A 1.98A 2.18A 1.92A 11.14A 12.82A 12.62A 12.51A 60.02A 64.52A 58.76A 67.08A 4.73A 8.23A 4.72A 8.49A

CRRIT16 18.33B 24.33C 18.67CD 23.33B 1.14BC 1.03C 1.82B 1.25D 8.12C 10.45C 8.65D 9.69D 41.95B 46.45B 40.70B 49.01B 3.04D 6.54CD 3.03D 6.79CD

CRRIT22 16.33C 20.67D 17.67D 19.67C 0.86DE 1.10C 1.55C 0.98F 7.19D 9.99C 7.55E 8.51E 27.97C 32.47C 26.72C 35.04C 2.01E 5.51E 1.99E 5.76E

CRRIT27 18.67B 26.33ABC 19.33BC 25.33A 1.02CD 1.61B 1.87B 1.62B 9.73B 11.45B 9.89BC 10.44C 43.47B 47.97B 42.21B 50.53B 3.43C 6.93C 3.42C 7.19C

CV (%) 3.23 3.73 3.11 3.09 6.03 4.64 3.30 3.17 3.18 3.14 2.08 2.01 2.47 2.22 2.55 2.10 4.63 2.29 4.65 2.19

Tukey’s
HSD at 5%

1.4911 2.4043 1.4952 1.7643 0.1721 0.1721 0.1468 0.1081 0.7743 0.9249 0.5144 0.5233 2.8383 2.8383 2.8383 2.8383 0.3549 0.4046 0.3549 0.4046

Means with same letter are not significantly different at p ≤ 0.05.
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with beneficial microbes have been reported by several workers
for their ability to mitigate biotic stress in an efficient way
(Singh P. et al., 2020). During biopriming, antagonistic PGPR
increases on the seed surface, thereby defending the plant from
pathogen attack and enabling it to be sustained under various
stress conditions (Rajput et al., 2019).

In the field study, all the strains of Trichoderma controlled
the plant growth along with various agronomical parameters. The
highest yield (31.14 g/hill) was recorded from CRRIT-15 followed
by CRRIT-16 and CRRIT-13. Similar trends were observed in
the case of the Satabdi rice variety (Table 6). As an overall
study, all the isolates performed better than the control one
(Supplementary Figures 3, 4). Previously Swain et al. (2018)
reported higher total chlorophyll content, plant vigor in direct
seeded rice treated with Trichoderma. Previously Mukherjee
et al. (2013) and Mukherjee et al. (2018) explained the role of
Trichoderma as a plant growth promoter. The enhancement of
seed vigor parameters may be due to the production of phenolic
compounds and secondary metabolite namely harzianolide by
Trichoderma spp. (Cai et al., 2013). This result was also found
in case of chickpea and wheat (Zhang et al., 2019). All these
positive impacts of vigor property helped the plant in uptake
and mobilization of nutrients for a longer time, which leads
to a better yield.

Among the secondary metabolites, IAA (auxin) helps in
plant growth and potentially increases the root length as
well. Laboratory studies have emphasized the role of plant
growth promoting fungi as auxin producers and biocontrol
operators (Hossain et al., 2007; Contreras-Cornejo et al., 2009)
in plant development. This key hormone was synthesized
by the fungus Trichoderma in symbiotic as well as in
pathogenic interactions (Gravel et al., 2007). Similarly, plants
can only uptake and mobilize essential micronutrients if
they are solubilized by microbes (Rudresh et al., 2005). As
indicated by Dunaitsev et al. (2008) Trichoderma spp. can
deliver phosphate from mineral crude materials as plant
accessible structures. It was seen that Trichoderma isolates a
demonstrated higher capacity to solubilize the phosphate as
they additionally displayed great reactions to plant growth
promotion action after direct seed treatments. Trichoderma
as plant symbionts for updated supplement take-up, extended
root and shoot advancement, improved plant influence and
biotic/abiotic stress flexibility have been widely discussed
(Harman, 2011).

Improvement of Plant Resistance by the
Articulation of Stress Responsive
Enzymes
Inside and out higher verbalization of the enzymes related to
stress was seen in Trichoderma seed treated plants when appeared
differently in relation to untreated plants against both the rice
assortments. Correspondingly, CRRIT-15, and CRRIT-2 treated
root and shoots of rice assortment Annapurna and Satabdi had
exceptionally higher PER, SOD, PPO, and TP activity contrasted
with other treatment. Also, catalase action was higher in CRRIT-
15 and CRRIT-2 treatment in both root and shoot. Comparative

examples were found in peroxidase action in root and shoot of
both the rice assortments (Table 7).

In blend with their immediate impact on the pathogen
structure and action, Trichoderma spp. has additionally been
found to invigorate plant resistance mechanisms (Yedidia
et al., 2001). Successful Trichoderma strains can instigate
a more grounded reaction in the plant contrasted with
pathogen-triggered immunity by creating an assortment of
microorganisms related molecular patterns (MAMPs), for
example, hydrophobins, expansin-like proteins, metabolites, and
catalysts like catalase, peroxidase, and superoxide dismutage,
having a direct antimicrobial movement (Vargas et al., 2008).
Trichoderma can likewise improve ETI by causing a quicker
reaction (preparing), or initiate it by discharging exacerbates
that, similarly as with some pathogen molecules, are explicitly
perceived by plant cell receptors (Bailey et al., 1993). In the
present exploration, the stress enzymes expressed in a higher
amount inTrichoderma treatments rather than the control group.
Mohapatra and Mittra (2017) and Swain et al. (2018) documented
that Trichoderma spp. triggered the fabrication of antioxidant
enzymes in wheat and rice seedlings, respectively. Trichoderma
isolates were accounted to help fundamental defense reactions
through different catalysts (Małolepsza et al., 2017). PPO is
engaged with the plant guard system against pathogens by
catalyzing the oxidation of phenols to quinines in an oxygen-
subordinate way (Daw et al., 2008). An increase in defense
enzymes activity (Mandal et al., 2013) and TP content (Mandal
et al., 2013) in plants with a reaction to pathogen assault has also
been previously reported.

Trichoderma Seed Biopriming Induces
Antioxidant Gene Expression in Rice
Plants
Plants have created solid cell antioxidant molecular systems
because of the utilization of biocontrol specialists like
Trichoderma (Rejeb et al., 2014; Swain et al., 2018), however
the initiation and articulation of these genes change under
plant organism communication conditions (Singh D. P. et al.,
2020). Albeit, both organism-treated and non-treated plants
were developed under typical development conditions. We
investigated the plant molecular reactions as far as the outflow
of prominent defense (PAL and DEFENSIN) and antioxidant
(POX, LOX, and PR-3) genes following microbial inoculation
(Table 8). We observe multifold over expression of genes in
both the strains. However, Trichoderma seed biopriming caused
>2-fold up regulation of every gene in both the rice varieties.
Besides, CRRIT-15 exhibited the highest level of fold expression
(i.e., >3) of all the genes as compared to control one. CRRIT-16
and CRRIT-2 treatment performed the second highest level of
fold expression (i.e., >2.5) by following CRRIT-15 (Figures 4, 5).

Seed biopriming with beneficial microbes have been
accounted for their capacity to relieve biotic stress in an effective
way. During the process of seed biopriming, antagonistic
plant growth promotive activity increases on the seed surface,
hence not only defending the plant from pathogen attack
but also promoting the plant growth (Swain et al., 2018;
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TABLE 8 | Details of primers used in antioxidant and defense related gene expression study.

Serial No. Primer name Gene name Primer sequence 5′-3′

1 Rice (Actin)F Actin CTGCTGGAATGTGCTGAGAGAT

Rice (Actin)R CGTCTGCGATAATGGAACTGG

2 Rice (POX)F Peroxidase CATGCTACTGCTCACCTTTGA

Rice (POX)R TCACTCTAGGTGGGATATACT

3 Rice (LOX)F Lipoxygenase AGATGAGGCGCGTGATGAC

Rice (LOX)R CATGGAAGTCGAGCATGAACA

4 Rice (PAL)F Phenylalanine ammonia lyase GGTGTTCTGCGAGGTGATGA

Rice (PAL)R AGGGTGGTGCTTCAGCTTGT

5 Rice (Defensin)F Defense Enzyme CCGGCGAACTGCGTGTAC

Rice (Defensin)R GGCGTCGAGCAGAATTGG

6 Rice (PR-3)F PR Protein TACTGTGTCCAGAGCTCGCAGTGG

Rice (PR-3)R TCTGGTTGTAGCAGTCCAAGTTGG

FIGURE 4 | Expression of antioxidant and defense related genes in rice variety (Annapurna). Results are expressed as means of three replicates and vertical bars
indicate the standard deviation of the means.

Rajput et al., 2019). Co-vaccination of Paenibacillus polymyxa
and Rhizobium tropici mitigated drought in common bean
(Phaseolus vulgaris L.) (Figueiredo et al., 2008). In the present
study it was found that Trichoderma treated plants exhibited
an increase in total phenol content catalase content, peroxidase
content superoxide dismutase content and expression of defense
gene (POX, LOX, PAL, DFENSIN, and PR-3) as compared to
control one. This further authenticates the induction of growth
responses and defense response in rice up on application of
Trichoderma in rice seeds. Plant phenolics are normally framed
in light of both biotic and abiotic stress through enactment
of phenyl propanoid pathway and include in cellulase, lignin,

xylanase, and biosynthesis. Thus, PPO catalyzes phenolics,
exacerbating the production of quinines through a secondary
reaction, which further prompts the arrangement of an earthy
colored complex polymer, melanin; a physical hindrance to
microbe ingression (Taranto et al., 2017). In this study all the
Trichoderma strains exhibited higher total phenol content, PPO
activity as compared to the control one. Besides, CRRIT-15,
CRIT-16, and CRRIT-2 out-perform the others. This suggests a
synergistic effect of Trichoderma in induction of plant growth
and defense in rice varieties. Notwithstanding these, acceptance
of different development promotive genes and antioxidant
agent responsive genes mitigates oxidative stress in plant
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FIGURE 5 | Expression of antioxidant and defense related genes in rice variety (Satabdi). Results are expressed as means of three replicates and vertical bars
indicate the standard deviation of the means.

cells. Our outcomes are validated with Singh et al. (2013)
in which they revealed improved movement of PAL, PPO,
PO, and SOD content in chickpea treated with Pseudomonas,
Trichoderma, and Rhizobium. Contrasting these discoveries and
our outcomes prompts the presumption that stronghold of rice
with microbial inoculants characteristically balanced molecular
components to give resilience against ROS scavenging in a
manner to making plants fortified against stress difficulties. Rice
seed biopriming of Trichoderma could, accordingly, become a
proficient methodology for raising yield for better profitability
and resistance against stress conditions.

CONCLUSION

In India alone, an excess of 250 commercial formulations
are available, however, a large portion of them are from a
solitary strain, i.e., Trichoderma viride (presently renamed as
Trichoderma asperelloides). Most of the Trichoderma strains
defined in literature were isolated from the soil or rhizosphere,
but very few are isolated from the above ground aerial parts.
In the present study we evaluated both the biocontrol and
growth promotion activity of seven different Trichoderma strains
isolated from above ground parts. The rice seed treatment with
Trichoderma strains not only promoted germination, seedling

vigor, and growth of the plant, but also increase the level of
gene expression related to plant defense. Apart from growth
promotion these strains imparted intrinsic stress tolerance to
rice by producing a higher amount of defense enzymes like
catalase, peroxidase, superoxide dismutase, polyphenol oxidase,
and total phenolics content as evidenced by the expression of
their respective genes. Our recent investigation tries to fill the gap
by isolating and identifying above groundTrichoderma strains for
rice health management. Two strains, namely T. hebeiensis and
T. erinaceum may be promoted in sustainable crop management
for their beneficial role.
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University, Lanzhou, China, 4 Gansu Provincial Key Laboratory of Arid Land Crop Science, Gansu Agricultural University, 
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Soil salinity causes damage to plants and a reduction in output. A natural plant growth 
regulator, 5-aminolevulinic acid (ALA), has been shown to promote plant growth under 
abiotic stress conditions. In the present study, we assessed the effects of exogenously 
applied ALA (25 mg L−1) on the root architecture and Na+ distribution of cucumber (Cucumis 
sativus L.) seedlings under moderate NaCl stress (50 mmol L−1). The results showed that 
exogenous ALA improved root length, root volume, root surface area, and cell activity in 
the root tips, which were inhibited under salt stress. In addition, although salinity stress 
increased the subcellular Na+ contents, such as those of the cell wall, nucleus, plastid, 
and mitochondria, ALA treatment reduced these Na+ contents, except the soluble fraction. 
Molecular biological analysis revealed that ALA application upregulated both the SOS1 
and HA3 transcriptional and translational levels, which suggested that the excretion of 
Na+ into the cytoplasm cloud was promoted by exogenous ALA. Meanwhile, exogenously 
applied ALA also upregulated the gene and protein expression of NHX1 and VHA-A under 
salinity stress, which suggested that the compartmentalization of Na+ to the vacuole was 
enhanced. Overall, exogenous ALA mitigated the damage caused by NaCl in cucumber 
by enhancing Na+ redistribution and increasing the cytoactivity of root cells.

Keywords: salinity, 5-aminolevulinic acid, Na+ distribution, proton pump, Na+/H+ antiporter, root architecture

INTRODUCTION

High salinity levels in cultivated fields are caused by a combination of factors, such as excessive 
chemical fertilizer application, prolonged cultivation, or the effects of global climate change. 
Globally, almost 30 plant species provide 90% of the food consumed by the human population 
(Zörb et  al., 2019). However, most of these species are salt-sensitive, and more than 20% of 
crops are affected by soil salinity (Negrão et  al., 2016). Therefore, ways to improve the salt 
tolerance of crops has received a recent increase in research attention among agricultural scientists.
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The imbalance of the K+/Na+ ratio under salt stress conditions 
adversely affects plant growth (Shah et  al., 2021). Specifically, 
the harmful effects of high Na+ concentration in the cytoplasm 
leads to ion toxicity, which can be observed at the whole-plant 
level, as lower growth rates and leaf and root damage. Under 
saline conditions, extracellular Na+ competes with the K+ 
transport in cells because Na+ and K+ have a similar hydrated 
radius (Gong et  al., 2010). The flow of Na+ into cells is a 
passive process, which requires a negative electric potential 
difference across the plasma membrane. However, the 
displacement of Na+ is an active process that involves Na+/H+ 
antiporters located on the plasma membrane and tonoplast, 
which regulate the compartmentation and efflux of Na+ 
(Yamaguchi et al., 2013). The Na+/H+ antiporters on the plasma 
membrane and tonoplast are encoded by salt overly sensitive 1 
(SOS1) and Na+/H+ exchanger (NHX1), respectively (Zhang 
et  al., 2017; Tanveer, 2020). The cytoplasmic enzymes of 
halophytes are as sensitive to salinity levels as the enzymes 
of glycophytes (Wakeel et  al., 2011). Therefore, to alleviate the 
ion toxicity, Na+ can be  compartmentalized into vacuole or 
excreted out of protoplast. The adaption of halophilous plants 
in saline conditions is due to their active and efficient reduction 
of cytoplasmic Na+ levels, and their ability to maintain relatively 
lower Na+ concentrations and higher K+/Na+ ratios in the 
cytoplasm (Cuin et  al., 2011).

Ion imbalance induced by salinity directly affects plant 
growth in the rhizosphere environment. Under saline conditions, 
the Na+ and K+ contents have been shown to sharply increase 
and decrease in root cells, respectively (Zhang et  al., 2018; 
Huo et  al., 2020). Additionally, salt stress negatively affects 
the lateral root number and total root length, which leads to 
an incomplete root system architecture (Julkowska et al., 2017). 
Meanwhile, H+-pumps and Na+/K+ transporters, which contribute 
to cell ion exchange and homeostasis, respond (i.e., are up- or 
downregulated) to high Na+ conditions as physiological 
adaptations (Zhao et  al., 2016; Yan et  al., 2020). In addition, 
lipid peroxidation occurs in root cells; thus causing increases 
in reactive oxygen species (Nath et  al., 2019) and a reduction 
in root cell activity (Wang et  al., 2020).

5-Aminolevulinic acid (ALA) is a metabolic intermediate 
in plants, animals, and bacteria. The downstream metabolic 
pathway of ALA provides chlorophyll, heme, siroheme, vitamin 
B12, and phytochromobilin in higher plants (Wu et al., 2019b). 
ALA has been considered to play a promotive role in plants 
under abiotic stress and normal conditions (Ali et al., 2013a,b). 
Under saline conditions, the gene expression levels of proline 
synthesis can be  upregulated by ALA in Brassica napus L. 
seedlings (Xiong et  al., 2018). Moreover, exogenous ALA was 
shown to regulate the accumulation of H2O2 in roots to 
activate the relative gene expression of Na+ transporters, which 
mitigated the harmful effect of salt on the shoots (Wu et  al., 
2019a). Our previous study showed that exogenous ALA 
enhanced the photosynthesis of cucumber leaves under NaCl 
stress by upregulating chlorophyll biosynthesis (Wu et  al., 
2018). In this study, we conducted physiological and molecular 
level investigations to explore the promotive role of ALA on 
cucumber roots under saline (NaCl) rhizospheric conditions. 

Further, we also investigated the root architecture, ultrastructure 
of apical cells, and Na+ distribution of cucumber root cells, 
and the mechanism by which ALA application impacted 
these factors.

MATERIALS AND METHODS

Plant Material and Growth Conditions
Cucumber (Cucumis sativus L. ‘Xinchun No. 4’) seedlings were 
used as the plant material. Healthy plump seeds were selected 
and sterilized with 0.03% potassium permanganate solution 
for 10  min. After soaking for 6  h in distilled water, seeds 
were placed on wet filter paper under dark conditions (28 ± 1°C). 
After germination, seedlings were grown in a climatic cabinet 
for 5  days, with a light intensity of 350–450  μmol  m−2  s−1, 
photoperiod 12/12  h, temperature of 28/18°C (day/night), and 
relative humidity of 50–60%. Seedlings with fully spread 
cotyledons, of uniform size, and with healthy roots were selected 
and transferred to opaque plastic containers for hydroponic 
culturing. Each container contained four cucumber seedlings. 
During plant cultivation, the half-strength Yamasaki cucumber 
nutrient solution was used [Ca(NO3)2 1.75  mmol  L−1, KNO3 
3  mmol  L−1, NH4H2PO4 0.5  mmol  L−1, and MgSO4·7H2O 
1  mmol  L−1]. The nutrient solution was changed at 2-day 
intervals. The experimental treatments were executed using 
seedlings that had been grown for 30  days.

Experimental Design
Cucumber seedlings with three fully expanded true leaves, 
uniform size, and healthy roots were selected for the treatments. 
Four treatments were used in this study: (1) Control: normal 
nutrient solution; (2) NaCl: 50  mmol  L−1 NaCl in nutrient 
solution; (3) NaCl  +  ALA: 50  mmol  L−1 NaCl in nutrient 
solution + 25 mg L−1 foliar sprayed ALA, and (4) ALA: normal 
nutrient solution  +  25  mg  L−1 foliar sprayed ALA. The 
concentrations of moderate NaCl stress and optimal ALA 
application were selected based on the findings of our previous 
study (Wu et  al., 2018). ALA (Sigma Aldrich, United  States) 
applications were applied by thoroughly spraying the prepared 
solution on both the upper and lower surfaces of leaves with 
a hand sprayer (200  ml per treatment). Moreover, ALA 
applications involved two treatments, i.e., at 0 and 24  h. In 
the treatments that did not receive ALA applications, distilled 
water was sprayed in the same manner. Each replication 
comprised 10 containers, and each treatment was replicated 
three times. Experimental treatments were arranged in a 
completely randomized design. The nutrient solution was changed 
at 2-day intervals and aerated continuously with an air pump. 
All indexes were measured at 10 days after treatment application.

Root Morphology Indexes
The roots were removed from the seedlings and rinsed with 
distilled water. The root architecture was photographed using 
a root scanner (STD 4800, Canada), and the root morphology 
indexes (including total root length, root volume, root surface 
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area, and number of root tips) were analyzed using Win RHIZO 
5.0 (Regent Instruments, Inc., Canada).

Root Activity and Cell Viability Staining
For fluorescence microscopy, fluorescein diacetate (FDA; 5 mg; 
Sigma Aldrich, United  States) was dissolved in 1  ml acetone. 
The FDA solution (0.4  ml) was then made up to volume 
(5  ml) with 0.65  mmol  L−1 mannitol. Propidium iodide (PI; 
2  mg; Sigma Aldrich, United  States) was dissolved in 
0.65  mmol  L−1 mannitol, and made up to volume of 5  ml. 
The FDA and PI solutions were mixed in equal volumes, and 
the root tips were soaked in the mixed solution for 40  min 
in the dark, and then washed three times with deionized water 
for 5  min each. Red and green fluorescence and concurrent 
images were obtained with a fluorescent microscope (Leica 
DM600 400×, Germany) at 485 and 530  nm, excitation and 
emission, respectively. The fluorescence densities of the FDA 
and PI solutions were analyzed using ImageJ software.

Root activity was determined according to the method of 
Zhang et  al. (2013). Root tip samples (0.5  g) were soaked in 
a solution containing 5  ml 0.4% (w/v) triphenyl tetrazolium 
chloride (TTC) and 5  ml PBS (pH 7.0) under dark conditions 
for 1  h at 37°C. Sulfuric acid (2  ml, 1  mol  L−1) was then 
added to end the reduction of TTC. Root samples were ground 
with 5  ml of acetic ether and quartz sand. The extracted 
solution from the root was fixed to 10  ml with acetic ether. 
Absorbance was measured at 485  nm, and the root activity 
was calculated according to the standard curve.

Contents of Na+, K+ in Root Subcellular 
Fraction
The subcellular fractions of cucumber roots were separated 
according to the method described by Jabeen et  al. (2014). 
Root samples were fully homogenized with 5  ml extracting 
solution (0.25  mol  L−1 sucrose, 50  mmol  L−1, pH 7.5 Tris-HCl, 
and 1  mmol  L−1 dithioerythritol), and then filtered through a 
filter cloth (80 μm). The filter residue was the cell wall fraction. 
The filtrate was made up to volume (40 ml) with the extraction 
solution mentioned previously. The solution was centrifuged 
at 1,500  ×  g for 10  min to obtain the sediment (the plastid 
fraction). The supernatant was then centrifuged at 5,000  ×  g 
for 20 min to obtain the nucleus fraction, and again at 15,000 × g 
for 30  min to obtain the mitochondrial fraction. The final 
supernatant represented the soluble fraction of the root cell. 
Every subcellular fraction was dried in an oven, and the Na+ 
and K+ contents were determined using an atomic absorption 
spectrometer (ZEEnit 700P, Analytik Jena, Germany).

Fluorescence Microscopy of Na+ on Root 
Tip and Hypocotyl
The fluorescence of Na+ was observed according to the method 
of Bonales-Alatorre et al. (2013). Coro-Na™-Green AM (Invitrogen, 
Thermo Fisher Scientific, United  States) was assisting dissolved 
by 0.2  ml dimethyl sulfoxide. Samples with four repetitions in 
each treatment were stained with 15  μmol  L−1 CoroNa™-Green 
AM, which was dissolved by Ca2+-MES (pH 6.1). Root tip and 

hypocotyl of seedlings were length cut and stained in dark 
condition for 1  h and then washed three times with deionized 
water for 5 min each. The green fluorescence of Na+ and images 
were obtained with a fluorescent microscope (Leica DM600 400×, 
Germany) at 488 and 525 nm, excitation and emission, respectively. 
The relative green fluorescence intensity of Na+ revealed in root 
or hypocotyl was analyzed using ImageJ software, which indicated 
the light intensity of in unit area of each sample.

Western Blot Analysis
The protein expression levels of Na+/H+ antiporter in plasma 
membrane (SOS1), Na+/H+ antiporter in tonoplast (NHX1), H+-
ATPase in plasma membrane (HA3), and H+-ATPase in tonoplast 
were analyzed by Western blotting. The membrane protein of 
cucumber plants was extracted using the TCA/acetone method. 
The concentration of protein samples was measured using the 
bicinchoninic acid (BCA) method and a BCA Protein Assay 
Kit (Beyotime Biotechnology, P.R. China). Membrane protein 
samples were separated by SDS-PAGE. The separated proteins 
were transferred onto a polyvinylidene difluoride (PVDF) 
membrane, and the nonspecific binding of antibodies was blocked 
with 5% non-fat dried milk in PBS for 1  h at 25  ±  1°C. 
Membranes were then incubated overnight at 4°C with polyclonal 
antibodies at the appropriate dilution against SOS1 (1:2500; 
Agrisera, Vännäs, Sweden), NHX1 (1:2500; Agrisera, Vännäs, 
Sweden), HA3 (1:2500; Agrisera, Vännäs, Sweden), and VHA-A 
(1:5000; Abcam, Shanghai, China). The PVDF membrane was 
then incubated with goat anti-rabbit IgG (H&L) and 
HRP-conjugated secondary antibody (diluted 1:3000) for 1  h 
at room temperature. The color was developed using an 
electrochemiluminescence (ECL) substrate (BioRad, United States). 
Finally, the developed films were scanned and precisely quantified 
using Amersham Imager 600 (General Electric, United  States).

Real-Time qPCR Analysis
The gene transcriptional levels of SOS1, NHX1, HA3, and 
VHA-A were determined by q-PCR. The cucumber U6 gene 
was used as an internal control. The gene bank accession 
numbers of the sequences used to design the primers are 
shown in Table  1. Treatment samples were randomly obtained 
from three roots, and each treatment was replicated three times. 
The TaKaRa MiniBEST Plant RNA Extraction Kit (TaKaRa 
Biomedicals, Japan) was used to extract the total RNA from 
cucumber roots. The cDNA was synthesized using the Revert 
Aid First Strand cDNA Synthesis Kit (Thermo Scientific, 
United  States). The reaction system of the PCR test consisted 
of 2  μl cDNA, 0.8  μl forward primer, 0.8  μl reverse primer, 
10  μl 2  ×  Tli RNaseH Plus, and 6.4  μl RNase Free dH2O. 
The PCR procedure was executed for three technical replications 
per biological sample. The PCR reaction conditions were as 
follows: first, 95°C for 30  s for the initial denaturation, and 
then 95°C for 5  s, 60°C for 30 s for the cycle steps (40 cycles), 
95°C for 5  s, 60°C for 60  s for the melting curve, and, finally, 
50°C for 30  s for the cooling step. Quantification analyses 
were conducted using the comparative CT value method, 
following Livak and Schmittgen (2001).
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Ultrastructure Observation
Fresh root tip samples (0.5 cm) were fixed in 3% glutaraldehyde 
in 0.1  mol  L−1 phosphate buffer (pH 7.4) for 48  h at 4°C, 
and then fixed in 1% H2OsO4 solution for 5  h. Samples were 
then dehydrated using a graded ethanol series (70, 80, 90, 
and 100%) and then embedded in Epon812 epoxy resin. 
Ultrathin slices were cut using a microtome (Leica EM UC6 
ultra-microtome, Japan), and the tissue slices were stained with 
uranyl acetate and lead citrate for 15  min. Ultrathin tissue 
slices of cucumber roots were observed and photographed 
using a transmission electron microscope (TEM, Joel 
JEM-1230, Japan).

Statistical Analysis
Analyses of variance were performed using SPSS 22.0 (SPSS 
Institute Inc., United States) software, and the treatment means 
were compared using Tukey’s test, at a 0.05 level of probability. 
The results are expressed as means  ±  SEs. All figures were 
prepared using OriginPro2017 (OriginLab Institute Inc., 
United  States) software.

RESULTS

ALA Treatment Restored Root Morphology 
Changes Associated With Salt Stress
Under salt stress, the total root length, number of root tips, 
root volume, and root surface area decreased by 33.96, 46.13, 
58.17, and 47.46%, respectively (Table 2 and Figure 1). However, 
exogenous application of ALA restored root growth to the 
level observed in the control group. Furthermore, the total 
root length was significantly improved by ALA under conditions 
without salt stress.

ALA Treatment Abrogated Root Cell 
Activity Changes Associated With Salt 
Stress
The results of the living-dead fluorescence analysis of root 
cells are shown in Figures  2A–D. The control group root cells 
showed relatively higher green fluorescence. Red fluorescence 
was enhanced on the root tip under NaCl stress, especially 
in the apical elongation zone, which was wilted. The root 

TABLE 1  |  Primer sequences and Genbank accession numbers of SOS1, NHX1, HA3, VHA-A, and U6 gene.

Gene symbol Accession number Forward primer Reverse primer

SOS1 JQ655747.1 5'-AGGAAGGTTCAAAGCCTAGTG-3' 5'-CATGAGTAAATGTGGGGTGCA-3'
NHX1 FJ843078.1 5'-TGCTTTTGCCACCCTTTCA-3' 5'-TTCCAACCAGAACCAATCCC-3'
HA3 EF375892.2 5'-TGGAAAACAAGACCGCCTTT-3' 5'-GGTTGGAGGCCATGTAAGGTT-3'
VHA-A AY580162.1 5'-CATTCCTGGAGCGTTTGGTT-3' 5'-CATTTCATTTCCTCTCTCTCCACAA-3'
U6 JW929310.1 5'-ACAGAGAAGATTAGCATGGCC-3' 5'-GACCAATTCTCGATTTGTGCG-3'

TABLE 2  |  Effects of exogenous 5-aminolevulinic acid (ALA) on root morphology parameters of cucumber seedlings under salt stress.

Treatment Total root length (cm plant−1) Root tips number (# plant−1) Root volume (cm3 plant−1) Root surface area (cm2 plant−1)

Control 2067.72 ± 130 b 1,589 ± 117 a 4.59 ± 0.43 a 345.38 ± 27 a
NaCl 1365.53 ± 3 c 856 ± 62 b 1.92 ± 0.09 b 181.45 ± 4 b
NaCl+ALA 1989.07 ± 98 b 1,616 ± 239 a 4.64 ± 0.96 a 337.54 ± 42 a
ALA 2426.27 ± 64 a 1,116 ± 106 ab 6.09 ± 0.33 a 430.46 ± 10 a

Value (mean ± SE) was the mean of three independent experiments, and significant differences (p < 0.05) among different treatments were indicated by different letters.

A B C D

FIGURE 1  |  Root architecture characteristics of cucumber seedlings. (A) Normal growth condition. (B) Treatment with 50 mmol L−1 NaCl. (C) Treatment with 
50 mmol L−1 NaCl + 25 mg L−1 ALA. (D) Treatment with 25 mg L−1 ALA under normal growth condition.
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tips of seedlings treated with ALA under salt stress showed 
normal apical morphology; however, the green fluorescence 
was enhanced. NaCl stress significantly decreased the intensities 
of FDA and PI. However, application of ALA markedly increased 
the fluorescence of living cells (Figure 2E). The root cell activity 
was suppressed under saline conditions; however, the application 
of ALA reversed the inhibitory effect of NaCl and significantly 
enhanced the root tip activity (Figure  2F).

ALA Treatment Ameliorated Root 
Subcellular Na+, K+ Changes Associated 
With Salt Stress
After treatment with NaCl, the Na+ contents in the root cells 
increased significantly (Figure  3). The Na+ concentrations in 
the cell wall, nucleus, plastid, mitochondria, and soluble 
fractions of roots were 1.6-, 2.1-, 8.4-, 13.0-, and 3.3-fold 
higher than those of control group. Moreover, the K+ 
concentration was significantly decreased in the mitochondrial 
and soluble fractions. After the foliar spray of ALA, the Na+ 
contents in each of the root cell fractions were reduced 
significantly, except for the cell wall. Meanwhile, the K+ 
contents of the soluble fractions were markedly increased by 
exogenous ALA application under salt stress. Under normal 
growth conditions, the application of ALA increased the K+ 
content in the nucleus, but decreased its content in 
mitochondria, compared with the control.

ALA Treatment Suppressed Na+ 
Fluorescence Changes Associated With 
Salt Stress
The Na+ absorption of cucumber root tips and hypocotyls 
were determined by staining with CoroNa™-Green 
AM  (Figure  4). Under NaCl stress, the Na+ intensity in the 
root tips and hypocotyls increased by 102.39 and 62.41%, 
respectively, compared with the control (Figures  4A,B). The 
Na+ fluorescence in the root tissue was obviously enhanced, 
especially in the epidermis and stele. However, the fluorescence 
intensity in both the roots and hypocotyls decreased to the 
level of the control after exogenous application of ALA on 
the leaves. At the same time, the green fluorescence in the 
stele of the roots and hypocotyls was weakened (Figures 4C–J).

ALA Treatment Upregulated Ion Transporters 
Levels Associated With Salt Stress
The expression of SOS1 protein was downregulated under saline 
conditions but was significantly enhanced by exogenous ALA 
(Figure  5A). Meanwhile, the protein expression of SOS1 was 
also upregulated by ALA alone. Under salt stress, the relative 
expression level of SOS1 was downregulated, but not significantly, 
compared to the control. The application of ALA significantly 
upregulated the transcriptional level of SOS1 under salt stress 
conditions, i.e., to 7.8 times that of the control. The protein 
expression level of the tonoplast Na+/H+ transporter, NHX1, 

A B

C D

E

F

FIGURE 2  |  The living-death cell fluorescence and activity of apical cells of cucumber seedlings. (A–D) Viable cells show green fouorescence while non-viable cells 
show red. (E) Fluorescence intensities of green and red fouorescence. (F) Root tip activities of cucumber seedlings. Data represent means of three replicates. Bars 
indicate the SE. Significant differences (p < 0.05) between treatments are indicated by different letters.
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remained stable under NaCl conditions; however, exogenous ALA 
stimulated its expression to increase by 3-fold, compared to the 
control (Figure  5B). Moreover, the expression of NHX1 was 
upregulated by ALA under normal conditions and under NaCl 
stress conditions (i.e., by 4.5-fold compared to the control). However, 
the results of the other treatments did not differ significantly 
from those of the control. The investigation of the proton pump 
in cucumber root cells revealed that the protein expression levels 
of HA3 and VHA-A remained stable under salt stress. However, 
exogenous ALA significantly upregulated their expression under 
stressful and non-stressful conditions (Figures  5C,D). Similar to 
SOS1, exogenous ALA enhanced the HA3 gene expression level 
to 15 times under NaCl conditions when compared with the 
control (Figure 5C). However, the relative expression of the VHA-A 
gene was significantly upregulated by exogenous ALA under both 
salt stress and non-stress conditions; i.e., were 13 and 17 times 
that of the control, respectively (Figure  5D).

ALA Treatment Improved Apical Cells 
Ultrastructure Changes Associated With 
Salt Stress
The ultrastructure of the apical cell was observed by transmission 
electron microscopy. In the control group, the apical cells 
showed a regular morphology, with a clear central vacuole, a 

normal number of plastids, and sufficient starch granules. The 
mitochondrial morphology was regular, with a clear intimal 
structure and they gathered near the plastids (Figures  6A–D). 
However, under NaCl stress the cell morphology of root cells 
was obviously altered (Figures  6E–H). The cell wall became 
thicker and had a wave shape, and the number of plastids 
and starch decreased; however, the number of mitochondria 
increased. In addition, dark ion deposition increased in the 
cytoplasm. Exogenous application of ALA under salt stress 
reduced the ion deposition in the cytoplasm of apical cells, 
and the central vacuole was clearly visible (Figures  6I–L). 
However, the cell morphology was not obviously improved, 
the intercellular space was enlarged, the plastids and starch 
granules were rare, and the number of mitochondria increased. 
Moreover, when ALA was applied under control conditions, 
the cell morphology was regular; the mitochondria gathered 
near the plastids, and clear rough endoplasmic reticuli were 
visible (Figures  6M–P).

DISCUSSION

Physiological damage occurs when plants suffer under saline 
conditions in the rhizosphere environment. Salt stress inhibits 

A

C D E

B

FIGURE 3  |  Subcellular Na+, K+ concentration in apical cells of cucumber seedlings. (A) Na+, K+ concentration in cell wall. (B) Na+, K+ concentration in nucleus. 
(C) Na+, K+ concentration in plastid. (D) Na+, K+ concentration in mitochondria. (E) Na+, K+ concentration in soluble fraction of cucumber root cells. Data represent 
means of three replicates. Bars indicate the SE. Significant differences (p < 0.05) between treatments are indicated by different letters.
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many physiological and biochemical responses, including the 
anatomical morphology of leaves, physiological function of 
cells, photosynthesis reactions, water transport, protein synthesis, 
and energy production (Khan et  al., 2020). In recent years, 
a natural plant growth regulator, ALA, has frequently been 
reported to improve plant resistance to environmental stress 
(see Akram and Ashraf, 2013 for a review). In the present 
study, NaCl stress inhibited the growth of cucumber roots. 
Moreover, all root morphological parameters showed significant 
decreases, the lateral roots were sparse, and the length of the 
roots decreased significantly. Moreover, NaCl caused apoptosis 
and wilting and a significant reduction in the living cells of 
roots, especially in the apical elongation area of seedlings under 
salt stress. These findings are consistent with those of a study 
on Arabidopsis thaliana L., in which the activity of Arabidopsis 
apical cells decreased gradually after exposure to low pH 
conditions, and the area of dead cells expanded gradually. 
The apical elongation region of A. thaliana was completely 
apoptotic after 2  h of low pH stress (Koyama et  al., 2001). 

However, exogenous ALA has been shown to positively affect 
the root inhibition caused by various abiotic stresses. For 
example, medium Cd stress was previously shown to inhibit 
the root growth of B. napus, but 25  mg  L−1 exogenous ALA 
application significantly improved the root average diameter, 
total volume, and total superficial area (Ali et  al., 2013b). 
Additionally, in the present study, ALA application significantly 
increased root cell activity and the number of living cells in 
the apical elongation zone. Similarly, in alfalfa (Medicago sativa 
L.) plants, hydrogen-rich water (10%, v/v) was shown to relieve 
the harmful effects of Cd stress and decrease the number of 
dead root cells (Cui et  al., 2013).

A relatively higher rhizospheric salt condition can cause 
osmotic stress in plants. In the present study, Na+ was mainly 
enriched in the cell wall under normal growth conditions, 
while high K+ and low Na+ environments were found in 
plastids, mitochondria, and the soluble fractions of root cells. 
In contrast, a reduction in K+ has been observed in the plastids, 
mitochondria, and the soluble fractions of root cells under 

FIGURE 4  |  The fluorescence images of Na+ in root and hypocotyl of cucumber seedlings. (A) Fluorescence intensities of Na+ in root. (B) Fluorescence intensities 
of Na+ in hypocotyl. Data represent means of four replicates. Bars indicate the SE. Significant differences (p < 0.05) between treatments are indicated by different 
letters. (C–F) The Na+ fluorescence images in root of seedlings. Scale bar = 50 μm. (G–J) The Na+ fluorescence images in hypocotyl of seedlings. Scale 
bar = 50 μm.
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saline conditions. Moreover, in the present study, Na+ increased 
significantly in each fraction of the root cells under salt stress. 
Similarly, the Na+ concentration reportedly increased and the 
K+ concentration decreased in barley (Hordeum vulgare L.) 

under 300  mmol  L−1 NaCl (Jabeen et  al., 2014). Rhizospheric 
salt stress is considered to affect the ion balance in root cells 
and increase the Na+/K+ ratio. This imbalance occurs because 
Na+ and K+ have similar ionic radius, and excessive Na+ in 

A B

C D

FIGURE 5  |  The protein and gene expression levels of ion transporters in cucumber root. (A) Protein/gene expression of Na+/H+ antiporter in plasma membrane 
(SOS1). (B) Protein/gene expression of Na+/H+ antiporter in tonoplast (NHX1). (C) Protein/gene expression of H+-ATPase in plasma membrane (HA3). (D) Protein/
gene expression of H+-ATPase in tonoplast (VHA-A). The bands are the protein expression bands of each transporter protein, and the histograms showing the ratio 
of gray level to actin gray level of ion transport protein expression. Data represent means of three replicates. Bars indicate the SE. Significant differences (p < 0.05) 
between treatments are indicated by different letters.
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the apoplast competes with the potassium channel. Furthermore, 
Na+ in trophoplasts disturbs the function of K+ and destroys 
the stability of the cell wall and cell membrane structure 
(Yamaguchi et  al., 2013). In addition, excessive Na+ can cause 
damage to cell microtubules and ribosomes, and accelerate 
cell senescence (Munns, 1993). Therefore, maintaining the 
intracellular K+ content above a certain threshold and 
maintaining a high ratio of cell fluid K+/Na+ (i.e., retaining 
a higher K+ content, or preventing the accumulation of Na+ 
in leaves) is the key to normal growth and salt tolerance in 
plants under salt stress. Moreover, in this study, exogenous 
ALA reduced the accumulation of Na+ in cucumber root cells 
under salt stress and significantly lowered the Na+ level 
in organelles.

5-Aminolevulinic acid application was also shown to 
upregulate the transcriptional level under salt stress and the 
protein expression level of the Na+/H+ antiporter (SOS1) as 

well as the proton pump (HA3) on the plasma membrane. 
On the plasma membrane, the proton-motive force is mainly 
formed by a proton pump, and the proton-motive force is the 
major driving force for the transmembrane active transport of 
mineral elements in plant cells. The plasma membrane Na+/
H+ antiporter is an electrically neutral Na+/H+ (1:1) 
transmembrane transporter that is dependent on the 
transmembrane H+ concentration gradient. Generally, the 
potential difference in the plasma membrane could be enhanced 
by increasing the salt concentration in the extracellular 
environment. At this time, the H+-ATPase on the plasma 
membrane could utilize the energy generated by the  
hydrolyzed ATP to pump H+ out of the cells to produce an 
electrochemical potential gradient. This force has the ability 
to activate the Na+/H+ antiporter, which can transport Na+ out 
of the cell against the electrochemical potential gradient 
(Allakhverdiev et  al., 1999). The gene encoding the Na+/H+ 

A B C D
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FIGURE 6  |  The ultrastructural observation of root tip cell of cucumber seedlings. (A–D) Seedlings grown in control condition. (E–H) Fifty millimole per liter NaCl 
treated seedlings. (I–L) Seedlings treated with 50 mmol L−1 NaCl and 25 mg L−1 ALA simultaneously. (M–P) Seedlings sprayed 25 mg L−1 ALA only. CW, cell wall; P, 
plastid; S, starch; M, mitochondria; V, vacuole; RER, rough surfaced endoplasmic reticulum.
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antiporter was first investigated and cloned in A. thaliana and 
has been shown to be  associated with the salt tolerance of 
plants (Shi et  al., 2000). Compared with wild type plants, 
Arabidopsis plants with an overexpression of SOS1 showed 
significantly decreased Na+ contents in the transpirational flow 
of xylem under saline conditions. Moreover, the calluses 
regenerated from transgenic plants also showed a strong tolerance 
to salt, and the concentration of Na+ in the cells was lower 
than that in wild type plants (Shi et  al., 2002). In addition, 
transgenic Arabidopsis plants with the soybean GmsSOS1 gene 
showed improved salt tolerance and reduced reactive oxygen 
species contents under salt stress, and the yeast cells expressing 
GmsSOS1 showed a decrease in Na+ accumulation under NaCl 
conditions (Zhao et  al., 2016). These research results suggest 
that the enhancement of the plasma membrane Na+/H+ antiporter 
and H+-ATPase to exude Na+ out of the cell are prerequisites 
for improving plant salt tolerance. Moreover, the Na+/H+ 
antiporter and H+-ATPase were enhanced by exogenous ALA 
in cucumber root cells under NaCl stress. In fact, the SOS1 
protein functions through the SOS signal pathway, which is 
involved with two other proteins: SOS2 and SOS3, i.e., a protein 
kinase and a Ca2+-binding protein, respectively. Reportedly, Ca2+ 
can rapidly accumulate in the cytoplasm under high Na+ 
conditions, and a higher concentration of Ca2+ will activate 
SOS3. The activated SOS3 then binds SOS2 to form a SOS2-
SOS3 calcium-dependent protein kinase complex, which can 
deactivate the self-inhibitory sites at the C terminal of the 
SOS1 protein by phosphorylation, and finally increase the 
activity of SOS1 (Liu and Zhu, 1998; Quintero et  al., 2011).

Under saline conditions, Na+ is usually excreted out of the 
cells of glycophytes, but accumulates in the vacuoles of halophytes 
(Blumwald, 2000). Mineral ions in the cytoplasm, such as Na+, 
can be  compartmentalized into vacuoles by ion transporters 
located on the tonoplast. There are two kinds of tonoplast 
proton pumps in plants: V-H+-ATPase and V-H+-PPase. These 
pumps hydrolyze ATP and PPi to pump H+ into the vacuole 
and develop proton-motive force across the vacuolar membrane, 
which stimulates the Na+/H+ antiporter on the tonoplast. For 
example, salt stress was shown to upregulate the proton pump 
and Na+/H+ antiporter on the tonoplast of Suaeda salsa L. 
leaves at the transcriptional level and transferred more Na+ 
into vacuoles (Qiu et al., 2007). Previously, transgenic Arabidopsis 
plants with the gene encoding the subunit B of the tonoplast 
H+-ATPase (HcVHA-B) of Halostachys caspica had significantly 
higher Na+ contents but an improved morphology and salt 
tolerance compared to the wild type plants, because of a 
substantial Na+ enrichment of the vacuoles (Hu et  al., 2012). 
In the present study, the transcriptional and translational levels 
of the subunit A of V-H+-ATPase under NaCl stress did not 
show any significant difference compared to the control; however, 
exogenous ALA upregulated the gene and protein expression 
levels of VHA-A. This indicated that ALA application can 
improve the compartmentation of Na+ into vacuoles and enhance 
the salt resistance of cucumber seedlings. In fact, the tonoplast 
H+-ATPase is a multisubunit complex. Similarly, it was found 
that the subunit E of V-H+-ATPase, in Broussonetia papyrifera L., 
responded to relatively high salt conditions, and its mRNA 

and protein levels were upregulated under 150  mmol  L−1 NaCl 
stress (Zhang et  al., 2012). Overexpression of the subunits of 
V-H+-ATPase of salt-resistant wheat in Arabidopsis plants, 
including a, A, c, C, d, D, F, I, G, and H, was found to 
enhance the salt tolerance of transgenic plants. Among them, 
the most salt-tolerant was the transgenic A. thaliana with the 
c subunit (He et  al., 2014).

The tonoplast Na+/H+ antiporter is a structural or constitutive 
protein whose activity is regulated by the Na+ content in 
halophytes (Apse and Blumwald, 2007). The activity of the 
tonoplast Na+/H+ antiporter can be  affected rapidly by NaCl 
stress. In the presence of an NHX protein synthesis inhibitor, 
its activity can still be rapidly stimulated by NaCl, which might 
be due to the presence of NHX proteins rather than resynthesized 
proteins (Blumwald, 2000). Moreover, when salt-treated plants 
were transferred to Na-deficient conditions, the Na+/H+ antiporter 
was inactivated (Garbarino and DuPont, 1989). Interestingly, 
in Plantago species, the activity of the tonoplast Na+/H+ antiporter 
was only found in salt-tolerant Plantago maritima L., but not 
in salt-sensitive Plantago media L. (Staal et  al., 1991). In this 
study, the seedlings treated with exogenous ALA showed higher 
mRNA and protein levels of NHX1, indicating that the capacity 
of Na+ compartments in cells can be  improved with ALA 
application. The Na+, compared to the tonoplast Na+/H+ antiporter 
from the cytoplasm to the vacuole, can be  used as an osmotic 
agent to maintain the cell osmotic potential and contribute 
to water absorption. In addition, in transgenic tomato plants 
expressing SbNHX of Sorghum bicolor, the tonoplast Na+/H+ 
antiporter was found to have an interactive relationship with 
the gene family of the cation/proton antiporter (CPA), such 
as SOS. This suggests that NHX proteins might assist the cation 
antiporters on the plasma membrane to excrete Na+ from cells 
and, thus, enhance the salt resistance of plants; however, the 
mechanism of their interaction remains unclear (Palavalasa 
et  al., 2017). Besides, decrease of Na+ in cytoplasm could lead 
to cut down of ROS and alleviate of stress damages. For 
example, overexpressing transcriptional activator NAC1 could 
significantly reduce Na+ content in shoot and root of Panicum 
virgatum L., and enhance the enzymatic activities of SOD, 
POD, and CAT (Wang et  al., 2019). Inhibiting ascorbic acid 
synthesis regulation gene VTC1-3 by RNA interfering technology 
could increase ROS production and aggravate salt damages in 
rice roots (Wang et  al., 2018).

In the present study, rhizosphere salt stress caused root 
cell damage and irregular cell morphology at the subcellular 
level. Exogenous ALA application via leaf spraying repaired 
the cell wall and alleviated the degree of its thickening. These 
results are consistent with those of a study on B. napus L., 
where ALA application repaired the morphological disorders 
of root cells caused by Cd stress (Ali et al., 2013a). In addition, 
the number of mitochondria in apical cells under salt stress 
can be  increased by exogenous ALA. On the other hand, the 
number of mitochondria in the root tip cells increased under 
excessive KNO3 stress (Čiamporová and Mistrík, 1993). 
Mitochondria are the energy-producing organs in plant cells. 
The increase in mitochondria can reveal a “mitochondrial 
pump” function, and develop the intracellular energy regulating 
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mechanism, which ensures energy supply during the adaptation 
to salt stress. Therefore, the increase in the mitochondrial 
number is an adaptation mechanism of root cells to stress 
conditions. Exogenous ALA promotes an increase in the 
mitochondrial number and function in apical cells to produce 
more energy to and thus further adapt to salt stress. In addition, 
the ion concentration in the cytoplasm increased under salt 
stress, which led to deposition; however, exogenous ALA 
reduced the cytosolic concentration. Furthermore, after ALA 
treatment, the ion deposition in vacuoles was more obvious 
under NaCl, which verified that exogenous ALA application 
enhanced the ion compartmentalization capacity of root tip 
cells in cucumber seedlings.

CONCLUSION

Salt stress significantly inhibited the root architecture and 
activity of cucumber seedlings. However, the adverse effects 
caused by NaCl were shown to be  abrogated by exogenous 
ALA application. On the one hand, the application of ALA 
improved the excretion of Na+ from the cytoplasm by 
upregulating the H+-ATPase and Na+/H+ antiporter on the 
plasma membrane. On the other hand, the H+-ATPase and 
Na+/H+ antiporter on the tonoplast could also be  enhanced 
at both the transcriptional and translational levels to 
compartmentalize Na+ into the vacuoles. Therefore, the 
ultrastructure of apical cells and the biochemical reactions in 
the cytoplasm could be  ameliorated by exogenous ALA, to 
effectively alleviate the effects and damage caused by salt stress 
in cucumber roots and shoots.
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Modern agriculture has become heavily dependent on chemical fertilizers, which have
caused environmental pollution and the loss of soil fertility and sustainability. Microalgae
and plant growth-promoting bacteria (PGPB) have been identified as alternatives to
chemical fertilizers for improving soil fertility. This is because of their biofertilizing
properties, through the production of bioactive compounds (e.g., phytohormones,
amino acids, and carotenoids) and their ability to inhibit plant pathogens. Although
treatment based on a single species of microalgae or bacteria is commonly used
in agriculture, there is growing experimental evidence suggesting that a symbiotic
relationship between microalgae and bacteria synergistically affects each other’s
physiological and metabolomic processes. Moreover, the co-culture/combination
treatment of microalgae and bacteria is considered a promising approach in
biotechnology for wastewater treatment and efficient biomass production, based on
the advantage of the resulting synergistic effects. However, much remains unexplored
regarding the microalgal–bacterial interactions for agricultural applications. In this
review, we summarize the effects of microalgae and PGPB as biofertilizing agents
on vegetable cultivation. Furthermore, we present the potential of the microalgae–
PGPB co-culture/combination system for the environmentally compatible production of
vegetables with improved quality.

Keywords: biofertilizers, combinational application, microalgae, mixed cultures, plant growth-promoting
bacteria, vegetables

INTRODUCTION

Ecological Problems Caused by Chemical Fertilizers in
Agriculture
High amounts of chemical fertilizers have been used to obtain high product yields with increased
cultivation efficiency in agriculture. However, the excessive use of chemical fertilizers frequently
causes severe environmental damage, such as water, soil, and air pollution (Savci, 2012). Moreover,
the excessive use of chemical fertilizers leads to soil acidification and hardening, which decrease
root vigor with reduced respiration. The population of beneficial microorganisms is also reduced
by this practice, resulting in a loss of soil fertility and a high incidence of root diseases (Chandini
et al., 2019). In particular, nitrogen (N) fertilizers are absorbed by crops in reactive forms
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such as nitrate (NO3), ammonia (NH3), and nitrogen oxides
(NOx). These reactive forms can be sustainably produced by soil
microbes, but with chemical fertilizers, excessive amounts remain
in the soil, flow to the groundwater, and even contribute to the
production of greenhouse gases such as nitrous oxide (N2O)
(Choudhury and Kennedy, 2005; Giles, 2005).

The Advantage of Biofertilizers in
Agriculture
Biofertilizers have been recommended as an alternative to
chemical fertilizers in order to avoid the problems caused
by chemical fertilizers in agriculture (Mahanty et al., 2017).
Biofertilizers are preparations containing living or dormant
cells, which have the advantage of growth-promoting functions
in crops. This is performed through the production of
phytohormones and/or useful substances/biochemicals, thereby
enabling the development of ecofriendly and sustainable
agriculture (Kumar, 2018). In general, biofertilizers play a
significant role in the decomposition of organic matter, which
aids mineralization within the soil, consequently increasing the
availability of nutrients for plants and improving crop yield
(Rodrìguez and Fraga, 1999).

Moreover, the application of biofertilizers can increase the
quantity and biodiversity of useful bacteria, such as plant growth-
promoting rhizobacteria (PGPR) belonging to Azotobacter,
Bacillus, Burkholderia, Pantoea, Pseudomonas, Serratia, and
Streptomyces (Verma et al., 2019; Gou et al., 2020). Currently, it
is believed that the co-evolution of plant–microbe interactions
has allowed some of the bacteria to be facultative intracellular
endophytes (Bulgarelli et al., 2013), among which are PGPR
that have beneficial effects on plants through direct or indirect
pathways. For example, some PGPR strains affect plant growth
by synthesizing phytohormones, metabolizing them, and/or
acting on hormone biosynthesis in plants, while others produce
substances that work against soil-borne pathogens (Beneduzi
et al., 2012). In the last few decades, as the interest of
consumers toward safe agricultural products grew, it became
important to exploit beneficial microbes as biofertilizers for
use in food safety practices and sustainable crop production
(Shi et al., 2011).

The Role of Microorganisms in Plant
Growth
Different microbial species coexist in the soil and have a variety
of beneficial effects on plant growth promotion and biological
control. These microbes usually improve soil fertility by
providing nutrients, such as carbon, nitrogen, phosphorus,
potassium, trace elements, vitamins, and amino acids, and
making them accessible for plants. In doing so, they promote
growth by mediating various activities, such as nitrogen
fixation and phosphate and potassium solubilization (Güneş
et al., 2014; Bagyalakshmi et al., 2017). These microbes are
able to release plant growth-regulating substances, such
as phytohormones, and also have a suppressive effect on
plant diseases by producing/secreting antibiotics and/or
secondary metabolites that work against pathogens (Yoshihisa

et al., 1989; Sessitsch et al., 2004; Jung et al., 2006). These
microorganisms are known as plant growth-promoting bacteria
(PGPB), which generally belong to Pseudomonas, Azospirillum,
Rhizobium, and Bacillus (Walsh et al., 2001; Esitken et al., 2010;
Ahemad and Kibret, 2014).

Characteristics of Microalgae
In addition to PGPB, some microalgae species have also been
used to promote plant growth, yield, and fruit quality (Guo
et al., 2020). Microalgae are typically microscopic algae, which
range in sizes between micrometers and tens of micrometers,
depending on the species. It has been estimated that 200,000–
800,000 species exist (Ebenezer et al., 2011), but only around
40,000–50,000 species have been described thus far (Suganya
et al., 2016). They are photosynthetic eukaryotes, which do not
have roots, stems, or leaves, unlike higher plants, and range
from unicellular to multicellular species (Singh and Saxena,
2015). Many species of microalgae have been utilized for the
removal of contaminants from wastewater or sewage, as well
as the conversion of said sewage into an effluent that can be
reused for various purposes. This is because of their ability
to absorb and metabolize nutrients and heavy metals in the
water such as cadmium, lead, zinc, and copper (Rajamani et al.,
2007). Under certain growth conditions, microalgae produce and
accumulate large amounts of lipids, proteins, and carbohydrates
in the cell. The lipid content of microalgae is higher than that
of other biofuels, usually between 20% and 50% of the cell’s
dry weight but can reach up to 70% (Duan et al., 2012; Sun
et al., 2018). Because of this, they have also been regarded
as a suitable candidate for third-generation biofuel feedstock.
A variety of studies have been conducted to maximize the
potential of microalgae as biofuels, including the applications
of genetically modified microalgae; high-density mass culturing;
and efficient processes for cultivation, harvest, and extraction
(Ghasemi et al., 2012).

In recent years, an increasing amount of research has
been conducted to study the effects of microalgal–bacterial
co-culture/combination systems for wastewater treatment
and biomass production (Ramanan et al., 2016; Qi et al.,
2018). However, investigations into microalgal–bacterial co-
culture/combination systems for crop production remain largely
unexplored. Hence, the current review describes the effects
of microalgae and bacteria as biofertilizer agents in vegetable
cultivation. Furthermore, it aims to propose the potential of the
microalgae–PGPB co-culture/combination system to improve
the production and the quality of vegetables.

EVALUATION OF MICROALGAE AS
BIOFERTILIZERS FOR VEGETABLE
PRODUCTION

Effect of Microalgae as Biofertilizers on
Crop Cultivation
Many studies have indicated that microalgae are increasingly
being employed, not only in bioremediation and biofuel
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production but also in agriculture. This is because a wide range
of bioactive compounds, including plant growth-promoting
substances (such as phytohormones), amino acids, carotenoids,
and phycobilins, can be produced from microalgae. These
compounds contribute to high productivity in agricultural crops
by promoting plant growth and conferring resistance against
pathogens with minimal environmental costs (Stirk et al., 2013b;
Michalak and Chojnacka, 2014).

Microalgal extracts contain phytohormones such as auxin,
cytokinin, abscisic acid, ethylene, and gibberellin, which play key
roles in the regulation of growth and development. Accordingly,
microalgal extracts can be used as renewable sources of plant
biostimulation (Stirk et al., 2013a; Romanenko et al., 2015).
Auxin is an essential regulator of various plant developmental
processes, such as cell division and elongation. Indole-3-acetic
acid (IAA) and indole-3-butanoic acid (IBA), the two dominant
types of auxins in microalgae, can both stimulate and inhibit
the growth and metabolism of higher plants (Hashtroudi et al.,
2013). Cytokinins are involved in many physiological processes
in plants, including root and shoot development, leaf senescence,
nutrient mobilization, and seed germination (Ha et al., 2012),
while gibberellins are able to promote cell division, trigger
the accumulation of pigments and proteins, and stimulate cell
elongation and expansion (Sponsel and Hedden, 2010). Ethylene
is a gaseous plant hormone that renders tolerance to abiotic
stresses such as drought, low temperatures, and high salinity, as
well as biotic stresses such as the penetration of pathogens (Pierik
et al., 2006). Thus, phytohormones not only affect plant growth
and development but also activate plant defense systems against
plant pathogens via interacting/cross-talking networks among
them (Checker et al., 2018).

Various Microalgae Species Used for
Important Vegetable Cultivation
Based on the increasing number of studies demonstrating that
microalgae have the ability to promote plant growth and defend
against plant pathogens, several microalgae species are being
used in the cultivation of important vegetables (Table 1). In
general, Chlorella vulgaris, Chlorella fusca, and Spirulina platensis
have been used for tomato, cucumber, onion, lettuce, and
pepper cultivation with a view to promote their production
with marketable quality (Kim et al., 2018; Bumandalai, 2019;
Rachidi et al., 2020).

Tomato (Solanum lycopersicum L.)
Tomato is the most popular home garden vegetable. It is
a rich source of vitamins, minerals, and flavonoids such as
quercetin (Nicola et al., 2009). Strategies for improving the
productivity and nutritional quality of tomatoes are of great
interest to producers (Dorais et al., 2008). In tomato fruits,
treatment with Nannochloropsis oculata has been found to
induce 33% and 36% higher levels of sugar and carotenoid
content, respectively, compared to those treated with inorganic
fertilizer under greenhouse conditions (Coppens et al., 2016).
It was also found that among young tomato plants grown
in phytotrons, the number of nodes, dry weight, and length
of shoots had significantly increased from treatment with
polysaccharide extracts from Arthrospira platensis, Dunaliella
salina, and Porphyridium sp. when compared to the untreated
control. Tomato plants treated with polysaccharide extracts also
showed an increase in the activities of nitrate reductase (NR)
and NAD-glutamate dehydrogenase (NAD-GDH), key enzymes
for nitrogen assimilation and amino acid synthesis, as well as

TABLE 1 | Typical cases of microalgal effects on vegetable production.

Vegetable Microalgae species Application References

Tomato Nannochloropsis oculata Increased contents of sugar and carotenoid in fruits Coppens et al. (2016)

Chlorella vulgaris Improved growth of shoot and root Bumandalai (2019)

Arthrospira platensis, Dunaliella
salina, and Porphyridium sp.

Improved activities of nitrate reductase (NR) and NAD-glutamate dehydrogenase
(NAD-GDH) related to nitrogen assimilation and amino acid synthesis in leaves

Rachidi et al. (2020)

Chlorella vulgaris and Chlorella
sorokiniana

Increased activities of β-1,3-glucanase and phenylalanine ammonia lyase (PAL) linked to
defense mechanisms in leaves

Farid et al. (2019)

Acutodesmus dimorphus Increased number of branches and flowers in plants Garcia-Gonzalez and
Sommerfeld (2016)

Onion Spirulina platensis + cow dung Improved growth, yield, and content of pigments in leaves and elevated levels of
biochemicals and minerals

Dineshkumar et al. (2020)

Scenedesmus
subspicatus + humic acid

Promoted root growth at the early developmental stages and increased contents of
sugars and proteins in bulbs

Gemin et al. (2019)

Cucumber Chlorella vulgaris Promoted root growth Bumandalai (2019)

Anabaena vaginicola and
Nostoc calcicola

Improved rooting abilities likely affected by indole-3-butyric acid (IBA) and
indole-3-acetic acid (IAA)

Shariatmadari et al. (2013)

Eggplant Spirulina platensis Increased fruit production without significant alterations in the levels of N, P, K, and Na
in the leaves, when treated with low concentrations

Dias et al. (2016)

Pepper Dunaliella salina and
Phaeodactylum tricornutum

Improved salt tolerance during germination by reducing superoxide radicals and lipid
peroxidation

Guzmán-Murillo et al.
(2013)

Lettuce Chlorella vulgaris Reduced mineral fertilizer consumption up to 60% by adding living Chlorella vulgaris in
the nutrient solution

Ergun et al. (2020)

Scenedesmus quadricauda Increased plant growth and protein content in leaves by activating key enzymes related
to N, C, and secondary metabolisms (i.e., phenylalanine ammonia lyase; PAL)

Puglisi et al. (2020)
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phenylalanine ammonia lyase (PAL) and β-1,3-glucanase, which
activate plant defenses against pathogens (Kobayashi et al.,
1995; Vera et al., 2011; Chen et al., 2017; Farid et al., 2019;
Rachidi et al., 2020). Microalgal polysaccharides can elevate the
activity of NADPH-synthesizing enzymes, shifting conditions to
be more conducive to reduction in the intracellular redox state,
which may favor photosynthesis and cell division. In addition,
the levels of ascorbate (AsA) content and ascorbate peroxidase
(APX) activity, which play central roles in photosynthesis
and abiotic stress tolerance, have been shown to increase in
polysaccharide-treated plants (Castro et al., 2012; Smirnoff, 2018;
Chanda et al., 2019; Figure 1). Moreover, Garcia-Gonzalez and
Sommerfeld (2016) assessed the properties of the microalgae
Acutodesmus dimorphus as a biofertilizer and/or biostimulant.
Under greenhouse conditions, foliar application of the algal
extract at a concentration of 3.75 g ml−1 on tomato plants caused
an increase in the number of branches and flowers per plant
(Garcia-Gonzalez and Sommerfeld, 2016).

Onion (Allium cepa L.)
Onion is one of the most economically important vegetable crops
consumed primarily because of its ability to enhance the flavor

of other foods (Kandoliya et al., 2015). Field experiments were
performed at the experimental farm of Annamalai University,
India, in 2016–2017 to determine the efficacy of microalgae, such
as C. vulgaris and S. platensis, as biofertilizers on onion plants.
Treatment comprising of cow dung with S. platensis on onion
plants resulted in higher amounts of micro- and macronutrients
available in the soil, including nitrogen, phosphate, potassium,
zinc, and manganese. There was also an increase in the levels
of biochemicals in the onion, such as total soluble sugars,
total phenols, and free amino acids, along with improved
growth parameters, when compared to the untreated control. In
addition to this, higher amounts of minerals were observed in
onion plants treated with “cow dung + S. platensis” and “cow
dung + C. vulgaris” (Dineshkumar et al., 2020). Furthermore,
compared to the untreated control, treatment with a mixture of
Scenedesmus subspicatus and humic acid synergistically increased
the onion root length by 39% and the concentration of soluble
proteins by 37% (Gemin et al., 2019).

Cucumber (Cucumis sativus L.)
Cucumber is also an important vegetable crop (Huang et al.,
2009) that is cultivated in many countries within both temperate

FIGURE 1 | The treatment of microalgae extracts stimulates plant growth and defense system. Microalgal extracts contain many plant growth-promoting
compounds such as polysaccharides, phytohormones, carotenoids, and phycobilins, which have the ability to stimulate the plant growth and defense system. Large
polysaccharides from microalgal extracts are broken down into smaller fragments of oligosaccharides by hydrolytic enzymes. Oligosaccharides are perceived by
plant’s membrane receptor and have a significant stimulatory effect on the plant growth by regulating activities of enzymes such as nitrate reductase (NR) and
NAD-glutamate dehydrogenase (NAD-GDH) related with nitrate assimilation. Moreover, polysaccharides can increase activity of NADPH-synthesizing enzymes,
ascorbate peroxidase (APX), and the amount of ascorbate (AsA), which are associated with photosynthesis, fundamental cellular metabolism, and cell cycle. Defense
pathways are also stimulated by polysaccharides in plant cells: polysaccharide treatment upregulates the expression of genes involved in salicylic acid (SA) and
jasmonic acid (JA) signaling pathways, resulting in increased activities of β-1,3-glucanase and phenylalanine ammonia lyase (PAL) linked to plant defense system.
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and tropical zones (Tatlioglu, 1993). When vegetable crops such
as cucumber, tomato, and squash were treated with Anabaena
vaginicola and Nostoc calcicola, they showed increased growth
factors when compared to the untreated control. These growth
factors included root length, fresh and dry weight of roots,
and plant height. Auxins such as IBA, which are involved in
root development in plants, were also shown to be available
with this treatment in the range of 1.275–2.958 µg g−1

dry weight with a trace amount of IAA in microalgal cells
(Shariatmadari et al., 2013).

Eggplant (Solanum melongena L.)
Eggplant is ranked among the top 10 vegetables in terms of
oxygen radical absorbance capacity due to its high content of
total phenolics (Cao et al., 1996). Dias et al. (2016) conducted
field and laboratory experiments to evaluate the growth, yield,
and postharvest quality of eggplants with different concentrations
of S. platensis solutions for foliar application at the Centro
de Ciências e Tecnologia de Alimentos (CCTA), Brazil. This
experiment was performed between October 2014 and January
2015. The results revealed that the number of fruits significantly
increased in plants treated with low concentrations of this
treatment (10, 15, 25, and 35 g l−1). This is likely due
to the greater abundance of polypeptides, amino acids, and
hormones in the microalgal species acting as plant growth
promoters when compared to the levels in the untreated control
(Dias et al., 2016).

Pepper (Capsicum annuum L.)
Pepper is a popular commercial vegetable and spice crop that
is valued for its fruit color, flavor, pungency, and nutrient
content (Kumar et al., 2006). Treatment with extracts of
D. salina increased the germination rate by 69% and the root
length of bell peppers by 24% in 25 mM NaCl. Meanwhile,
Phaeodactylum tricornutum treatment was found to reduce
the production of superoxide radicals and lipid peroxidation
triggered by salt stress, when compared to the untreated control
(Guzmán-Murillo et al., 2013).

Lettuce (Lactuca sativa L.)
Treatment of lettuce seedlings with Scenedesmus quadricauda
extract promoted plant growth and induced the accumulation
of chlorophyll, carotenoids, and total protein content in the
plant cell. In addition, the leaf dry weights were positively
affected by the treatment with S. quadricauda extract, reaching
an increase of approximately 26% when compared to the
untreated control. From a metabolic point of view, the treated
leaves revealed increased enzyme activity levels of glutamate
synthase (GOGAT), glutamine synthase (GS), citrate synthase
(CS), malate dehydrogenase (MDH), and PAL, which are key
enzymes associated with nitrogen (Gupta et al., 2012), carbon
(Schiavon et al., 2008), and phenylpropanoid metabolism (Hyun
et al., 2011). This suggested that the positive effect on the growth
of lettuce most likely occurs through the stimulation of the
metabolic pathways of carbon, nitrogen, and phenylpropanoid
(Puglisi et al., 2020).

EVALUATION OF BACTERIA AS
BIOFERTILIZERS FOR VEGETABLE
PRODUCTION

The Effect of Bacteria as Biofertilizers on
Crop Cultivation
Bacteria are a major class of microorganisms that function
as decomposers and recyclers in the soil. In doing so, these
microbes contribute to the processes of nutrient cycling, energy
flow, and bioconversion in the ecosystem. Most agricultural
production systems are dependent on soil bacterial biomass
pools, which facilitate quick responses to diverse environmental
changes (Pankhurst et al., 1996). Microbial inoculums called
effective microorganisms (EM), containing mixed cultures of
beneficial and naturally occurring microorganisms, can increase
the microbial diversity of the soil ecosystem. They consist
mainly of lactic acid bacteria, photosynthetic bacteria, yeast,
Actinomyces, and fermenting fungi (Balogun et al., 2016).
Among these effective microorganisms, PGPB form specific
symbiotic relationships with plants and directly promote plant
growth by facilitating resource acquisition and/or modulating
plant hormone levels (Glick, 1995). The application of PGPB
to vegetable cultivations can prevent the excessive use of
chemical fertilizers by up to 30%, thereby reducing production
costs and pollution (Geries and Elsadany, 2021). PGPB
treatments also have the ability to improve host plant
defenses against soil-borne pathogens by producing antibiotics
such as 2,4-diacetylphloroglucinol (2,4-DAPG), pyoluteorin
(PLT), pyrrolnitrin, and phenazine-1-carboxylate (Bangera and
Thomashow, 1999; Duffy and Défago, 1999).

Various Bacterial Species Used for
Vegetable Cultivation
It has been adequately demonstrated that many species of
bacteria are able to promote the growth and development of
vegetables and control pathogens through various mechanisms,
one of which include the production/release of inhibitory
substances, allowing target crops to be disease resistant (Table 2).
Representative commercially available bacterial strains are of the
genus Bacillus spp.; these include B. amyloliquefaciens, B. subtilis,
B. cereus, B. licheniformis, and B. pumilus, which produce
various compounds for the biocontrol of plant pathogens
and the growth promotion of vegetables such as tomato,
cucumber, onion, lettuce, and pepper (Gutiérrez-Mañero et al.,
2001; Compant et al., 2005; Cawoy et al., 2011; Yuan et al.,
2012; Nie et al., 2017). Silo-Suh et al. (1994) reported that
B. cereus UW85 suppresses the damping-off disease caused
by Phytophthora medicaginis in alfalfa through the production
of two fungistatic antibiotics, zwittermicin A and kanosamine
(Silo-Suh et al., 1994).

In addition, Serratia liquefaciens and Pseudomonas putida are
known to generate N-acyl-L-homoserine lactone (AHL) signaling
molecules, which enhance the systemic resistance of tomato
plants against the leaf fungal pathogen, Alternaria alternata
(Schuhegger et al., 2006). Recently, it was shown that two
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TABLE 2 | Typical cases of bacterial effects on vegetable production.

Vegetable Bacteria species Application References

Tomato Serratia liquefaciens and Pseudomonas
putida

Induced systemic resistance against the fungal leaf pathogen Alternaria
alternata in tomato by producing N-acyl-L-homoserine (AHL) lactone

Schuhegger et al. (2006)

Pantoea agglomerans and Burkholderia
anthina

Increased plant height, root length, shoot and root dry weight,
phosphorous uptake level, and the available phosphorus content of soil

Walpola and Yoon (2013)

Bacillus amyloliquefaciens Suppressed bacterial wilt disease by reducing the population of Ralstonia
solanacearum

Huang et al. (2014)

Bacillus circulans Stimulated seedling growth by increasing nutrient uptake parameters Mehta et al. (2015)

Onion Azotobacter chroococcum, Bacillus
subtilis, and Pseudomonas fluorescens

Produced indole-3-acetic acid (IAA) and siderophores and improved
growth and yield with higher solubilization of tricalcium phosphate (TCP)

Čolo et al. (2014)

Bacillus subtilis Inhibited the growth of Setophoma terrestris, a causal agent of pink root
disease

Albarracín Orio et al. (2016)

Cucumber Pseudomonas corrugate and
Pseudomonas aureofaciens

Inhibited root and crown rot caused by Pythium aphanidermatum by
stimulating the activities of defense enzymes in the root tissue

Chen et al. (2000)

Bacillus subtilis Improved growth and yield by reducing losses caused by Pythium root rot Utkhede and Koch (1999)

Lettuce Bacillus amyloliquefaciens Alleviated the disease severity of bottom rot caused by Rhizoctonia solani. Chowdhury et al. (2013)

Pepper Bacillus licheniformis and Bacillus
subtilis

Produced auxins, antifungal β-glucanases, and siderophores; stimulated
seed germination; and promoted the growth of vegetative organs such as
root, stem, and leaf

Lim and Kim (2009)

phosphate-solubilizing bacteria (PSB), Pantoea agglomerans and
Burkholderia anthina, contributed to improved growth traits of
tomato plants with a higher level of phosphorous content in the
soil, when compared to the untreated control, under greenhouse
conditions (Walpola and Yoon, 2013). The ability of Azotobacter
chroococcum and Pseudomonas fluorescens to improve vegetative
growth and yield in onion production through the production of
IAA, siderophores, and the solubilization of tricalcium phosphate
(TCP) has also been demonstrated (Tarakhovskaya et al., 2007;
Čolo et al., 2014).

RELATIONSHIP BETWEEN
MICROALGAE AND BACTERIA

Microalgae–Bacteria Interactions
In natural environments, microalgae and bacteria coexist
and interact with each other. As a result, they demonstrate
both beneficial (Unnithan et al., 2014) and harmful/toxic
relationships (Doucette, 1995). The relationship between
microalgae and bacteria is greatly dependent on the species
and the environmental conditions (Doucette, 1995; Croft et al.,
2005; Mujtaba and Lee, 2016). In actuality, both microalgae
and bacteria can produce growth factors, and/or exotoxins,
that promote and/or inhibit growth and development. In
the beneficial relationship, microalgae enhance bacterial
growth by providing photosynthetic oxygen and dissolved
organic matter such as organic carbon, calcium carbonate, and
2,3-dihydroxypropane-1-sulfonate (DHPS) (Wolfaardt et al.,
1994; Borde et al., 2003; Cooper and Smith, 2015). Generally
speaking, the photosynthetic oxygen produced by microalgae
or cyanobacteria (blue-green algae) is used as an electron
acceptor in the bacterial degradation of organic matter. In turn,
bacteria support photoautotrophic growth of their partners
by providing carbon dioxide and other stimulatory means

(Subashchandrabose et al., 2011). In a similar way, bacteria are
also able to offer a selective advantage to microalgae for enhanced
growth by providing micronutrients such as B-vitamins. These
vitamins act as co-factors that are required for enzyme activity
in the central cellular metabolism (Croft et al., 2005). Moreover,
microalgae can acquire nutrients such as inorganic carbon,
nitrogen, phosphorus, and sulfate generated from organic
matter, through the activities of extracellular bacterial enzymes.
However, in harmful/toxic relationships, microalgae can inhibit
bacterial activity by releasing antibacterial metabolites and
increasing the pH, the dissolved oxygen concentration, and
the temperature of the culture medium (Naviner et al., 1999;
Schumacher et al., 2003; Ribalet et al., 2008).

Both microalgae and PGPB have the ability to promote plant
growth by producing polysaccharides and phytohormones, such
as auxin and cytokinin. Furthermore, they can prevent plant
diseases by stimulating defense systems and secreting antifungal
enzymes and antibiotics (Figure 2; Najdenski et al., 2013; Stirk
et al., 2013b; Walpola and Yoon, 2013; Michalak and Chojnacka,
2014; Cordero et al., 2016).

Reciprocal Influence During the
Co-culture/Combination of Microalgae
and Bacteria
As microalgae have been widely used in various industries,
extensive studies have shown that when microalgae and bacteria
are co-cultured, there is an increase in microalgal productivity
in the production of useful substances such as total lipids,
carbohydrates, and chlorophylls (Table 3).

Amavizca et al. (2017) demonstrated that two PGPB strains,
Azospirillum brasilense Cd and B. pumilus ES4, have similar
effects on the growth of the green microalga Chlorella sorokiniana
UTEX 2714, without any form of physical contact between
them. The two PGPB remotely enhanced the growth rate of
microalgae up to six-fold and induced an increase in the total
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FIGURE 2 | Symbiotic interactions between microalgae and plant growth-promoting bacteria (PGPB) for sustainable cultivation of plants. Microalgae and PGPB in
the symbiotic relationship cooperate with each other by efficient exchange of nutrients. Microalgae supply photosynthetic oxygen, organic carbon, calcium
carbonate, and 2 3-dihydroxypropane-1-sulfonate (DHPS) to bacteria in exchange for micronutrients (i.e., vitamins) and macronutrients (i.e., nitrogen and
phosphorus). Both microalgae and bacteria can enhance plant growth by producing phytohormones and other growth stimulants. Moreover, they are also able to
inhibit plant diseases by using their distinct disease-suppressive mechanisms.

TABLE 3 | Examples of microalgae–bacteria interactions in co-culture/combination.

Microalgae Bacteria Comments References

Chlorella sorokiniana Azospirillum brasilense and Bacilus pumilus Two plant growth-promoting bacteria (PGPB) remotely
enhanced the growth of the microalgae with elevated
amounts of total lipids, carbohydrates, and chlorophyll a
in the microalgal cells

Amavizca et al. (2017)

Bacterial strain CSSB-3 (98.6% identical to the
16S rDNA gene sequence of Microbacterium
trichotecenolyticum)

Promoted the growth of C. sorokiniana in the mixed
culture with CSSB-3 under a photoautotrophic condition

Watanabe et al. (2005)

Azospirillum brasilense Azospirillum brasilense increased C. sorokiniana growth
through a variety of mechanisms, including the
production of IAA

Peng et al. (2020)

Chlorella vulgaris Azospirillum brasilense Increased pigment and lipid contents, lipid variety, and
cell and population size of the microalgae Chlorella spp.

de-Bashan et al. (2002)

Amphidinium operculatum Halomonas sp. Amphidinium acquires vitamin B12 through a direct
interaction with Halomonas sp.

Croft et al. (2005)

Tetraselmis chuii Muricauda sp. Muricauda significantly promoted the growth of T. chuii
and C. fusiformis, but drastically inhibited the growth of
N. gaditana.

Han et al. (2016)

Cylindrotheca fusiformis

Nannochloropsis gaditana

amounts of lipids, carbohydrates, and chlorophyll a in the
microalgal cells. These beneficial effects have been ascribed to the
volatile compounds produced by the bacteria, which include CO2
(Amavizca et al., 2017). In addition, plant growth-promoting

bacteria, such as A. brasilense, have the potential to significantly
increase C. sorokiniana growth rates through a variety of
mechanisms, including the production of IAA (Peng et al.,
2020). Croft et al. (2005) reported that bacterial strains of
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Halomonas sp. have a growth-enhancing effect on the microalga
Amphidinium operculatum through the provision of vitamin
B12. In addition to this, the presence of algal extracts also
leads to the promotion of bacterial growth with upregulated
vitamin B12 biosynthesis, displaying positive reciprocity (Croft
et al., 2005). Sometimes, a single bacterial strain can induce
different effects on the growth and proliferation of distinct
microalgae. For example, Muricauda sp. was found to promote
the growth of Tetraselmis chuii and Cylindrotheca fusiformis,
but drastically inhibited the growth of Nannochloropsis gaditana
(Han et al., 2016).

CO-CULTURING/COMBINATION OF
MICROALGAE–BACTERIA

Microalgae–Bacteria Co-culture for
Wastewater Treatment and Biomass
Production
The co-culture system of bacteria and microalgae has been
mainly used for wastewater treatment and biomass production.
Mujtaba et al. (2017) investigated the efficiency of nutrient
removal (i.e., ammonium, phosphate, etc.) and the reduction
of chemical oxygen demand (COD) from wastewater, using the
symbiotic co-culture of P. putida and immobilized C. vulgaris. In
general, symbiotic co-culture systems facilitate the simultaneous
removal of a greater variety of nutrients from wastewater
compared to monocultures (Mujtaba et al., 2017). Ogbonna
et al. (2000) found that it is impossible to remove all nutrients
such as acetate, propionate, ammonia, nitrate, and phosphorus
from wastewater at once using monocultures of Rhodobacter
sphaeroides, C. sorokiniana, and S. platensis, whereas these
nutrients can all be removed simultaneously by using the co-
culture system (Ogbonna et al., 2000). Moreover, the symbiotic
co-culture of A. brasilense and Scenedesmus sp. has been
successfully applied to biofuel production with higher biomass
volume. This indicates that the symbiotic co-culture has the
potential to increase microalgal colony size, and the fatty acid
content inside biofuels, in nitrogen-deficient media (Contreras
et al., 2019). The combination of cyanobacteria/microalgae and
bacteria can more efficiently detoxify organic and inorganic
pollutants and remove nutrients from wastewater compared to
using either of them alone.

Soils and aquatic systems contaminated by heavy metals
have also become a serious issue in crop production because
of the risks associated with food contamination. Microalgae
have the ability to detoxify and volatilize heavy metals via
microalgal metabolism and high levels of metal binding (Yu et al.,
1999). Microalgae form metal-binding peptides (organometallic
complexes) such as class III metallothionein (MtIII) (Perales-
Vela et al., 2006), which facilitate appropriate control of the
cytoplasmic concentration of heavy metals, thereby preventing
or neutralizing the potential toxicity caused by heavy metals
(Kaplan, 2013; Priya et al., 2014). The application of microalgae,
which can bioabsorb and biotransform arsenate (As) in rice fields,
reduces the availability of As to plants, thereby rendering the

food grains safe for human consumption (Debnath and Bhadury,
2016). In the case of the algal–bacterial synergistic interactions, a
higher removal efficiency of heavy metals was achieved with the
addition of bacterial inoculum, which enhanced algal growth with
additional CO2 and organic compounds provided by the bacteria
(Unnithan et al., 2014; Mubashar et al., 2020). Furthermore, algae
can also be recycled as biofertilizing agents (Guo et al., 2020).

Potential of Microalgae–Bacteria
Co-cultures/Combination for Vegetable
Cultivation
There are two distinct application methods for the simultaneous
use of microalgae and bacteria, one is co-culturing the microbes
from the beginning and the other is preparing a mixture
containing microalgae/microalgal extract and bacteria gained
from each pure culture (combination).

The combined application of specific bacteria, which are
growth promoters in plants and/or biocontrol agents against
plant pathogens, can lead to the synergy necessary for ideal
vegetable cultivation. When Pantoea ananatis and P. fluorescens
(CPP-2) were co-cultured, IAA production and phosphate
solubilization were higher than those from either strain alone.
Additionally, the co-culture of CPP-2 showed promotion effects
on root and shoot elongation of pea (Pisum sativum) plants when
compared to the culture of an individual strain (Anwar et al.,
2019). Moreover, the combination of P. putida WCS358 and
RE8 was shown to enhance the suppression of Fusarium wilt in
radish by approximately 50%, when compared to the untreated
control, while that of the single-strain treatments was reduced
by 30%. Even when one strain failed to suppress disease with
a single application, the combination treatment still exhibited
a suppressive effect against the disease. This implies that the
reinforced resistance, brought on the combination application,
is likely due to the additive/combinational effect of different
disease-suppressive mechanisms (Boer et al., 2003).

Even though the application of microorganisms, via co-
culture/combination treatment, is more effective for vegetable
production (Minuto et al., 1993; Raupach and Kloepper, 1998),
the use of a single microbial species for vegetable cultivation is
commonly observed in practical situations. Although the activity
of one microbial species is relatively narrow in scope from a
practical point of view, it is easier to obtain related patents
and/or safety certificates for the use of a single microbial species
in agricultural and commercial sectors with obvious effects in
a short period of time. In addition to this, the application of
a single microbial species makes the processes of cultivation,
harvesting, and extraction simpler and easier (Sylvia et al., 2005).
However, in the case of co-culture/combination, the ability to
suppress plant pathogens and promote plant growth is much
more effective than that of the monoculture system because
the microbes in the co-culture/combination system promote
the growth of plants and/or prevent pathogens by different
mechanisms (Spadaro and Gullino, 2005).

Several important practical examples of mixed treatments of
cyanobacteria/microalgae–bacteria have been reported for crop
cultivation (Table 4).
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TABLE 4 | Examples of co-inoculation of microalgae–bacteria in agriculture.

Crop Microalgae/cyanobacteria Bacteria Application References

Rice Anabaena laxa,
Anabaena sp., and
Anabaena oscillarioides

Providencia sp., Brevundimonas sp.,
and Ochrobactrum sp.

Enhanced carbon sequestration and plant growth
in treatments involving a combination of bacterial
and microalgal strains

Prasanna et al. (2012)

Lettuce Chlorella vulgaris Bacillus licheniformis, Bacillus
megatherium, Azotobacter sp.,
Azospirillum sp., and Herbaspirillum sp.

Increased the plant weight and total carotenoid
content especially under stress conditions during
summer

Kopta et al. (2018)

Common
bean

Anabaena cylindrica Rhizobium tropici, Rhizobium freirei,
and Azospirillum brasilense

Promoted plant growth parameters and grain
production by 84% in plants inoculated with
Rhizobium + Azospirillum + Anabaena

Horácio et al. (2020)

Maize Anabaena cylindrica Azospirillum brasilense Increased yield performance of maize hybrid in
Londrina and Faxinal

Gavilanes et al. (2020)

Onion Spirulina platensis Pseudomonas stutzeri Enhanced plant growth, productivity, and bulb
quality and reduced the production cost in
treatments involving the combined treatment of
S. platensis extract and nitrogen-fixing P. stutzeri

Geries and Elsadany (2021)

In 2012, the effects of combined treatments of cyanobacterial
strains—CR1, CR2, and CR3 (Anabaena laxa, Anabaena
sp., and Anabaena oscillarioides)—and bacterial strains—
PR3, PR7, and PR10 (Providencia sp., Brevundimonas
sp., and Ochrobactrum sp.)—on rice crop yield and C-N
sequestration in soil were first reported in a pot experiment
(Prasanna et al., 2012).

The synergistic efficacy of the combination of freshwater
algae (C. vulgaris) and plant growth-promoting bacteria
(B. licheniformis, Bacillus megatherium, Azotobacter sp.,
Azospirillum sp., and Herbaspirillum sp.) on yields and
nutritional values of leaf and romaine lettuces has also been
observed. The combined application of microalgal–bacterial
preparation led to a significant increase of the romaine and leaf
lettuce weight by 12.9% and 22.7%, respectively. Of note, total
carotenoids in amounts 26.7% higher than in the controls were
detected in the treated romaine lettuce under stress conditions
during summer (Kopta et al., 2018).

Recently, Horácio et al. (2020) evaluated the effects of co-
inoculation with a diazotrophic cyanobacterium (Anabaena
cylindrica, Ana), Rhizobium (R. tropici + R. freirei, Riz), and
A. brasilense (Azo) on the development of the common bean
under greenhouse conditions. Grain production in the plants
co-inoculated with Ana + Riz + Azo and fertilized with N
(100 kg N ha−1) was 84.4% and 86.3% higher than that of
untreated controls, respectively. This indicates that N fertilization
can be replaced by co-inoculation with selected cyanobacterial–
bacterial strains (Horácio et al., 2020). In addition, Gavilanes
et al. (2020) conducted two field experiments to assess the
efficacy of co-inoculation of A. cylindrica with A. brasilense on
the yield performance of four maize cultivars in two locations
(Londrina and Faxinal in Paraná, Brazil). They found that the
co-inoculation of A. cylindrica and A. brasilense resulted in a
yield that increased by 9% (967 kg ha−1) in Londrina and 23%
(1,744 kg ha−1) in Faxinal, compared to the uninoculated control
(Gavilanes et al., 2020).

It was also found that the growth and productivity of
onion plants with the combination treatment were promoted
when compared to those with either single-agent treatment.

This supports the result of biochemical analyses that state that
extracts of both S. platensis and Pseudomonas stutzeri possess
bioactive compounds such as HCN, NH3, IAA, and amino
acids that have stimulatory effects on plant growth and quality
(Geries and Elsadany, 2021).

Additionally, after culturing C. fusca and B. amyloliquefaciens
cc178 separately, they were combined in a ratio of 2:1 and used to
irrigate tomato roots. It was found that rooting of fine roots was
promoted and the plant growth, yield, and soluble liquid sugar
content in fruits had significantly increased with the combination
treatment when compared to each single treatment (unpublished
data). Therefore, the combined application of microalgae and
PGPB can exert beneficial effects on the yield and quality of
vegetable crops.

CONCLUSION AND FUTURE
DIRECTIONS

Microalgae and bacteria have received great interest as
biofertilizers in ecofriendly vegetable production. Until now,
monoculture systems using certain agricultural microorganisms
have been highlighted to improve the yield and quality of
agricultural products. However, co-culture/combination systems
of microorganisms can be more effective in enhancing microbial
diversity in the soil, resistance to plant diseases, and productivity
of vegetable crops. Therefore, further investigations to uncover
the molecular mechanisms underlying the effect of microalgae–
bacteria co-culture/combination on vegetable growth, and/or
plant disease suppression, will be necessary for the extension of
sustainable agriculture.
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Halophytic endophytes potentially contribute to the host’s adaptation to adverse
environments, improving its tolerance against various biotic and abiotic stresses.
Here, we identified the culturable endophytic bacteria of three crop wild relative
(CWR) halophytes: Cakile maritima, Matthiola tricuspidata, and Crithmum maritimum.
In the present study, the potential of these isolates to improve crop adaptations
to various stresses was investigated, using both in vitro and in-planta approaches.
Endophytic isolates were identified by their 16S rRNA gene sequence and evaluated
for their ability to: grow in vitro in high levels of NaCl; inhibit the growth of the
economically important phytopathogens Verticillium dahliae, Ralstonia solanacearum,
and Clavibacter michiganensis and the human pathogen Aspergillus fumigatus; provide
salt tolerance in-planta; and provide growth promoting effect in-planta. Genomes of
selected isolates were sequenced. In total, 115 endophytic isolates were identified. At
least 16 isolates demonstrated growth under increased salinity, plant growth promotion
and phytopathogen antagonistic activity. Three showed in-planta suppression of
Verticillium growth. Furthermore, representatives of three novel species were identified:
two Pseudomonas species and one Arthrobacter. This study provides proof-of-concept
that the endophytes from CWR halophytes can be used as “bio-inoculants,” for the
enhancement of growth and stress tolerance in crops, including the high-salinity stress.

Keywords: halophytes, endophytes, stress tolerance, salinity tolerance, biofertilizers, biocontrol, bio-inoculants,
growth-promotion
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INTRODUCTION

Bacterial endophytes are widespread among plants and
colonize intercellular and intracellular spaces of all host
compartments. Each individual plant is a host to bacterial
and fungal endophytes that colonize its tissues for all
or part of its life cycle without causing any apparent
pathogenesis (Ryan et al., 2008). Various studies have shown
how microbial communities contribute to plant defense
and the substantial beneficial effects they have on host
plants, including improved nutrient acquisition, accelerated
growth, resilience against pathogens and improved resistance
against abiotic stress such as heat, drought, and salinity
(Rodriguez et al., 2019).

The diversity and structure of endophytic microbiomes are
dynamic and directly affected by ecological characteristics
of the host plant and soil such as geographic location,
environmental factors and interactions within the host
plant (Edwards et al., 2015). Most characterized members of
bacterial endophytic communities belong to the Actinobacteria,
Bacteroidetes, Firmicutes, and Proteobacteria (Bulgarelli et al.,
2013, 2015; Edwards et al., 2015). However, endophytic
microbiome structure can be affected by the host-plant
species’ genotype, plant organ or tissue type, developmental
stage, growing season, geographic, and field conditions,
soil type, nutrient status of the host species and cultivation
practices (Rodríguez-Blanco et al., 2015; Liu et al., 2017;
Rodriguez et al., 2019).

Endophytic microbes hold enormous potential to increase
plant health. Interestingly, endophytic bacteria can be used to
overcome the effect of salinity stress, promote plant growth
and nutrient uptake; these approaches can provide beneficial
and environmentally friendly solutions for a sustainable global
food security (Glick, 2014; Tkacz and Poole, 2015; Vaishnav
et al., 2019). For successful exploitation of endophytes,
we need a deeper understanding of endophytic community
composition and the mechanisms that underlie their plant
growth promotion, in order to successfully select the most
efficient bacterial isolates.

Members of endophytic bacterial communities influence each
other with antagonistic, competitive, and mutualistic interactions
(Toju et al., 2018). This results from nutritional competition,
exchange and even metabolic interdependence. This, in turn can
influence microbiome composition and its effect on the host-
plant (Rodriguez et al., 2019). Host-plant genotype can also have a
dramatic impact on microbial members; individual cultivars can
influence the microbial community structure and the beneficial
effects of endophytic bacteria (Haney et al., 2015; Marques et al.,
2015; Pérez-Jaramillo et al., 2016; Rodriguez et al., 2019). Thus,
for the utilization of endophytic bacterial isolates, an optimum
approach is to isolate key bacterial strains from crop wild relatives
(CWRs) (Mendes et al., 2013).

Halophytes could be valuable sources of novel endophytic
isolates that can be used to overcome various biotic and
abiotic stresses (Ruppel et al., 2013; Shabala, 2013; Yuan
et al., 2016; Etesami and Beattie, 2018). High salinity in plants
results in ionic and osmotic stress due increased extracellular

hypertonic conditions and accumulation of Na+ and Cl−
intracellularly (Vaishnav et al., 2019). The resulting stress affects
intracellular water balance, rate of cell division, hormonal
imbalance, changes in photosynthesis, nutrient translocation,
processes that decrease plant growth (Munns, 2002). Plant-
associated microorganism can contribute to plant health impeded
by salinity stress, by influencing phytohormonal levels and
signaling, contributing to homeostasis maintenance of toxic ions
under salinity stress, enhancing photosynthesis, and contributing
to biomass production and allocation (Dodd and Pérez-
Alfocea, 2012). Since soil salinity disrupts the physiological
and morphological plant processes and increases pathogen
susceptibility (Etesami and Beattie, 2018), the use of plant growth
promoting endophytes in crops can be a more eco-friendly
approach than agricultural chemicals.

Here, we tested the hypothesis that cultivated endophytic
bacteria isolated from three CWR halophytic plant species
have properties of salinity stress tolerance, plant growth
promotion and phytopathogen growth inhibition. These
species included two members of the Brassicaceae family
(Matthiola tricuspidata and Cakile maritima), and one of
the Apiaceae family (Crithmum maritimum). To test this
hypothesis, we cultured and identified 115 different bacterial
isolates and functionally characterized them in in vitro and
in-planta assays. The bacterial isolates were tested in vitro
for their ability to grow on salinity levels up to 17.5%, their
biocontrol of the economically important plant phytopathogens
Verticillium dahliae, Ralstonia solanacearum, and Clavibacter
michiganensis ssp. michiganensis. Subsequently, isolates with
demonstrated in vitro salt tolerance, were tested in-planta
to demonstrate whether they promoted plant growth under
no stress conditions and under high salinity. Furthermore,
bacterial isolates were tested in-planta to check their biocontrol
properties against Verticillium dahliae. This is the first study
of bacterial endophytes obtained from M. tricuspidata, Cr.
maritimum, and Ca. maritima, and identifies their potential
as bacterial bio-inoculants in commercial crops to overcome
salinity stress and plant diseases caused by the economically
important pathogens.

MATERIALS AND METHODS

Site Description and Plant Sample
Collection
Samples were collected during summer 2018 in three distinct
sites in Crete, Greece: site 1 (S1: N35◦25′. E24◦41′), site
2 (S2: N35◦06, E25◦48), and site 3 (S3: N35◦00, E25◦44)
(Supplementary Figure 1). At S1, a natural beach area favoring
salt-marsh vegetation, three Matthiola tricuspidata individuals
were collected. At S2, a beach area close to Pachia Ammos village,
three Crithmum maritimum individuals were collected. At S3,
a popular beach area located in the town of Ierapetra, three
individuals of Cakile maritima were collected. Each sample was
collected with sterile gloves, forceps and gloves, placed in separate
plastic bags to avoid cross contamination and immediately
transported to the laboratory for processing.
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Plant Surface Sterilization and
Endophytic Cell Isolation
Leaf and root materials from each species were cut and processed
individually. Plant material was gently washed with sterile
distilled water repeatedly to remove soil and dust particles. For
surface sterilization, plant roots and leaves were placed into
sterile Erlenmeyer flasks containing ethanol 75% v/v for 60 s
with shaking and then in sterile Erlenmeyer flasks containing
sodium hypochlorite solution 3% w/v−1 (NaClO) for 10 min.
The plant materials were then placed again in ethanol 75%
v/v for 60 s. To remove any remaining NaClO, plant materials
were rinsed 10 times with sterile distilled water (dH2O). The
sterilization and transfer procedures were carried out in a type
II laminar flow hood. About 100 µL of the last rinse (for each
analyzed sample) was plated on Nutrient Agar (NA) medium and
monitored for microbial growth to evaluated surface sterilization
efficiency. Only successfully sterilized root material was used
further. Approximately 500 mg of leaves and roots per each
species were weighed and slashed to small parts for further
processing using a sterile scalpel and further grounded into a
slurry with an autoclaved pestle and mortar. The slurry was
transferred into sterile petri dishes and 30 mL of autoclaved
dH2O was added. The petri dishes were sealed and placed onto
a rotary shaker (150 rpm) at 25◦C for 2 h. After shaking, 100
µl of the material in triplicate were inoculated on NA plates and
incubated at 28◦C. Colony forming units (cfus) were chosen from
each plate based on their color, texture and morphology. Pure
bacterial colonies were grown in Nutrient Broth (NB) and cells
stocks were stored in 50% v/v glycerol at −80◦C. A total of 115
isolates were identified.

Bacterial Isolation and Identification of
Isolates
To identify the 115 bacterial isolates, 16S rRNA gene Sanger
sequencing method was employed. To extract crude genomic
DNA, 1 mL of liquid bacterial culture in NB was placed in liquid
nitrogen for 15 s. After room temperature incubation, the lysate
was centrifuged at 10,000 × g for 1 min. Two microliter of the
lysate were used to amplify the 16S rRNA gene using primers
27F: 5′-AGAGTTTGATCCTGGCTCAG-3′ (White et al., 1990)
and 1492R: 5′-GTTTACCTTGTTACGACTT-3′ (Lane, 1991).
PCR reactions of 20 µL were amplified in a BioRad T-100
Thermocycler with initial denaturation at 94◦C for 2 min,
followed by 35 cycles of 5 s at 94◦C, 30 s annealing at 47◦C, 2 min
primer extension at 72◦C, and a final extension at 72◦C for 5 min.
Apart from the lysate, each tube contained, Bac-Free PCR Buffer,
250 nM of each primer, 0.2 mM of each deoxy- ribonucleotide
triphosphate and 0.1 U BAC-Free HotStart Taq polymerase
(Nippon Genetics, Europe). PCR products were purified using
Nucleo Spin Gel and PCR Clean up (Macherey-Nagel, Germany).
Cleaned-up PCR products were sent to Macrogen (Europe) for
sequencing with primer 27F.

The resulting chromatograms were quality inspected using
MEGA 5 (Kumar et al., 2018) and the start/end regions of low
quality were manually trimmed off. Cleaned-up fasta files were
aligned in SILVA (Quast et al., 2013). The resulting sequences of

the 16S rRNA gene were queried against ezBioCloud (Yoon et al.,
2017) reference database for identification and documentation of
the described bacterial isolate with the closest sequence similarity.

Bacterial Salt Tolerance Assay
The salt tolerance of all bacterial isolates was estimated on the
basis of the population density of these isolates at different
concentrations of NaCl (ranging from 0.5, 5, 10, 15, and 17.5%
(w/v) in NA. Ten microliter drops of freshly prepared NB
cultures of each isolate were inoculated on sterilized petri plates,
containing 25 mL NA with increasing NaCl concentrations and
incubated at 28◦C. For each NaCl concentration, an Escherichia
coli laboratory isolate was inoculated as a negative control. After
24 h of incubation, the growth of each isolate was estimated
compared to E. coli growth.

In vitro Growth Inhibition of
Phytopathogens
Antibacterial activity of the bacterial isolates against the
phytopathogenic bacteria Ralstonia solanacearum, and
Clavibacter michiganensis was evaluated by co-culturing each of
the bacterial isolates on NA lawn covered by R. solanacearum
or C. michiganensis. The inhibition zone indicating inhibition
by bacterial growth was recorded as the antibacterial effect.
Antifungal activity of the isolates against Verticillium dahliae was
investigated. Potato dextrose agar (PDA) was inoculated with
each bacterial isolate for 24 h at 28◦C and then V. dahliae was
inoculated at room temperature for 3–4 weeks. Fungal growth
inhibition was determined by measuring the inhibition zone of
V. dahliae hyphae on the media.

In vitro Hemolysis Screening Assay
In order to assay the bacterial isolates for hemolytic activity, each
isolate was grown on blood agar plates. The bacterial isolates
were inoculated with the spot test method and were incubated
at room temperature for 48 h. The known non-mammalian-
pathogenic species Ensifer meliloti was employed as a negative
control (Supplementary Figure 2B).

In vitro Growth Inhibition of Fungal
Human Pathogen
Antifungal activity of specific isolates against
anthropopathogenic fungus Aspergillus fumigatus was evaluated
by co-culturing 11 bacterial isolates on NA plate lawn covered by
A. fumigatus for 72 h at room temperature under absence of light.
The following isolates were tested: CML04, CMR11, CMR22,
CMR25, CrR12, CrR25, MTR12, MTR17a, MTR17b, MTR17c,
MTR17d. Fungal growth inhibition was determined by the
growth inhibition zone of the A. fumigatus hyphae on the media.

In-planta Salt Tolerance Assays
Twelve of the bacterial isolates were selected, according to their
ability to grow in high salinity conditions (up to 17.5% w/v NaCl),
in order to test their plant growth promotion capacity of the
model plant Arabidopsis thaliana. Firstly, the experiment was
performed with no abiotic stress conditions. Bacterial isolates
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were cultured in NB for 46 h at 25◦C with stirring. NB cultures
were centrifuged at 224 × g for 15 min, the supernatant was
discarded and the cells were resuspended in 50 mL sterilized
dH2O. Seeds of A. thaliana ecotype Columbia (Col-0) were
grown in plastic pots (6 × 6 × 7 cm) filled with vermiculite:
soil (1:1), at 25◦C (16 h light/8 h dark). For each isolate and the
corresponding control, 5 individual plants were grown in each
pot. A. thaliana plants were watered with dH2O for 10 days.
Then, plants were watered with 10 mL suspensions of the 12
bacterial isolate liquid cultures, and were left for 7 days to let the
bacterial isolates adapt. Subsequently, for a 30 day span, plants
were watered every 2–3 days with dH2O. At the end of the
experiment, the fresh weight of the leaves from each plant was
measured. The leaves were then dried at 65–70◦C for 2 days and
their dry weight was measured.

The same experiment was performed under salt treatment.
Specifically, after the 7 day period of bacterial isolate inoculation,
instead of dH2O, the plants were watered with 10 mL of 250 mM
NaCl. Fresh and dry weight of the leaves was measured.

For both experiments, mock samples were employed where
no bacterial isolates were inoculated and control plants were
inoculated with the isolate Escherichia coli (Control-E. coli), to
check that the plants would not use the bacteria as a fertilizer.

Confrontation and Volatile Tests of
Selected Bacterial Isolates Against
Verticillium dahliae
A total of 16 isolates were selected for direct in vitro antagonism
of V. dahliae. Fourteen of these isolates were selected due to their
strong inhibition of V. dahliae in initial tests (Supplementary
Table 1; CrR14, CrR18, MTR18, CMR01, CMR03, CML04,
CMR25, MTR17a, MTR17d, MTR17f, MTR17g, MTR17h, and
MTR17b, MTR17c). Two additional isolates were selected
(CrR04 and MTR12) with medium inhibition in initial tests
(Supplementary Table 1) for comparison. Direct in vitro
antagonism of V. dahliae was evaluated by dual-culture assays
(confrontation test) on PDA (Lahlali et al., 2007). In particular,
a 6 mm diameter mycelial disc taken from the periphery of a 2
week-old PDA fungal culture was placed on a new PDA plate
(90 mm in diameter) at approximately 25 mm-distance from
the center of the plate. Then, a 30 mm-long line from each
bacterial isolate (taken from a 48 h-old tripticasein soy broth
(TSB) liquid culture with an inoculation loop) was streaked on
the opposite site of the plate at equal distance from the center
(one isolate per plate). Moreover, Trichoderma harzianum strain
T22 was isolated from the commercial biofungicide TRIANUM-
P (Koppert B.V. Hellas) and included in in vitro bioassays for
comparison. Plates inoculated only with V. dahliae agar discs
were served as controls. Plates (three per bacterial isolate plus
controls) were incubated at 24◦C in the dark. The radius of
fungal colonies toward the direction of the test isolate and that
of controls was measured 5, 7, 9, and 12 days post inoculation
(d.p.i.) and radial growth rates were expressed in mm/day.
At the end of the bioassays (12 d.p.i.) the underside of the
plates was scanned using a Samsung Xpress SL-M2875ND Laser
Multifunction Printer at 1200 dpi and microsclerotial (black)

area on each plate image was determined manually using the
image processing software ImageJ 1.46r (National Institutes
of Health, United States). Then, the number of spores was
estimated by transferring a 6 mm-diameter disc taken from
the periphery of each culture into a 1.5 mL Eppendorf tube
with 1 mL of water, and vortexed for 30 s. The number of
spores was measured using a haematocytometer under a light
microscope. Moreover, actively growing mycelia from cultures’
periphery (located closer to test isolate) were prepared and
microscopic observations (30 readings per culture) were carried
out to estimate hyphae width.

To evaluate the capacity of bacterial isolates to affect V. dahliae
growth via the production of volatile compounds, dual-plate
assays (Chaurasia et al., 2005) were conducted (volatile test). In
brief, one 6 mm-diameter agar disc of actively growing mycelium
of the fungus was placed in the center of a new PDA plate (90 mm
in diameter), whilst each bacterial isolate (taken from a 48 h-old
TSB liquid culture) was streaked on another PDA plate. The
covers of the two plates were removed and resultant plates were
adjusted together (bacterial culture was upturned) and sealed
with cellophane membrane so the two microbes would share the
same headspace without coming in contact with each other. Dual
plates (upright and upturned) inoculated only with V. dahliae
served as controls. Similarly, in dual-culture assays, dual-plates
(three per bacterial isolate) were incubated at 24◦C in the dark
and the growth, microclerotial area, sporulation and hyphae
width of fungal colonies were measured as described above.

Radial growth inhibition (RGI), microsclerotia formation
inhibition (MFI), sporulation inhibition (SI) and hyphae
thinning (HT) were calculated according to the formula: [(Vc-
Vt)/Vc] × 100 where Vc = the microscopic value of V. dahliae in
control plates and Vt = the respective value of V. dahliae against
the antagonistic isolate in dual-culture or dual-plate assays.

Bacterial Isolates and Fungal Inoculum
Preparation for in-planta Bioassays
The 16 selected (see above) bacterial isolates (CrR14, CrR18,
CrR04, MTR12, MTR18, CMR01, CMR03, CML04, CMR25,
MTR17a, MTR17d, MTR17f, MTR17g, MTR17h, and MTR17b,
MTR17c) were used in in-planta bioassays. The isolates were
grown in Erlenmeyer flasks with 200 mL liquid TSB, in an orbital
incubator at 180 rpm and 28◦C for 48 h in the dark. Bacterial
suspensions were centrifuged at 3,000 × g for 10 min and cells
were re-suspended in water reaching a final concentration of 108

cfu mL−1 (measured by dilution plating).
The highly virulent V. dahliae isolate 999-1 (Markakis et al.,

2016), which originated from symptomatic eggplants (Solanum
melongena L.), was used. V. dahliae conidial suspension for
eggplant—V. dahliae bioassays was prepared as previously
described (Markakis et al., 2016). In brief, conidia were produced
by growing each V. dahliae strain in potato dextrose broth (PDB)
at 160 rpm and 25◦C in the dark for 5 days. Then, conidia were
harvested by filtrating through three layers of cheesecloth and the
suspensions centrifuged at 3,000 × g for 10 min. Spores were
re-suspended in sterilized dH2O and their concentration was
adjusted to 5× 106 conidia mL−1.
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In-planta Verticillium Wilt Suppression
Bioassays
Eggplant seedlings (cv. Black Beauty) were used in the in-
planta bioassays. Plants at the one-true-leaf stage, grown in
100 mL-capacity pots containing soil substrate (HuminSubstrat,
Klasmann-3 Deilmann GmbH, Germany) were root-drenched
with bacterial suspension (20 mL of 108 cfu mL−1 of each isolate
per plant), whereas plants that served as controls (negative = no
bacterium/no fungus assigned as “C−” and positive = no
bacterium/plus pathogen assigned as “V.D.”) were treated with
20 mL of water. One week later, eggplants (at the second-true-
leaf stage) were inoculated with V. dahliae by drenching the soil
substrate in each pot with conidial suspension (20 mL of 5× 106

conidia mL−1 per pot). Negative control plants (C−) were treated
with 20 mL of water. Eggplants were maintained under controlled
conditions at 23± 2◦C with a 12 h light and dark cycle.

Two independent experiments (experiments I and II)
were conducted to evaluate the suppressive effect of the
aforementioned bacterial isolates against V. dahliae. In
experiment I, 11 treatments (C−, V.d., V.d. + CrR14,
V.d. + CrR18, V.d. + CrR04, V.d. + MTR12, V.d. + MTR18,
V.d. + CMR01, V.d. + CMR03, V.d. + CML04 and V.d. + CMR25)
were applied; whereas in experiment II, 10 treatments were
conducted (C−, V.d., V.d. + MTR17a, V.d. + MTR17d,
V.d. + BMTR17f, V.d. + MTR17g, V.d. + MTR17h,
V.d. + MTR17b, V.d. + MTR17c, and V.d. + TRIANUM-
P). The commercial biofungicide TRIANUM-P was included in
experiment II (assigned as V.d. + TRIANUM-P) and applied
according to manufacturer’s instruction (20 mL of 3 × 107 cfu
mL−1 per plant). TRIANUM-P was served as a V. dahliae-
suppressive reference treatment. Within each experiment, each
treatment consisted of seven plants and experiments were
replicated three times.

Disease Assessment
Verticillium wilt symptoms on eggplant were recorded at 2-, 3-,
and 4- day intervals from 12 to 30 d.p.i with V. dahliae. Bioassays
were evaluated by estimating disease severity, disease incidence,
mortality and relative area under disease progress curve
(RAUDPC). Disease parameters were recorded as previously
described (Markakis et al., 2016). Briefly, disease severity at
each observation was calculated from the number of wilting
leaves, as a percentage of total number of leaves per each
plant. Disease ratings were plotted over time to generate disease
progress curves. Subsequently the area under disease progress
curve (AUDPC) was calculated by the trapezoidal integration
method (Campbell and Madden, 1990). Disease was expressed
as a percentage of the maximum possible area with reference
to the maximum value potential reached over the whole period
of each experiment and is referred to as RAUDPC. Disease
incidence was estimated as the percentage of infected plants. Only
plants with a final disease severity of ≥20% were considered
infected, to discriminate between V. dahliae-associated disease
symptoms and other weak symptoms occasionally observed
(Supplementary Table 2). Mortality was estimated as the
percentage of dead plants.

Plant Growth
Growth parameters were evaluated at the end of bioassays (at 24
and 30 d.p.i. for experiments I and II, respectively). To estimate
the effect of the aforementioned treatments on plant growth, all
plants were clipped off at the soil surface level and their height,
fresh weight and leaf number were measured.

Fungal Pathogen Re-isolation
To verify the presence of the applied V. dahliae strain in
plant tissues, five plants per treatment in each experiment were
randomly selected. Eggplant leaves which had been cut above
soil level previously were removed and their stems were surface-
disinfected by spraying with 95% ethyl alcohol and by quickly
passing them through flame three times. For each plant, 3 xylem
chips taken from different sites along the stem (base, middle and
upper part of the stem) and aseptically placed onto acidified PDA
after removing the phloem. Plates were then incubated at 24◦C in
the dark for 14 days. The emerging fungi that grew out of tissue
excisions were examined visually and under a light microscope
and identified according to their morphological characteristics
(Pegg and Brady, 2002). Pathogen isolation ratio was expressed
as the frequency of positive V. dahliae isolations of each plant.

Statistics
Analysis of variance (ANOVA) was employed to determine
the effects of replication (1, 2, or 3), treatment (C−, V.d.,
V.d. + CrR14, V.d. + CrR18, V.d. + CrR04, V.d. + MTR12,
V.d. + MTR18, V.d. + CMR01, V.d. + CMR03, V.d. + CML04,
V.d. + CMR25 in Experiment I and C−, V.d., V.d. + MTR17a,
V.d. + MTR17d, V.d. + BMTR17f, V.d. + MTR17g,
V.d. + MTR17h, V.d. + MTR17b, V.d. + MTR17c,
V.d. + TRIANUM-P in experiment II) and their interaction on
disease incidence (DI), final disease severity (FDS), mortality
(M), RAUDPC and isolation ratio (IR), and on plant height, fresh
weight and total number of leaves (Supplementary Tables 2, 3).
Prior to ANOVA, normality of data and homogeneity of variance
across treatments was evaluated and an arcsine transformation
was applied to normalize variance. When a significant F test was
obtained for treatments (P ≤ 0.05), the data were subjected to
means separation by Tukey’s honestly significant difference test.
Morphological and physiological characteristics of V. dahliae
in dual-culture and dual-plate assays were also analyzed by
Tukey’s test (P ≤ 0.05). Moreover, standard errors of means
were calculated.

Bacterial Genome Sequencing and
Annotation
Twelve bacterial isolates were selected for whole genome
sequencing (CrR16, CMR16, CrR07, CMR13, CrR06, CrR18,
CrR14, CMR27, CMR25, CML04, CMR29, CrR25). The isolates
were selected when they met more than two of the following
criteria: (a) the 16S rRNA gene sequence of the isolates being
99.6% similar to their closest relative or lower, (b) exhibiting
salt tolerance higher than the 5% threshold, (c) exhibiting
medium or strong inhibition against the growth of at least 2
of the 3 tested phytopathogens Verticillium dahliae, Ralstonia
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solanacearum, and Clavibacter michiganensis ssp. michiganensis
(Supplementary Table 1). For each isolate a 250 bp paired-
end library was produced for use with the Illumina MiSeq
sequencing system (University of Exeter Sequencing Service,
Exeter, United Kingdom). Reads were assembled using SPAdes
3.12.0 (Bankevich et al., 2012) and the assembled sequence
was annotated using the NCBI Prokaryotic Genome Annotation
Pipeline (PGAP). Raw sequence reads and assembled genomes
were uploaded to the Sequence Read Archive (Leinonen et al.,
2011) and GenBank (Dennis Benson et al., 2017) and are available
under BioProject accession number PRJNA634334. RAST (Rapid
Annotation using Subsystem Technology) (Overbeek et al., 2014)
was employed for genome analysis and annotation.

Sequence Alignment and Phylogenetic
Tree Construction
Selected gene sequences were aligned with ClustalX v2.0 (Larkin
et al., 2007) and subsequently manually corrected. Sequence
relationships were inferred using the maximum-likelihood (ML)
method. ML phylogenies were constructed using MEGA 5.2
(Tamura et al., 2011). Phylogenetic trees were constructed using
the concatenated recA and gyrB genes and assuming the bootstrap
value derived from 1,500 replicates to represent the evolutionary
history of the included taxa.

The evolutionary history of Arthrobacter recA-gyrB genes were
inferred by using the Maximum Likelihood method based on
the Tamura-Nei model (Tamura and Nei, 1993). The bootstrap
consensus tree inferred from 500 replicates (Felsenstein, 1985)
was taken to represent the evolutionary history of the
taxa analyzed (Felsenstein, 1985). Branches corresponding to
partitions reproduced in less than 50% bootstrap replicates are
collapsed. Initial tree(s) for the heuristic search were obtained
automatically as follows. When the number of common sites
was <100 or less than one fourth of the total number of
sites, the maximum parsimony method was used; otherwise
BIONJ method with MCL distance matrix was used. Trees were
drawn to scale, with branch lengths measured in the number
of substitutions per site. The analysis involved 25 nucleotide
sequences. Codon positions included were 1st + 2nd + 3rd + Non-
coding. All positions with less than 95% site coverage were
eliminated. That is, fewer than 5% alignment gaps, missing data,
and ambiguous bases were allowed at any position. Evolutionary
analyses were conducted in MEGA5 (Tamura et al., 2011).

The evolutionary history Arthrobacter recA-gyrB genes was
inferred with the Maximum Likelihood method as above.
The tree with the highest log likelihood (−7831.6808) was
selected. Initial tree(s) for the heuristic search were obtained
automatically as follows. When the number of common sites
was <100 or less than one fourth of the total number of sites,

FIGURE 1 | Abundance of genera of bacterial isolates obtained from leaves and roots of Matthiola tricuspidata, Crithmum maritimuma, and Cakile maritima plants.
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the maximum parsimony method was used; otherwise BIONJ
method with MCL distance matrix was used. The bootstrap
consensus tree inferred from 500 replicates (Felsenstein, 1985)
is taken to represent the evolutionary history of the taxa
analyzed (Felsenstein, 1985). The tree was drawn to scale, with
branch lengths measured in the number of substitutions per
site. The analysis involved 22 nucleotide sequences. Codon
positions included were 1st + 2nd + 3rd + Non-coding. All
positions with less than 95% site coverage were eliminated as
described above. Evolutionary analyses conducted in MEGA5 as
described above.

RESULTS

Identification and Abundance of
Culturable Endophytic Bacteria
Endophytic bacteria were cultivated from different surface-
sterilized tissue samples from all three halophytes. A total of

115 pure bacterial cultures showing different colony morphology
(from root or leaf) were obtained; 91 were retrieved from roots
and 24 from leaves. In detail, 45, 31, and 39 isolates were
obtained from M. tricuspidate, Ca. maritima, and Cr. Maritimum,
respectively (Supplementary Table 1).

For all 115 isolates, total 16S rRNA gene sequencing
allowed for taxonomic analysis (Figure 1 and Supplementary
Table 1). Bacterial isolates were assigned to 5 different classes
(Supplementary Table 1) and 24 genera (Figure 1 and
Supplementary Table 1). The most prevalent genus was Bacillus,
accounting for 24% of the isolates, followed by Enterobacter
(19%) and Pseudomonas (12%). The highest number of bacteria
were isolated from roots of M. tricuspidata (38), followed by
Ca. maritima roots (28) and Cr. maritimum roots (25), in
contrast to the number of bacteria isolated from leaf samples
(M. tricuspidata: 7, Ca. maritima: 4 and Cr. maritimum: 13).
Isolates of genus Bacillus were isolated from all plants and tissues
except the roots of Cr. maritimum, while Pseudomonas isolates
were only isolated from root samples.

FIGURE 2 | In vitro growth inhibition experiments: against phytopathogenic bacteria Ralstonia solanacearum or Clavibacter michiganensis (A), against
phytopathogenic fungus Verticillium dahliae (B) and against human pathogenic fungus Aspergillus fumigatus (C). Representative experiments are shown to display
their “weak” (A1–C1), “medium” (A2–C2), or “strong” (A3–C3) inhibitory activity.

Frontiers in Microbiology | www.frontiersin.org 7 May 2021 | Volume 12 | Article 681567103

https://www.frontiersin.org/journals/microbiology
https://www.frontiersin.org/
https://www.frontiersin.org/journals/microbiology#articles


fm
icb-12-681567

A
pril28,2021

Tim
e:17:15

#
8

C
hristakis

etal.
H

alophytic
E

ndophytes
in

S
ustainable

A
griculture

TABLE 1 | In-planta plant growth promotion and salt tolerance assays in Arabidopsis thaliana plants. For the salt tolerance assays plants were watered with and without NaCl solution every 2-3 days and fresh and dry
plant weight was measured.

Plant growth promotion
assay#1 (sampling at 29 days)

Plant growth promotion
assay#2 (sampling at 34 days)

Salinity stress assay assay#1
(sampling at 39 days)

Salinity stress assay assay#2
(sampling at 39 days)

Host Plant Isolate Fresh weight Dry weight Fresh weight Dry weight Fresh weight Dry weight Fresh weight Dry weight

Cakile maritima CML12 0.410 0.029 1.500 0.109 0.246 0.034 0.307 0.038

Cakile maritima CML15 0.204 0.025 1.240 0.135 0.309 0.052 0.347 0.060

Cakile maritima CMR13 0.144 0.022 1.134 0.170 0.239 0.032 0.252 0.034

Crithmum maritimum CrL01 0.541 0.053 1.761 0.168 0.147 0.031 0.186 0.041

Crithmum maritimum CrL04 0.149 0.019 1.169 0.137 0.197 0.031 0.203 0.032

Crithmum maritimum CrL11 0.242 0.026 1.244 0.130 0.236 0.034 0.217 0.030

Crithmum maritimum CrR16 0.277 0.026 1.307 0.123 0.165 0.031 0.194 0.035

Crithmum maritimum CrR22 0.094 0.016 1.003 0.150 0.275 0.042 0.297 0.045

Crithmum maritimum CrR23 0.170 0.023 1.173 0.148 0.103 0.026 0.127 0.030

Matthiola tricuspidata MTL01 0.113 0.017 1.132 0.145 0.202 0.037 0.213 0.038

Matthiola tricuspidata MTR05 0.169 0.028 1.139 0.184 0.322 0.056 0.364 0.062

Matthiola tricuspidata MTR27 0.114 0.015 1.119 0.150 0.213 0.033 0.209 0.033

Control E. coli 0.110 0.017 1.111 0.171 0.235 0.034 0.216 0.031

Control H2O 0.156 0.023 1.056 0.089 1.266 0.094 1.212 0.088

Control Salt N/A N/A N/A N/A 0.250 0.034 0.221 0.029
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Apart from Bacillus, which was isolated from both roots
and leaves, the rest of the genera were isolated only from
roots or leaves (Supplementary Table 1). Similarly, all isolates
from the genera Enterobacter, Pseudomonas, Microbacterium,
Paenarthrobacter, Pantoea, Arthrobacter, Brachybacterium,
Arenivirga, and Glutamicibacter were isolated from root
samples, whereas the isolates Oceanobacillus, Planomicrobium,
and Staphylococcus were isolated only from leaf samples
(Supplementary Table 1).

The most frequently isolated genera were hosted in at least
two of the three halophyte species. M. tricuspidata hosted the
largest number of genera (18). Ca. maritima hosted the largest
number of Enterobacter (13 out of 22) and the smallest number
of Bacillus (2 out of 28). Members of the genera Brachybacterium
and Arenivirga were isolated only from M. tricuspidata plants,
whilst Glutamicibacter were isolated only from Cr. maritimum
and the Planomicrobium from Ca. maritima.

Bacterial Growth Under Salinity Stress
Bacterial isolates were tested for their ability to grow in elevated
NaCl concentrations (5, 7.5, 10, 15, and 17.5%) (Supplementary
Figure 2A). Most isolates showed growth at 5% NaCl (96
isolates). From the 28 isolates from Ca. maritima roots, 26
isolates (92.9% of the total) showed ability to grow at 5% salinity,

and 14 of these (50%) showed growth at 7.5% salinity; all four
isolates from the leaves of the same plant showed growth at
10% salinity and two of these could grow at 17.5%. 21 out of
25 isolates (84%) of the roots of Cr. maritimum could grow
at 5% salt and 16 (64%) could grow at 10% salinity. 12 out
of 13 (92.3%) isolates from the leaves of Cr. maritimum could
grow at the 5% level and eight (61.5%) could grow at 10% salt.
From the 38 isolates obtained from the root of M. triscupidata,
27 (71%) could grow at the 5% salt threshold and three could
grow in 10% salt.

Of the six isolates that managed to grow at 17.5% salinity,
four were isolated from leaf tissues (Supplementary Table 1):
Staphylococcus saprophyticus (CML12) and Oceanobacillus
picturae (CML15) isolated from Ca. maritima leaves,
Oceanobacillus picturae (CrL11) from Cr. maritimum leaves,
and Micrococcus aloeverae (MTL04) from M. triscupidata leaves
(Supplementary Table 1 and Supplementary Figure 2A).
The two isolates from root tissues that could grow on 17.5%
are Enterobacter hormaechei subsp. hoffmannii (CMR13)
isolated from Ca. maritima and Bacillus hwajinpoensis
(CrR23) isolated from Cr. maritimum (Supplementary
Table 1 and Supplementary Figure 2A). Another three
Bacilli isolates (CrR16: Bacillus haikouensis, CrR22: Bacillus
haikouensis, MTR05: Terribacillus saccharophilus) showed

TABLE 2 | Values of fungal parameters of Verticillium dahliae treated with 16 different bacterial isolates (CrR14, CrR18, CrR04, MTR12, MTR18, CM0R1, CMR03,
CML04, CMR25, MTR17a, MTR17d, MTR17f, MTR17g, MTR17h, MTR17b, MTR17c) and Trichoderma harzianum strain T22 in dual-culture and dual-plate assays.
Values were estimated as the percentage of inhibition compared to control (V.d.).

Treatment Fungal parametersa

Dual-culture assays (confrontation test) Dual-plate assays (volatile test)

RGI (%) SI (%) HWT (%)b MFI (%) RGI (%)c SI (%)d HWT (%)e MFI (%)f

V.d. 0.00 h 0.00 e 0.00 d 0.00 f 0.00 cde 0.00 b 0.00 de 0.00 cde

V.d. + CrR14 52.92 c 70.87 cd 25.21 abc 68.98 ab 8.75 c 83.08 a 18.46 abcd 13.56 bcd

V.d. + CrR18 76.78 b 57.11 d 33.53 a 52.41 bcde −1.97 cde 79.68 a 22.33 ab 24.99 cde

V.d. + CrR04 45.73 cd 74.30 bc 20.56 abcd 47.88 bcde 4.66 cd 21.84 ab 21.09 abc 71.91 ab

V.d. + MTR12 23.97 ef 92.94 a 22.92 abc 26.65 cdef −3.83 cde 82.75 a 25.99 a −20.10 cde

V.d. + MTR18 33.95 de 89.36 bc 23.49 abc 34.23 bcdef −2.78 cde 83.13 a 30.95 a −1.86 cde

V.d. + CMR01 21.91 ef 81.46 abc 30.26 ab 60.41 abcd −1.54 cde 84.81 a 30.72 a −25.08 cde

V.d. + CMR03 27.22 ef 88.34 abc 17.56 abcd 47.42 bcde 7.70 c 56.63 ab 21.45 abc 42.98 abc

V.d. + CML04 59.69 c 70.31 cd 18.10 abcd 65.11 abc −1.10 cde 78.68 a 28.22 a −32.44 de

V.d. + CMR25 23.15 ef 79.00 abc 13.67 abcd 23.94 def −3.58 cde 70.63 ab 17.55 abcd −12.64 cde

V.d. + MTR17a 45.22 cd 82.66 abc 6.89 cd 22.63 def −8.86 de −100.42 c −5.11 e −43.35 cd

V.d. + MTR17d 45.85 cd 83.99 abc 5.56 ab 32.93 bcdef 3.31 cd 74.61 ab −3.78 e −2.18 de

V.d. + MTR17f 51.46 c 74.21 bc 10.89 bcd 18.77 ab −16.21 e 77.33 ab 1.56 de −60.99 e

V.d. + MTR17g 16.75 fg 5.29 e 21.33 abc 62.41 abcd −4.50 cde 38.33 ab 3.00 cde −2.99 cde

V.d. + MTR17h 2.86 gh 70.53 cd 5.59 cd −67.79 g 55.99 b −116.97 c 5.59 bcde −298.98 f

V.d. + MTR17b 49.02 cd 81.79 abc 0.58 d 22.91 def 74.57 a −120.55 c 0.58 de 97.83 a

V.d. + MTR17c 60.21 c 91.26 a 7.60 cd 24.02 def 69.06 ab −88.87 c 6.35 bcde 99.28 a

V.d. + TRIANUM-P 95.79 a 79.46 abc nm 98.91 a ne ne ne ne

aFungal parameters were calculated according to the formula: [(Vc-Vt)/Vc] × 100 where Vc = the microscopic value of V. dahliae in control and Vt = the respective value of
V. dahliae toward the antagonistic isolate in dual-culture or dual-plate assays. Each value represents the mean of 3 replicates. RGI, (radial growth inhibition; SI, (sporulation
(spore production) inhibition; HWT, (hyphae width thinning; MFI, (microsclerotia formation inhibition. Within columns, values followed by the same letter are not significantly
different according to Tukey’s HSD test at P ≤ 0.05.
b“nm” indicates that HWT values were not measured since T. harzianum overgrown V. dahliae in dual-culture assays and pathogen hyphae could not be identified.
c, d, e, f“ne” indicates that RGI, SI, HWT and MFI were not estimated since T. harzianum could reach directly V. dahliae even in dual-plate assays.
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growth on 15% salinity (Supplementary Table 1 and
Supplementary Figure 2A).

Phytopathogens Growth Inhibition Ability
All bacterial isolates were subjected to in vitro inhibition assays
against three known phytopathogens: the bacteria Ralstonia
solanacearum and Clavibacter michiganensis subsp. michiganensis
and the fungus Verticillium dahliae. In the assays against the
phytopathogenic bacteria, the bacterial isolates that showed
any kind of inhibition were characterized as having “weak,”
“medium” or “strong” inhibitory activity based on the size of
the inhibition zone around the bacterial colony (Figure 2). In
the in vitro assay against Verticillium the inhibitory activity
was similarly judged as “weak,” “medium” or “strong” based
on the linear distance between the bacterial and the fungal
colonies (Figure 2).

Twenty-five (21.7%) out of 115 bacterial isolates
demonstrated inhibition of the Ralstonia solanacearum
growth (Supplementary Table 1). These 25 isolates belong
to six genera: Bacillus, Enterobacter, Erwinia, Glutamicibacter,
Paenarthrobacter, and Pseudomonas. Isolate CML04 (Bacillus
altitudinis), obtained from leaf tissues of Ca. maritima,
was the only leaf-derived isolate that showed antagonistic
activity against all 3 tested phytopathogens (Supplementary
Table 1). Of the 45 isolates isolated from M. triscupidata,
three isolates showed a weak inhibitory zone against Ralstonia.
A total of 10 isolates belonging to the genera Enterobacter

and Pseudomonas (Supplementary Table 1) showed a strong
inhibition (Figure 2).

A lower number of isolates showed any kind of inhibition
against the phytopathogenic Clavibacter michiganensis subsp.
michiganensis: 17 isolates out of 115 (14.8%). All 9 isolates
from M. triscupidata (Bacillus licheniformis or Bacillus
sonorensis isolates) demonstrated a strong inhibition zone
(Figure 2). Similarly, two isolates from Cr. maritimum
roots (both Pseudomonas glareae, CrR12 and CrR13)
showed a strong inhibition zone (Supplementary Table 1).
An additional two and four isolates showed weak and
medium inhibition zone against Clavibacter, respectively
(Supplementary Table 1).

The majority (76.5%) of the bacterial isolates demonstrated
inhibition of the phytopathogenic fungus Verticillium
dahliae (Supplementary Table 1). These isolates originate
from both leaf and root tissues from all three halophytes.
A strong inhibition zone was demonstrated by 34 of
these 88 isolates, all of which except one, were isolated
from halophytic plant roots (Supplementary Table 1).
From these 34, 11 isolates belong to the genus Bacillus,
another 11 to Pseudomonas and five to Enterobacter
(Supplementary Table 1).

Eleven isolates were tested for inhibition against the human
pathogenic fungus Aspergillus fumigatus. Interestingly, five
isolates were able to inhibit the growth of A. fumigatus (Figure 2).
Isolate CML04 (Bacillus altitudinis) isolated from Ca. maritima
was the only isolate from leaf tissues able to show inhibitory effect,

FIGURE 3 | Verticillium wilt disease severity index on eggplant treated with various bacterial isolates at 12, 14, 18, 21, and 24 days post inoculation with Verticillium
dahliae conidial suspension (20 mL of 5 × 106 conidia mL−1). Each column represents the mean of 21 plants after combining the results of 3 replicated experiments
(experiment I). Columns at each observation time point followed by the same letter are not significantly different according to Tukey’s HSD test at P ≤ 0.05. Vertical
bars indicate standard errors.
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FIGURE 4 | Verticillium wilt disease severity index on eggplant treated with various bacterial isolates and the commercial biofungicide TRIANUM-P (Koppert B.V.
Hellas) at 12, 14, 16, 19, 23, 26, 28, and 30 days post inoculation with Verticillium dahliae conidial suspension (20 mL of 5 × 106 conidia mL−1). Each column
represents the mean of 21 plants after combining the results of 3 replicated experiments (experiment II). Columns at each observation time point followed by the
same letter are not significantly different according to Tukey’s HSD test at P ≤ 0.05. Vertical bars indicate standard errors.

while the remaining isolates were isolated from M. triscupidata
roots (Supplementary Table 1). Two isolates MTR17d (Bacillus
sonorensis) and MTR17b (Bacillus licheniformis) showed a strong
inhibition zone (Figure 2 and Supplementary Table 1).

In-planta Assay for Plant Growth
Promotion and Salt Tolerance
Bacterial isolates with in vitro 10% and 17.5% NaCl salt tolerance
were selected for the in-planta assays to demonstrate potential
plant growth promotion under “no stress.” Arabidopsis thaliana
plants were imbued with bacterial cultures and left for 7 days
for the bacteria to adapt. Then, after watering the plants for a
month, fresh and dry leaf weight were calculated (Table 1). The
same experiment was repeated where after the 7 day mark, the
plants were watered with 10 mL of 250 mM NaCl solution every
2–3 days for 30 days.

Under no stress conditions, plants inoculated with isolates
CML12, CML15, CrL01, CrL11, CrR16, CrR23, MTR05 showed
an increase in fresh leaf weight between 1.1 and 2.6 times to the
non-inoculated plants and between 1.0 and 2.3 times increase
in dry leaf weight (Table 1). Under salt stress, the growth
promotion effect was less accentuated, since plants imbued with
isolates CML15, CrR22, MTR05 had less increased fresh and dry
leaf (Table 1).

Isolates CML15 and MTR05 conferred an increase in fresh
and dry leaf weight both under no stress and under salt stress

whereas isolate CrR22 had a positive affect only under salt stress
condition (Table 1). On the other hand, isolates CML12, CrL01,
CrL11, CrR16, and CrR23 had a positive effect on fresh and dry
weight under no stress condition (Table 1).

Direct and Indirect in vitro Effects of
Verticillium dahliae Growth
The selected 16 bacterial isolates with the exception of
MTR17h inhibited significantly V. dahliae growth rate in
dual-culture assays. However, only MTR17h, MTR17b, and
MTR17c could suppress fungal growth by means of volatile
compounds (Table 2). Likewise, nearly all isolates were capable of
inhibiting fungal sporulation (except of MTR17g) in dual-culture
assays. Most isolates significantly inhibited spore production
in dual-plate assays. Interestingly, three isolates caused a
significant induction of V. dahliae sporulation in such assays
(MTR17h, MTR17b, and MTR17c), indicating that fungal growth
suppression induces fungal sporulation (Table 2). Moreover,
six out of 16 isolates could significantly reduce hyphae width
in direct culture conditions, whereas seven out of 16 were
capable of hyphae width reduction by the mean of volatiles.
Additionally, nine isolates significantly inhibited microsclerotia
formation in dual-culture assays; however, only three isolates
significantly reduced microsclerotia formation in dual-plate
assays (Table 2). MTR17h caused significant induction in
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microsclerotia formation both in dual-culture and in dual-
plate assays.

Suppression of Verticillium Wilt
Symptoms in-planta
For the suppression of Verticillium dahliae wilt symptoms in-
planta we used a well-established fungus/plant system, the
Verticillium/eggplant system. We selected 16 bacterial isolates
that showed promising in vitro growth inhibition effect to
Verticillium.

Two distinct assays were performed (hereafter known
as “experiment I” and “experiment II”). V. dahliae wilt
symptoms on eggplant started 12 days after inoculation
(d.p.i.), with V. dahliae conidial suspension and were recorded
periodically for another 12 days in experiment I. Isolates
CrR4, MTR12, MTR18, and CMR01 suppressed significantly
disease severity at 18 and 21 d.p.i. whereas MTR18 and CM1
treatments caused significant reduction of disease severity
at most observation time points (Table 2 and Figures 3, 4).
Considering all disease parameters, CMR01 was the most
effective isolate in terms of disease suppression (Table 2,

Figure 3, and Supplementary Tables 2, 3). First disease
symptoms in experiment II were also observed on 12 d.p.i.
and recorded until 30 d.p.i. Disease severity progressed rapidly
in the control (V.d.) and the non-suppressive treatments
(MTR17d, MTR17f, and MTR17g), whereas MTR17a-,
MTR17h-, MTR17b-, and MTR17c-treated plants showed
less prominent symptoms and slower disease development
(Table 2 and Supplementary Figure 3). Disease parameters
indicated that isolate MTR17h, is comparable to the positive
control (fungus Trichoderma harzianum isolate + TRIANUM-
P), as the most effective in symptom suppression (Table 2
and Figure 4). While observed decrease in symptom severity
in MTR17h-treated plants was associated with significantly
lower V. dahliae re-isolation ratio compared to positive
control (V.d.) plants, MTR17h isolate did not show strong
growth inhibition effect on V. dahliae in in vitro assays
(Figure 4), indicating less active growth of the pathogen
into the xylem vessels. This finding could suggest that the
plant innate immunity activation/reinforcement effect by
MTR17h, needs to be further investigated in the future.
Neither symptoms nor positive isolations were observed in
negative control plants.

TABLE 3 | Values (± standard errors) of disease parameters for eggplants inoculated with V. dahliae and treated with different bacterial isolates and TRIANUM-P (CrR14,
CrR18, CrR04, MTR12, MTR18, CMR01, CMR03, CML04, CMR25 in experiment I, and MTR17a, MTR17d, MTR17f, MTR17g, MTR17h, MTR17b, MTR17c,
TRIANUM-P in experiment II) or not (C−, V.d.).

Experiment Treatment Disease parametersa

DI (%) FDS (%) M (%) RAUDPC (%) IR

C− 0.00 ± 0.00b 0.00 ± 0.00c 0.00 ± 0.00c 0.00 ± 0.00c 0.00 ± 0.00b

V.d. 100.00 ± 0.00a 91.00 ± 1.91ab 100.00 ± 0.00a 42.36 ± 2.08a 0.55 ± 0.07ab

V.d. + CrR14 100.00 ± 0.00a 92.74 ± 2.21ab 95.24 ± 4.76a 42.54 ± 2.62a 0.65 ± 0.05a

V.d. + CrR18 100.00 ± 0.00a 95.50 ± 1.80a 90.48 ± 6.15ab 39.19 ± 1.99ab 0.55 ± 0.08ab

V.d. + CrR04 100.00 ± 0.00a 93.40 ± 2.99a 78.57 ± 7.70ab 39.84 ± 2.18ab 0.60 ± 0.05ab

Experiment I V.d. + MTR12 100.00 ± 0.00a 88.29 ± 2.74abc 80.95 ± 9.91ab 33.86 ± 2.59ab 0.80 ± 0.07a

V.d. + MTR18 100.00 ± 0.00a 80.19 ± 4.75bc 71.43 ± 8.69ab 31.67 ± 3.02b 0.55 ± 0.05ab

V.d. + CMR01 100.00 ± 0.00a 78.79 ± 2.85c 52.38 ± 14.29b 30.72 ± 2.18b 0.55 ± 0.08ab

V.d. + CMR03 100.00 ± 0.00a 86.07 ± 2.71abc 66.67 ± 14.55ab 32.25 ± 1.47b 0.65 ± 0.08a

V.d. + CML04 100.00 ± 0.00a 85.82 ± 3.34abc 69.05 ± 5.67ab 37.91 ± 2.00ab 0.65 ± 0.05a

V.d. + CMR25 100.00 ± 0.00a 91.17 ± 2.37ab 80.95 ± 9.91ab 35.71 ± 1.46ab 0.85 ± 0.03a

C− 0.00 ± 0.00c 0.00 ± 0.00c 0.00 ± 0.00b 0.00 ± 0.00d 0.00 ± 0.00b

V.d. 90.48 ± 6.15ab 68.49 ± 5.43a 47.62 ± 9.91a 26.76 ± 2.95a 0.53 ± 0.05a

V.d. + MTR17a 71.43 ± 15.31ab 50.21 ± 7.88ab 33.33 ± 10.29ab 15.05 ± 2.81bc 0.20 ± 0.09ab

V.d. + MTR17d 95.24 ± 4.76a 70.22 ± 3.93a 23.81 ± 14.02ab 23.04 ± 2.20ab 0.40 ± 0.20ab

Experiment II V.d. + MTR17f 85.71 ± 9.91ab 64.79 ± 6.12a 33.33 ± 14.51ab 22.95 ± 2.67ab 0.38 ± 0.17ab

V.d. + MTR17g 80.95 ± 6.73ab 58.36 ± 6.85ab 38.10 ± 11.34ab 16.81 ± 2.84abc 0.27 ± 0.12ab

V.d. + MTR17h 52.38 ± 12.30b 35.15 ± 7.58b 4.76 ± 4.76b 10.51 ± 2.58 cd 0.10 ± 0.04b

V.d. + MTR17b 80.95 ± 9.91ab 57.05 ± 6.52ab 19.05 ± 6.73ab 14.85 ± 2.03bc 0.40 ± 0.18ab

V.d. + MTR17c 76.19 ± 9.52ab 49.66 ± 7.35ab 23.81 ± 6.15ab 11.73 ± 2.35c 0.13 ± 0.06ab

V.d. + TRIANUM-P 52.38 ± 6.74b 33.45 ± 7.44b 4.76 ± 4.76b 7.88 ± 1.94 cd 0.20 ± 0.09ab

aDisease parameters were evaluated periodically on the basis of external symptoms during a period of 24 days (in Experiment I) and 30 days (in Experiment II) after root
drenching with Verticillium dahliae conidial suspension (20 mL of 5 × 106 conidia mL−1 per plant). One week prior to inoculation with V. dahliae, plants were root-drenched
with bacterial suspension (20 mL of 108 cfu mL−1 of each isolate per plant); whereas TRIANUM-P was also included in experiment II and applied by root drenching (20 mL
of 3 × 107 cfu mL−1 per plant). DI, (final disease incidence; FDS, (final disease severity; M, (mortality; RAUDPC, (relative area under the disease progress curve with
reference to the maximum value potentially reached over each assessment period; IR, (isolation ratio. Each value represents the mean of 21 plants after combining the
results of 3 replicated experiments (except from IR that represents the mean of 5 plants in total). Within experiments, values in columns followed by the same letter are
not significantly different according to Tukey’s HSD test at P ≤ 0.05.
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Effects of Treatments in Plant Growth
Growth parameters of eggplant inoculated with V. dahliae
and treated with the 16 isolates and the T. harzianum
isolate TRIANUM-P or not (C−), are shown on Table 3.
V. dahliae-inoculated plants treated with MTR17c and
T. harzianum TRIANUM-P developed significantly higher
fresh weight compared with the V. dahliae-inoculated controls,
whereas most of the plant growth parameters in non-inoculated
plants were significantly higher than the inoculated ones.

Whole-Genome Sequencing and Analysis
of Selected Endophytic Bacterial Isolates
Whole-genome sequencing (WGS) was performed on 12 selected
isolates. Genomes were annotated using RAST (Supplementary
Figure 5). All genes related to the virulence, disease and
defense that were predicted are presented in Table 4 and
Supplementary Table 2.

Genome-wide average nucleotide identity (ANI) calculations
against all bacterial genome assemblies in GenBank pointed

to the existence of three previously unknown bacterial species;
their genomes showed less than 95% ANI with any previously
sequenced genomes. Phylogenetic analysis of the recA and gyrB
gene sequences extracted from the genomes (Figures 5, 6) had
indicated that two isolates belong to Pseudomonadaceae, while
the third was a member of Arthrobacter genus. Isolates CMR25
and CMR27 belonged to an unidentified species of the P. putida
group (Figure 6) and isolate CrR25 was an undefined species
of the P. mendocina group (Figure 6). Consistent with these
results, 16S rRNA gene sequences of CMR25 and CMR27 were
99.8% identical to that of Pseudomonas plecoglossicida and CrR25
was 98.75% identical to that of Pseudomonas benzenivorans.
WGS analysis places CMR16 as an unidentified Arthrobacter
species (Figure 5), while its 16S rRNA gene sequence assigns the
isolate to Paenarthrobacter nitroguajacolicus (Kotoučková et al.,
2004) with 98.78% identity. This species has been previously
isolated from leaves of maize (Pisarska and Pietr, 2012) and
promoted growth of wheat under salt stress (Safdarian et al.,
2019). Unfortunately, no genome sequence is available for the
type strain of this species; however, the ANI between CMR16

TABLE 4 | Number of genes related to Virulence, Disease and Defense features of the three new bacterial species identified in this study. The genome analysis and the
annotation was performed using the RAST genome annotation software.

Virulence, disease and defense Arthrobacter
sp. CMR16

Pseudomonas
sp. CrR25

Pseudomonas
sp. CMR27

Pseudomonas
sp. CMR25

Resistance to antibiotics and toxic compounds 19 56 42 45

Mercury resistance operon 1 0 0 0

Copper homeostasis 6 25 18 18

Cobalt-zinc-cadmium resistance 4 12 17 16

Resistance to fluoroquinolones 2 5 2 5

Copper homeostasis: copper tolerance 2 2 2 2

Beta-lactamase 1 0 2 1

Mercuric reductase 3 3 0 0

Multidrug Resistance Efflux Pumps 0 7 0 0

Resistance to chromium compounds 0 1 1 3

Invasion and intracellular resistance 19 21 14 17

Mycobacterium virulence operon involved in protein synthesis (SSU ribosomal proteins) 6 9 6 7

Mycobacterium virulence operon involved in DNA transcription 3 6 2 4

Mycobacterium virulence operon possibly involved in quinolinate biosynthesis 3 3 3 3

Listeria surface proteins: Internalin-like proteins 4 0 0 0

Mycobacterium virulence operon involved in protein synthesis (LSU ribosomal proteins) 3 3 3 3

Bacteriocins, ribosomally synthesized antibacterial peptides 0 2 2 2

Tolerance to colicin E2 0 2 2 2

Membrane Transport 14 77 86 83

Protein secretion system, Type II (Widespread colonization island) 11 14 10 10

Protein secretion system, Type II (General Secretion Pathway) 0 15 0 0

Protein secretion system, Type V (Two partner secretion pathway–TPS) 0 4 0 0

Protein secretion system, Type I 0 0 29 22

Protein secretion system, Type III 0 0 0 0

Protein secretion system, Type VI 0 0 0 0

Protein and nucleoprotein secretion system, Type IV (Type IV pilus) 0 28 22 20

Protein and nucleoprotein secretion system, Type IV (Conjugative transfer) 0 12 0 0

Protein secretion system, Type VII (Chaperone/Usher pathway, CU) 0 0 13 12

Twin-arginine translocation system 3 4 7 7

Protein secretion system, Type VIII (Extracellular nucleation/precipitation pathway, ENP) 0 0 5 12
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FIGURE 5 | Molecular phylogenetic analysis of Arthrobacter recA-gyrB genes by Maximum Likelihood method. Phylogenetic tree is drawn to scale, with branch
lengths measured in the number of substitutions per site.

genome and previously sequenced genomes (Yao et al., 2015)
of Paenarthrobacter nitroguajacolicus (Kotoučková et al., 2004)
range between 86.08 and 86.76%, well below the widely used
threshold of 96% for species membership.

DISCUSSION

Utilization of endophytic microorganisms for the control
of biotic/abiotic stresses is a relatively unexplored area of
research. Endophytes have been studied for over two decades
(Saikkonen et al., 1998; Hasegawa et al., 2006; Kaul et al.,
2016), however, our understanding about their role in plant
defense against biotic/abiotic stresses is still limited (Liu
et al., 2020; Pascale et al., 2020). Isolation, identification

and the study of endophytes from plants that undergo
continued abiotic stress could be essential for the development
of proper biocontrol strategy for sustainable agriculture
and food security.

Here, we investigated the abundance of taxa of the culturable
bacterial endophytes of three halophytic plants, endemic
in Crete island, Greece, using culture-dependent techniques
(Figure 7). We also investigated the proof-of-concept of using
the halophytes as a valuable source of beneficial microbes that
can potentially be used in agriculture, by testing our initial
hypothesis that these endophytes have plant growth promotion
and biocontrol properties.

Taxonomically, 24 different genera were identified, the
three most abundant ones were Bacillus, Enterobacter, and
Pseudomonas, all of which have been previously observed in
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FIGURE 6 | Molecular Phylogenetic analysis of the recA-gyrB genes from Pseudomonads belonging to P. putida and P. mendocina groups by Maximum Likelihood
method. The tree with the highest log likelihood (–7831.6808) is shown. The tree is drawn to scale, with branch lengths measured in the number of substitutions per
site.

studies of the endophytic microbiome of halophytes (Shabala,
2013; Qin et al., 2014; Mora-Ruiz et al., 2016; Yuan et al., 2016).

In-planta testing of Oceanobacillus picturae (CML15),
Terribacillus saccharophilus (MTR05), and Bacillus haikouensis
(CrR22) demonstrated an increase in both dry and fresh leaf
weight in Arabidopsis thaliana plant under salinity stress. These
isolates are promising biofertilizers, since other isolates of
the same species have also been shown to have plant growth
promotion properties; Terribacillus saccharophilus, firstly
reported at 2007, is a known halophilic bacterium able to grow
on 0–16% NaCl (An et al., 2007; Liu et al., 2010). This species is a
known endophytic bacterium (Han et al., 2011), shown to trigger
an increase on monoterpenes, sesquiterpenes, tocopherols, and
membrane sterols, compounds engaged in antioxidant capacity
in leaf tissues of grape resulting in stress tolerance (Salomon et al.,
2016). Bacillus haikouensis is halotolerant bacterium isolated
from paddy soil, able to grow on up to 17% NaCl (Li et al., 2014).

Oceanobacillus picturae is a halophilic phosphate-solubilizing
species with demonstrated siderophore production potential,
isolated from saline environments and shown to promote plant
growth in mangroves and confer salinity stress tolerance in
barley (El-Tarabily and Youssef, 2010; Mapelli et al., 2013; Orhan
and Demirci, 2020). Many of our isolates were able to grow at
high concentrations of salt (5–17% NaCl).

Isolates belonging to the species Bacillus licheniformis,
Bacillus sonorensis, Pseudomonas glareae, Enterobacter
hormaechei, Pseudomonas benzenivorans, Pseudomonas
monteilii, Pseudomonas plecoglossicida were shown to have
strong antagonistic activity against the phytopathogenic bacteria
Ralstonia solanacearum and Clavibacter michiganensis subsp.
michiganensis, two very important plant pathogens with high
economic impact on agriculture (Gartemann et al., 2003; Peeters
et al., 2013). Both are very important phytopathogens, since
Ralstonia has a large host range able to infect more than 200 plant
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FIGURE 7 | A graphical abstract describing the steps of the procedure we
followed to accomplish this work.

species easily adaptable in varying environmental conditions
whereas C. michiganensis subsp. michiganensis is able to infect
wheat, maize, potatoes, and red and green peppers, despite its
main host being tomatoes (Eichenlaub and Gartemann, 2011;
Peeters et al., 2013; Hwang et al., 2018). Moreover, specific
isolates with in vitro growth inhibition effect against V. dahliae,
were tested for their ability to inhibit V. dahliae in-planta.
Several isolates demonstrated an in-planta suppression effect
of the polyphagous pathogen V. dahliae. Interestingly, isolates
with strong in vitro effect did not manage to inhibit V. dahliae
in-planta, but other isolates with medium or low in vitro effect
inhibited in-planta V. dahliae growth strongly. These data
provide the proof of concept for our study but also indicate that
in future studies all resulting isolates need to be investigated
for their in-planta antifungal and/or antibacterial growth
inhibition capacity.

Furthermore, the whole-genome sequencing (WGS) of
selected isolates revealed three new previously unidentified
bacterial species. The identification of three new species in
a very small number isolates indicates the high potential of
the wild halophytic endophytome in terms of identifying new

microbial species with novel capabilities, that could be beneficial
for both agriculture (stress tolerance, growth promotion, etc.) and
potentially in clinical practice (identification of new antibiotics,
antifungal compounds, etc.).

The results from the study of the microbial collection we
generated, could be the basis for the future development of
various synthetic “bio-inoculants,” as the isolates possess all
of the following attributes for such usage: (a) they are not
pathogenic and do not induce plant disease; (b) are able to
colonize plants, and (c) are culturable, so they can be used
in modern agriculture. Furthermore, these isolates can be the
basis for future studies, including the investigation of the
colonization strategies that these microbes use, as well as, the
elucidation of the molecular dialogs that take place during host-
root colonization; the growth promotion; the salt tolerance and
the immunity activation, by unique beneficial endophytes or
artificial endophytic communities.
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Intensive agricultural production utilizes large amounts of nitrogen (N) mineral fertilizers
that are applied to the soil to secure high crop yields. Unfortunately, up to 65% of this
N fertilizer is not taken up by crops and is lost to the environment. To compensate
these issues, growers usually apply more fertilizer than crops actually need, contributing
significantly to N pollution and to GHG emissions. In order to combat the need for such
large N inputs, a better understanding of nitrogen use efficiency (NUE) and agronomic
solutions that increase NUE within crops is required. The application of biostimulants
derived from extracts of the brown seaweed Ascophyllum nodosum has long been
accepted by growers as a sustainable crop production input. However, little is known on
how Ascophyllum nodosum extracts (ANEs) can influence mechanisms of N uptake and
assimilation in crops to allow reduced N application. In this work, a significant increase in
nitrate accumulation in Arabidopsis thaliana 6 days after applying the novel proprietary
biostimulant PSI-362 was observed. Follow-up studies in barley crops revealed that
PSI-362 increases NUE by 29.85–60.26% under 75% N input in multi-year field trials.
When PSI-362 was incorporated as a coating to the granular N fertilizer calcium
ammonium nitrate and applied to barley crop, a coordinated stimulation of N uptake
and assimilation markers was observed. A key indicator of biostimulant performance
was increased nitrate content in barley shoot tissue 22 days after N fertilizer application
(+17.9–72.2%), that was associated with gene upregulation of root nitrate transporters
(NRT1.1, NRT2.1, and NRT1.5). Simultaneously, PSI-362 coated fertilizer enhanced
nitrate reductase and glutamine synthase activities, while higher content of free amino
acids, soluble protein and photosynthetic pigments was measured. These biological
changes at stem elongation stage were later translated into enhanced NUE traits in
harvested grain. Overall, our results support the agronomic use of this engineered ANE

Frontiers in Plant Science | www.frontiersin.org 1 May 2021 | Volume 12 | Article 664682115

https://www.frontiersin.org/journals/plant-science
https://www.frontiersin.org/journals/plant-science#editorial-board
https://www.frontiersin.org/journals/plant-science#editorial-board
https://doi.org/10.3389/fpls.2021.664682
http://creativecommons.org/licenses/by/4.0/
https://doi.org/10.3389/fpls.2021.664682
http://crossmark.crossref.org/dialog/?doi=10.3389/fpls.2021.664682&domain=pdf&date_stamp=2021-05-05
https://www.frontiersin.org/articles/10.3389/fpls.2021.664682/full
https://www.frontiersin.org/journals/plant-science
https://www.frontiersin.org/
https://www.frontiersin.org/journals/plant-science#articles


fpls-12-664682 May 5, 2021 Time: 12:45 # 2

Goñi et al. ANE With PSI-362 Enhances NUE

that allowed a reduction in N fertilizer usage while maintaining or increasing crop yield.
The data suggests that it can be part of the solution for the successful implementation
of mitigation policies for water quality and GHG emissions from N fertilizer usage.

Keywords: biostimulant, Ascophyllum nodosum extract, nitrogen use efficiency, barley, yield, sustainability, GHG
emissions

INTRODUCTION

Nitrogen (N) is a critical nutrient to provide optimal growth
and yield of all agricultural crops. The invention of the Haber–
Bosch process for the production of N and its role in the
green revolution during the nineteen sixties led to transformative
improvements in crop yields, allowing sustained population
growth worldwide. Large amounts of N fertilizer are currently
intensively supplemented by growers every season in the form of
nitrate (NO3

−), ammonium (NH4
+) or urea. The annual global

demand for N chemical fertilizers is continuously increasing
and is driven by population growth and a global shift toward
a more protein-rich diet in developing countries (Lassaletta
et al., 2016). Estimated global N containing fertilizer use in 2020
was 110 Mt (IFA, 2019). However, it is also estimated that the
energy demanding Haber–Bosch process for the production of
N chemical fertilizers consumes 2% of the world’s energy supply
as fossil fuels, making N fertilizer expensive to produce and
representing a relevant cost source for growers (Pfromm, 2017).

Nitrate is the predominant form of N taken up by plants
from the soil due to its negative charge and high soil mobility,
however most plants also benefit from inclusion of N in the
form of ammonium in order to boost their N content (Hachiya
and Sakakibara, 2017; Vidal et al., 2020). Crop plants are
intrinsically inefficient at accessing applied N. Depending on the
crop, agronomy practices and soil type, more than half of the
supplemented N fertilizer can be lost to the environment (Raun
and Johnson, 1999; White and Brown, 2010; Gutiérrez, 2012;
Yan et al., 2020). These losses are not only increasing the cost of
production but most importantly are increasing environmental
pollution. Nitrogen fertilizers that are not retained in the soil,
are washed out and leached to waterways and into groundwater.
Nitrogen is an important contributor to eutrophication and water
quality (Ascott et al., 2017; Wang et al., 2019). Furthermore, high
amounts of greenhouse gas (GHG) emissions are associated with
N use, either directly through N fertilizer production (mainly
CO2 and N2O) or indirectly via emission of nitrous oxide gas
(N2O) by denitrification processes in the soil (Schaufler et al.,
2010). Therefore, maintaining high crop yields while decreasing
N fertilizer requirements by improving N use efficiency (NUE)
in crops is essential to produce sustainable and environment
friendly food. The potential economic benefits to growers of using
N more efficiently is compelling, an improvement of NUE in
crops by 1% could save approximately $1.1 billion annually (Kant
et al., 2011; Kanter et al., 2015).

As a phenotypic trait, NUE is frequently defined by crop
breeders/plant scientists as the rate of conversion of N input
(e.g., N- fertilizer applied and/or soil N) into total plant biomass
or specific plant organ biomass (e.g., grain yield). NUE is an

inherently complex trait because it involves interaction between
genetic, environmental and agronomy factors. NUE can be
broken down into two different components for a crop: N
uptake efficiency (Nupeff) and N utilization efficiency (Nuteff)
(Moll et al., 1982; Anbessa and Juskiw, 2012; Hawkesford and
Riche, 2020). Nupeff is the ratio of N taken up by the crop
compared to what N is available from the soil and/or applied
as fertilizer. Nuteff can be calculated as the amount of crop
produced per unit of N taken up by the crop. The plant biological
processes responsible for NUE include: N uptake, N transport,
N assimilation, N translocation and recycling when the plant
or its organs are aging. Each step is tightly controlled at gene
transcriptional, translational, and post-translational level and
includes low and high-affinity N transporters (Noguero and
Lacombe, 2016; Hachiya and Sakakibara, 2017; Wang et al.,
2018; Vidal et al., 2020) along with enzymes related to N
assimilation pathways such as nitrate reductase (NR), glutamate
synthase (GOGAT), and glutamine synthetase (GS) (Tischner,
2000; Masclaux-Daubresse et al., 2010; Pratelli and Pilot, 2014;
Hirel and Krapp, 2020).

Approaches for increasing NUE for crops includes selective
plant breeding, genetic modification, soil management and
fertilizer technologies/management. Breeding programs
to obtain high grain yielding varieties growing under
contrasting/reduced N regimes have focused on traits such as
bigger root length or surface area, larger above-ground biomass,
higher grain harvest index or enhanced photosynthetic capacity
(Anbessa and Juskiw, 2012; Prey et al., 2019; Vicente et al., 2019;
Voss-Fels et al., 2019). Genetic modification techniques have
produced new varieties of some crops able to increase biomass
and seed yield under reduced N inputs through manipulation of
genes for N uptake and transport (Fang et al., 2013; Han et al.,
2016; Wang et al., 2018; Li et al., 2020), N assimilation (Perchlik
and Tegeder, 2017; James et al., 2018; Gao et al., 2019) and N
remobilization (Chen et al., 2020). However, it is important
to note that these new varieties have been mainly developed
in pot or hydroponic systems and have not been validated in
field conditions (Masclaux-Daubresse et al., 2010; Wang et al.,
2018). The potential impact of novel fertilizer technologies such
as urease and nitrification inhibitors or slow-release fertilizer
coatings to enhance NUE and/or mitigate GHG emissions have
been intensively studied over the last years, showing promising
results. However, specific NUE data is limited and should be
interpreted cautiously as only a few studies included reduced N
rates in the trial designs (Snyder, 2017; Rose et al., 2018; Dimkpa
et al., 2020).

The new EU Fertilising Products Regulation, which entered
into force on 15 July 2019, establishes plant biostimulants as a
separate category of fertilizers that are defined by their ability to
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improve nutrient use efficiency, tolerance to abiotic stress and/or
quality traits regardless of their nutrient content (EU Regulation
2019/1009, 2019). Plant biostimulants have gained significant
attention from scientists, the agroindustry, and growers over
recent years as more sustainable solutions for crop production
are sought (Du Jardin, 2015; Rouphael and Colla, 2020). Globally,
the biostimulant market accounted for $3.19 billion in 2019 and
is expected to reach $9.22 billion by 2027, growing at a CAGR of
14.2% during the forecast period (Research and Markets, 2020).
Biostimulants made using extracts from the brown seaweed
Ascophyllum nodosum (ANE) are accepted as effective and robust
products (Yakhin et al., 2017; Shukla et al., 2019). A number
of publications have demonstrated that ANE biostimulants
improve fruit quality (Frioni et al., 2018), reduce pod shattering
(Łangowski et al., 2019), enhance tolerance to abiotic stresses
(Goñi et al., 2018; Carmody et al., 2020) and improve nutrient
uptake in diverse crops (Turan and Köse, 2004; Jannin et al., 2013;
Billard et al., 2014; Sabir, 2014; Stamatiadis et al., 2015; Frioni
et al., 2018; Laurent et al., 2020). However, little is known on how
ANEs can influence mechanisms of N uptake and assimilation
in crops under reduced N conditions. The integration of
biostimulants with current crop husbandry practices to enhance
NUE may present challenges (i.e., method of application, timing,
rates, etc.) in some production systems. These challenges can be
overcome with a consistent and positive yield response trend in
field conditions, economic/environmental justification for their
use and acceptance by relevant stakeholders of the supporting
scientific evidence on the effectiveness of the technology.

In this study, we investigated the potential of an ANE based
biostimulant, PSI-362, to increase NUE in barley crops under
reduced N input in multi year field trials. The method of
application of the biostimulant as a foliar spray or top dressing
was also investigated. In order to assess the impact on NUE,
well-established N uptake and assimilation plant parameters at
phenotypical, metabolic, enzymatic, and molecular level were
evaluated in the model plant Arabidopsis thaliana and barley
crop. Overall, the results support the agronomic use of this
engineered ANE that allowed a 25% reduction in N fertilizer
usage while maintaining or increasing crop yield.

MATERIALS AND METHODS

Materials
ANE biostimulant containing the PSI-362 biomolecule complex
was provided by Brandon Bioscience (Tralee, Ireland). The
compositional characterization of PSI-362 was performed
according to Carmody et al. (2020) and consisted of ash (43.7%
w/w dry), carbohydrates (26.0% w/w dry), polyphenols (12.3%
w/w dry) and other organic components (18% w/w dry). The
N:P:K macronutrient content of PSI-362 was 0.4:0.1:8.0% w/v.
Commercially available granular CAN + S (27% w/w N; 4%
w/w S) was kindly provided by Target Fertilisers (Enniscorthy,
Ireland). CAN + S was coated with PSI-362 biomolecule
complex using standard fertilizer coating technology. All
chemical reagents used for the biochemical assays were purchased
from Sigma-Aldrich (Arklow, Ireland) and Bio-Rad (Watford,

United Kingdom). Phytostrip tubes were purchased from 4titude
Ltd. (Wotton, United Kingdom). The primers were purchased
from Eurofins Genomics (Ebersberg, Germany).

Evaluation of PSI-362 in Arabidopsis
thaliana Seedlings
An initial evaluation of the ability of PSI-362 to improve
NUE and nitrate content was carried out using Arabidopsis
thaliana (Col-0) seedlings. This experiment was based on a
high throughput root microphenotyping platform published
previously (Vasilieva et al., 2021). Arabidopsis seeds were
sterilized and grown on Phytostrip tubes filled with a sterile
solid medium and inserted into 96-well plates (six seeds per
tube). This medium contained Phytagel, sucrose, ammonium
nitrate as N source, magnesium chloride and calcium chloride.
Once Arabidopsis seeds germinated, a liquid nutrient medium
based on Gamborg’s B-5 (B5) medium was added to the wells.
Seedlings were subjected to two different N conditions by the
selective addition of ammonium nitrate to this liquid medium
(2.66 and 13.33 mM, respectively). PSI-362 was applied as
biostimulant treatment to the same liquid medium under low
and high N conditions at 0.04% w/v per well. Distilled water
was applied as an untreated control. Arabidopsis seedlings grew
for 6 days at a temperature of 22/21◦C (day/night; 16/8 h)
and 70% relative humidity (RH) under a light intensity of
100 µmol·m−2

·s−1. After this time period, Arabidopsis seedling
tissue was collected to determine nitrate content as described in
Section “Measurement of N Metabolites, Free Amino Acids, and
Soluble Protein.”

Experimental Design of Barley Pot Trial
The pot experiments were performed in a cultivation room
under controlled conditions (19/14◦C with 16 h of light and
8 h of darkness and 80 ± 5% RH under a light intensity
of 120 µmol·m −2

·s−1). Winter barley plants (cv. Towers;
Supplementary Table 1) were grown in pots with a capacity
of 2 L filled with a model soil prepared by mixing one part of
sand and two parts of coarse loamy soil from field trials area
described in Section “Experimental Design of Field Trials With
PSI-362 Applied as Foliar Spray” (bulk density 1.41 g·cm−3, pH
6.1, 33.60 g·kg−1 DW organic matter, 2.50 g·kg−1 DW total N,
230.77 g·kg−1 amino sugar-N, 2.59 mg·kg−1 DW available P,
and 63.36 mg·kg−1 DW available K). Soil N, P, and K index was
defined as 1, 1, and 2, respectively (Teagasc, 2015). Experiments
were performed in three independent pots per treatment, with
20 plants per pot. Barley seeds were sown at a depth of 3 cm
and plants were irrigated with 1 liter of water per pot every
3 days in order to create equal soil moisture conditions in all
pots. Temperature and relative moisture content were recorded
regularly with a portable USB data logger (EBI300 TH, Ebro
Electronic). The experiment was completed for three different
treatments: (1) untreated control fertilized with CAN + S; (2)
treated with PSI-362 foliar spray and fertilized with CAN + S;
(3) treated with CAN coated with PSI-362. Granular N fertilizer
addition (CAN or coated CAN with PSI-362) was added to 7-day-
old plants (growth stage GS12-14) on the soil surface at a rate
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of 67 kg N·ha−1 (75% of recommended N at this growth stage).
Treated plants with foliar spray received the same amount of
PSI-362 as those that were treated with the coated fertilizer. The
barley plants were harvested 14 days after receiving treatments
(growth stage GS22-23). The root and the above ground parts of
the plants were washed and dried at 100◦C for 24 h to determine
both fresh weight (FW) and dry weight (DW). The efficiency of
the conversion of added inorganic N into total plant dry matter
(DM) was calculated per independent pot:

NUEplant = DMplant/Nfertilized

Experimental Design of Field Trials With
PSI-362 Applied as Foliar Spray
We initially investigated the effect of PSI-362 applied by foliar
spray on grain yield and NUE in recommended spring and
winter barley varieties (Supplementary Table 1) growing under
reduced N fertilizer rate (75%) and compared to standard grower
practice (100% N). These open-field experiments were conducted
in Tralee, Co. Kerry, Ireland (52◦ 16′ N, 9◦ 41′ W and 16 m
altitude) during the 2016, 2017, and 2018 growing seasons. The
climate is classified as temperate oceanic (Cfb) according the
Köppen climate classification. The average minimum, maximum
and mean temperatures of 9.9◦C, 18.2◦C, and 14.1◦C, and a mean
monthly accumulated precipitation of 63.0 mm was recorded
during the field trial period. The soil type was coarse loamy, and
the previous crop grown in the field trial site was grass. Soil
characteristics were evaluated every season and representative
samples were collected in a W shaped pattern across the sampling
area. Soil bulk density was measured with a volumetric cylinder,
soil pH was measured in buffer pH 4–10 to also estimate
the lime requirements, organic matter content was determined
gravimetrically after burning the sample at 440◦C for 12 h, total
N evaluation was carried out using the Kjeldahl method, amino
sugar quantification was performed using the Illinois test, and
available K and P were extracted through the Morgan method and
quantified by ICP-MS and spectrophotometry, respectively. The
obtained values for these trials were: bulk density 1.22 g·cm−3,
pH 5.6–6.1, 43.10–49.50 g·kg−1 DW organic matter, 3.40–
4.10 g·kg−1 DW total N, 305–388 g·kg−1 amino sugar-N, 2.98–
3.92 mg·kg−1 DW available P, and 78.20–92.50 mg·kg−1 DW
available K. Soil N, P, and K index was defined as 1, 2, and 2,
respectively (Teagasc, 2015). Every year, the field trials area was
rotated to overcome any carryover effects from the previous year.

Two spring and one winter barley varieties (cv. KWS Irina,
cv. Mickle, and cv. KWS Towers; Supplementary Table 1) were
sown by mechanic drilling at a seed rate of 180–190 and 150–
160 kg·ha−1 between March-April and October, respectively.
The experimental design was the same for all field trials sites: a
randomized complete block with five replicates and experimental
units (plots) measuring 3 m × 5 m (15 m2). N fertilization
was designed to follow conventional farming practices in Ireland
according to the Agriculture and Food Development Authority
(Teagasc) recommendations (Teagasc, 2015). A quantity of 155
and 117 kg N·ha−1 was supplied in two applications for spring
barley growing under 100% N rate and 75% N rate, respectively.

200 and 150 kg N·ha−1 was supplied in four applications for
winter barley growing under 100% and 75% N rate, respectively.
Barley crops were treated three times by foliar spray with PSI-
362 (1 L·ha−1) at mid tillering stage (GS22-27), at early stem
elongation stage (GS30-31), and at the start of the booting stage
(GS41-43). Water was sprayed as a control in the untreated
plants. A central 1 m2 area from the plots was harvested manually
at barley maturity (GS92) and processed by a cereal threshing
machine. Grain yield was measured for each plot and corrected
to a standard moisture of 20%. Additional information of the
grower program for spring and winter barley trials can be found
in Supplementary Tables 2, 3, respectively.

Experimental Design of Field Trials With
PSI-362 Coated Fertilizer
In the 2019 growing season, the effect of PSI-362 coated CAN+ S
fertilizer on spring barley (cv. Gangway) was evaluated in two
independent open-field trials under different reduced N fertilizer
rates (73% and 88%) and compared to standard grower practice
(100% N). Field 1 was laid out in Ardfert, Co. Kerry, Ireland
(52◦ 22′ N, 9◦ 45′ W and 16 m altitude) from April 2 to
August 28, 2019. Field 2 was conducted in Courtnacuddy, Co.
Wexford, Ireland (52◦ 28′ N, 6◦ 42′ W and 82 m altitude)
from April 1 to August 19, 2019. The climate for both locations
is classified as temperate oceanic (Cfb) according the Köppen
climate classification. The average minimum, maximum, and
mean temperatures of 7.9◦C, 15.4◦C, and 11.7◦C, and a mean
monthly accumulated precipitation of 78.21 mm was recorded
during the field 1 trial period. The field 2 trial period was
characterized by an average minimum, maximum and mean
temperatures of 6.7◦C, 14.6◦C, and 10.8◦C, and a mean monthly
accumulated precipitation of 90.73 mm. The field 1 soil type was
coarse loamy, and the previous crop rotation was potato. The
field 2 soil type was clay loam, and spring barley was grown in
the previous rotation. Soil chemical characteristics for both fields
were evaluated before sowing and after harvesting according
to the same methodology described in Section “Experimental
Design of Barley Pot Trial” (Supplementary Tables 4, 5). For
both fields, soil N, P, and K index was defined as 1, 4, and 4,
respectively (Teagasc, 2015).

Barley was sown at the beginning of April by mechanical
drilling at a seed rate of 190 and 140 kg·ha−1 for field 1
and 2, respectively. Split plot design was used for both field
trials and the average area of each condition (control 100%
N or PSI-362 treated reduced N fertilizer) was 1.25 and 6.10
ha for field 1 and field 2, respectively. A quantity of 140.6
and 102.8 kg N·ha−1 was supplied in two applications for
field 1 under untreated 100% N rate and PSI-362 treated 73%
N rate, respectively. A common first application of NPK 10-
10-20 (380 kg·ha−1) was added first to both conditions on
sowing. A second application with CAN + S (380 kg·ha−1)
and PSI-362 coated CAN + S (240 kg·ha−1) was applied
on untreated and treated plants at mid tillering stage (GS22-
27), respectively. Regarding field 2, 158.1 and 140.5 kg
N·ha−1 was supplied in two applications for untreated 100%
N rate and PSI-362 treated 88% N rate, respectively. An
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initial application of NPK 22-8-0 (375 kg·ha−1) added in
the seedbed to both conditions was followed by a second
application with CAN + S (280 kg·ha−1) and PSI-362 coated
CAN + S (215 kg·ha−1) to untreated and treated plants at mid
tillering stage (GS22-27), respectively. Additional information
of the grower program for both trials can be found in
Supplementary Table 6.

Shoot and root tissue from untreated and treated fields were
sampled and phenotypically evaluated 22 days after the second
fertilizer application in plants at early stem elongation stage
(GS30-31). The samples were snap-frozen in liquid nitrogen,
ground and kept in −80◦C until further biochemical, enzymatic
and gene expression analysis. Field 1 was manually harvested
at growth stage GS92 using at least six independent 1 m2 plots
and grain was processed through a cereal trashing machine. Field
2 was harvested at the same maturity stage using a combine
harvester. Before grain harvest from each plot, whole plant
samples were collected for further phenotypical determination.

Plant and Grain Measurements of Field
Trials With PSI-362 Coated Fertilizer
Barley plants were harvested at 22 days after second fertilizer
application (stage GS30-31) and at grain maturity (GS92).
The number of plant tillers was also counted. Plants at early
stem elongation stage (GS30-31) were divided into roots and
shoots and FW was measured. Plant DW was determined by
drying these fresh samples in a convection oven for 24 h at
100◦C. Plants harvested at maturity stage (GS92) were divided
into roots, grains, remaining ears (glumes and beards), and
remaining shoots (stems and leaves) and dried for 72 h at 50◦C
before biomass determination. Obtained values were expressed
at 20% moisture. The harvest index was calculated as the grain
biomass divided by the above-ground plant biomass. Grain
yield was determined from the harvested and trashed plots,
corrected to a to a standard moisture of 20%, and extrapolated
t·ha−1. A random grain subsample from each plot was used
to determine the thousand-grain weight (TGW). N content
was determined in grain samples at 20% moisture through the
Kjeldahl method and grain protein content was calculated by
multiplying the N content by the barley-specific protein factor of
5.83 (Mariotti et al., 2008). Total P content was determined from
the same grain digest samples of the Kjeldhal method through the
molybdovanadate method. Total K content was determined in
grain after nitric acid extraction and further evaluation by atomic
emission spectroscopy.

Calculation of NUE and Its Components
for Field Trials
NUEgrain was calculated as the yield of grain produced per unit of
N fertilizer and expressed as kg grain per kg N fertilizer:

NUEgrain = Grain yield/Nfertilized

Grain N uptake efficiency (Nupeffgrain) was calculated as the
grain N uptake (Nupgrain) in relation to the quantity of fertilizer
and expressed as kg N available in grain per kg N fertilizer.

Nupgrain was calculated by multiplying its nitrogen content (N%)
by grain yield at 20% moisture:

Nupeffgrain = Nupgrain/Nfertilized = (Grain yield× (N%)grain)/Nfertilized

Grain N utilization efficiency (Nuteffgrain) was calculated as the
amount of grain produced per Nupgrain and expressed as kg grain
per kg N available in grain:

Nuteffgrain = Grain yield/Nupgrain = Grain yield/(Grain yield× (N%)grain)

The soil N component was not considered for the calculation
of NUE traits as per the methodology suggested by Prey et al.
(2019).

Greenhouse gas emissions from field trials with PSI-362
coated fertilizer were estimated using a carbon footprint decision
support tool for spring barley (AHDB, 2012) and expressed as
kilograms of carbon dioxide equivalent (kgCO2e) per hectare.
The information required to calculate this carbon footprint
was taken from field trial records (crop and soil type, grain
yield and moisture, fertilizer rate, crop protection inputs, crop
residue management, field energy use, and grain drying). PSI-362
manufacture carbon footprint was also included in the estimation
for treated crops.

Measurement of N Metabolites, Free
Amino Acids, and Soluble Protein
Nitrate content was determined in Arabidopsis seedlings and
barley shoot tissue according to nitration of salicylic acid under
acidic conditions as described by Hachiya and Okamoto (2017)
and quantified as mg·g−1 DW. Free amino acids and ammonium
extraction was performed by mixing 40 mg of barley shoot
tissue with 800 µl of ethanol 70% (v/v), kept overnight at
4◦C under dark and centrifuged at 20,000 × g for 10 min at
4◦C. These supernatants were first used for the estimation of
total free amino acids content using ninhydrin reagent. 100 µl
of supernatant was mixed with 75 µl of reaction mixture
[8% (w/v) ninhydrin in acetone] and incubated for 30 min at
80◦C. After cooling at room temperature, 100 µl of ethanol
50% (v/v) was added and the absorbance was measured at
570 nm. After preparing a calibration standard curve with
glutamic acid, total free amino acids content was expressed
as mg·g−1 DW. Individual free amino acids and ammonium
content was evaluated in the same extracts through a reversed
phase high performance liquid chromatography (RP-HPLC) and
UV detection at 280 and 300 nm of the aminoenones formed by
the reaction of amino acids and ammonia with the derivatization
reagent diethyl ethoxymethylenemalonate (DEEMM) (Gómez-
Alonso et al., 2007). Compounds were identified by comparison
of retention time to that of commercial standards, quantified by
peak integration and expressed as mg·g−1 DW. Soluble protein
content was measured from the extracts used for the NR and
GS enzymatic assays (see section “NR and GS Activity Assays”)
through the modified version of the Bradford method in a 96
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well plate using a protein-dye reagent (Bio-Rad) and expressed
as mg·g−1 DW.

Measurement of Photosynthetic
Pigments
Photosynthetic pigments from collected barley shoot tissue
(chlorophyll a, chlorophyll b and carotenoids) were extracted
by homogenizing 40 mg of shoot tissue with 1 ml of acetone
80% (v/v). After incubation for 5 h at 4◦C, samples were
centrifuged at 20,000 × g for 10 min at 4◦C. The supernatants
were collected and diluted with acetone 80% (v/v) before
measuring the absorbance at 470, 647 and 663 nm. Empirical
equations described by Lichtenthaler and Buschmann (2001)
for total chlorophylls (chlorophyll a + chlorophyll b) and
carotenoids concentrations were used and results were expressed
as mg·g−1 DW.

NR and GS Activity Assays
For the extraction of NR and GS, frozen ground barley shoot
tissue was homogenized in the extraction buffer [50 mM HEPES-
KOH (pH 7.5), 10% glycerol (v/v), 2% (w/v) PVPP, 2 mM
DTT, 1/300 dilution protease inhibitor cocktail P9599 (Sigma-
Aldrich)] for 2 h at 4◦C, followed by centrifugation at 20,000× g
for 20 min at 4◦C. NR activity was measured in the obtained
protein extracts in the absence of MgCl2 (total activity) and
in the presence of MgCl2 (actual activity). The reaction was
incubated for 45 min at 30◦C after the addition of 60 µl of
protein extract to 340 µl of reaction buffer containing 50 mM
HEPES-KOH (pH 7.5), 10 mM KNO3, 5 mM EDTA (total
activity) or 5 mM MgCl2 (actual activity), 10 mM FAD, 1 mM
DTT, and 0.2 mM NADH. The reaction was stopped by adding
120 µl of 0.6 M zinc acetate and the samples were centrifuged
at 25,000 × g for 5 min. The amount of produced nitrite
was determined spectrophotometrically at 540 nm according
Hachiya and Okamoto (2017) and NR activity was expressed as
nmol NO2

−
·h−1
·mg−1 protein. The activation state of NR was

defined as the activity measured in the presence of 5 mM MgCl2
divided by the activity measured in the presence of 5 mM EDTA
(expressed as a percentage). GS was determined by incubating
60 µl of protein extract with 120 µl of reaction buffer (50 mM
Tris-HCl (pH 7.5), 20 mM MgSO4, 4 mM EDTA, 80 mM sodium
glutamate, 6 mM hydroxylamine, and 8 mM ATP) for 60 min
at 30◦C. The reaction was stopped by adding 180 µl of 0.122
M FeCl3, 0.5 M TCA, and 2 M HCl and the samples were
centrifuged at 16,000 × g for 10 min at 4◦C. The absorbance
of γ-glutamylmonohydroxamate (γ-GHM) in the supernatant
was measured at 560 nm, with γ-GHM used as the standard
for the calibration curve. GS activity was expressed as µmol
γ-GHM·h−1

·mg−1 protein.

RNA Extraction and RT-qPCR
Total RNA was isolated from frozen ground barley root tissue
harvested in field 1 by Plant/Fungi Total RNA Purification
Kit (Norgen Biotek, Canada) following the manufacturer’s
instructions. RNA was treated with RNase-Free DNase I
Kit (Norgen Biotek, Canada) in order to remove efficiently

genomic DNA contamination. RNA concentration and
purity was measured using Qubit (Thermo Fisher Scientific).
Expression analysis of HvNRT1.1 (HORVU7Hr1G071600),
HvNRT2.1 (HORVU6Hr1G005590.1), and HvNRT1.5
(HORVU6Hr1G070450.3) genes was performed by RT-qPCR
using a Roche LightCycler R© 96 System (Roche, United Kingdom)
and a LightCycler R© RNA Master SYBR Green I one-step kit
(Roche, United Kingdom) according to the manufacturer’s
instructions. The expression level of the barley HvUBC9
(HORVU5Hr1G088270) gene was used as the reference. The
2−11CT method was used to quantify relative normalized gene
expression levels. The primers sequences used are shown in
Supplementary Table 7.

Statistical Analysis
Nitrate assessment in Arabidopsis seedlings was performed in
at least four independent biological replicates per treatment and
N condition (12 technical replicates per biological replicate).
Phenotypic and NUE assessment of the barley pot trial was
done in three independent pots, with 20 plants per pot.
Grain yield, TGW, grain N content measurement, calculation
of NUE derived traits, and GHG emissions was done in at
least four independent biological replicates per treatment and
variety. Soil characterization was performed in three independent
replicates. Phenotype assessment in barley plants from field
trials was carried out in at least 60 independent biological
replicates. Shoot samples collected from barley plants at stage
GS30-32 were pooled for further analysis. For biochemical and
enzymatic analysis, at least four biological replicates of each
treatment were performed, using three technical replicates per
biological replicate. For gene expression analysis, at least three
biological replicates of each treatment were performed, using
three technical replicates per biological replicate. Statistics were
evaluated with Sigma Plot 12 and Statgraphics Centurion XVI
software. The differences between control and PSI-362 treatment
for every field trial were analyzed using t-test at p ≤ 0.05. The
effect of different treatments on the barley pot trial was analyzed
with the one-way analysis of variance (ANOVA) by Tukey’s HSD
test at p ≤ 0.05. Arabidopsis nitrate data were compared by
using two-way ANOVA, with Tukey’s HSD test at p ≤ 0.05. The
application of all parametric tests was performed after checking
the data normality (Shapiro–Wilk’s test) and equal variance
assumptions. Unless stated otherwise, all data are expressed as
average ± standard error (SE). Details of the individual sample
size for each analysis and statistical test used is mentioned in the
tables and figure legends.

RESULTS

Effect of PSI-362 in Nitrate Content of
Arabidopsis Seedlings Under Different N
Levels
The effect of PSI-362 was first evaluated in seedlings of the
model plant Arabidopsis thaliana using a high throughput root
microphenotyping platform. When a two-way ANOVA test was
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run, it was found that all three parameters (N level, PSI-362
treatment and N level × PSI-362 treatment) were statistically
significant for nitrate content (Figure 1). Therefore, all data were
subjected to t-test, comparing PSI-362 versus control effect under
low and high N levels (2.66 and 13.33 mM of ammonium nitrate,
respectively). While the different N amount added to untreated
seedlings had a remarkable effect on nitrate content (low N:
2.69 mg·g−1 DW vs. high N: 26.46 mg·g−1 DW), our results
also showed that PSI-362 applied through the root significantly
increased this parameter by 11.92% (p = 0.049) and 6.85%
(p = 0.420) compared to the low and high N control, respectively
(Figure 1). It would suggest that PSI-362 can improve capacity for
nitrate uptake in Arabidopsis under controlled conditions in the
N range tested, but with the best performance at the lowest N rate.

Effect of PSI-362 Mode of Application on
Pot Experiments in Barley
Granular CAN + S fertilizer was coated with PSI-362 and its
biostimulant effect on plant biomass and NUEplant was compared
with the same amount of PSI-362 applied by a single foliar
spray in a winter barley pot trial. As can be observed in
Figure 2, regardless of the method of application, both PSI-362
treatments significantly increased plant biomass between 13.88
and 16.67% compared to untreated plants fertilized with the
same amount of N (p ≤ 0.05). The measured phenotypic change
also demonstrated a superior NUEplant for barley plants treated
with either PSI-362 coated fertilizer (+15.03%) or foliar PSI-362
(+17.19%), indicating that bioactive molecules from PSI-362 can
be easily released from CAN+ S granules and stimulate the plants
through their root system to utilize N fertilizer more efficiently.

Effect of PSI-362 Applied by Foliar Spray
on Barley Yield and NUE
Three 1L/Ha foliar applications of PSI-362 (at tillering, stem
elongation and booting stage) on recommended spring and
winter barley varieties growing under reduced N fertilizer rate
(75%) resulted in no difference or significantly higher grain
yield for 5 out 5 field trials performed during 2016 to 2018
compared to plants growing under the recommended rate in
standard agricultural practice (p ≤ 0.05) (Figure 3). Overall,
PSI-362 treated barley varieties showed a statistically significant
3-year average yield increase of 5.57% (p = 0.011) using 25% less
N. Similarly, the NUEgrain of the PSI-362 treatments was 29.85–
60.26% higher than those of the control conditions (p ≤ 0.05)
(Supplementary Table 8). The data demonstrates the ability of
PSI-362 to deliver yield with a 25% reduction of N mineral
fertilizer, significantly enhancing the amount of barley grain per
unit of N supplied under field conditions.

Effect of PSI-362 Coated Fertilizer on
Vegetative Parameters at Early Stem
Elongation Stage
In order to explore the effect of PSI-362 coated fertilizer on
vegetative traits in spring barley, a comparative phenotypical
analysis was performed on plants harvested at 22 days after the
second fertilizer application (stage GS30-31). This analysis was

performed on two independent field trials characterized by a
different reduction of N fertilizer rate. Barley plants treated with
PSI-362 coated fertilizer from field 1 (73% N) increased their
shoot FW, root FW, root DW and number of tillers per plant
by 6.91, 10.79, 21.05% and 9.45% compared to 100% N control,
but these changes were not statistically significant (p > 0.05).
While the effect of PSI-362 coated fertilizer in field 2 (88% N)
was not statistically significant either, the mean values of shoot
DW, root FW and root DW showed a similar increasing trend
compared to the untreated plants (+14.11, +6.56, and +16.43%,
respectively) (Table 1).

Effect of PSI-362 Coated Fertilizer on N
Uptake, Metabolic and Molecular
Parameters
The PSI-362 coated fertilizer was applied at mid tillering stage
(GS22-27), just before the stem elongation phase (GS30-39),
which is the most important timing on spring barley for
N uptake (Teagasc, 2015). In order to assess the long term
impact of the biostimulant on N uptake and assimilation
parameters, a metabolic analysis of shoot samples collected
22 days after application was performed. N uptake in control
and treated plants at stage GS30-31 was evaluated through the
measurement of shoot nitrate content. Plants treated with PSI-
362 coated fertilizer significantly increased this parameter in
field 1 (+17.87%, p = 0.046) and field 2 (+72.23%, p ≤ 0.001)
compared to control plants growing under 100% N rate (Table 2).
To provide some insights on the effect of PSI-362 coated
fertilizer on N uptake mechanisms, the relative gene expression
levels of three major nitrate transporters, namely NRT1.1 and
NRT2.1, both expressed in epidermal and cortical cells, and
NRT1.5, expressed in root pericycle cells were measured (Vidal
et al., 2020). The root tissue of barley plants at stage GS30-
31 was collected from plants of field 1, which had a similar
N fertilizer program as the field trials performed between 2016
and 2018. The application of PSI-362 coated fertilizer caused
a significant upregulation within NRT1.1, NRT2.1, and NRT1.5
expression levels by 1. 77-, 1. 72-, and 1.21-fold with respect
to the 100% N control (p ≤ 0.001), suggesting increased root
capacity for nitrate uptake and transport in barley crop under
field conditions (Figure 4).

Effect of PSI-362 Coated Fertilizer on N
Assimilation Metabolic Parameters
In order to assess the impact of PSI-362 coated fertilizer 22 days
after application on well-known N assimilation parameters, a
metabolic analysis of shoot samples from control and treated
plants at early stem elongation stage (GS31-32) was performed.
While reduced N fertilizer levels decreased shoot ammonium
content in treated plants from field 1 (−15.56%, p = 0.044) and
field 2 (−20.89%, p = 0.015), an opposite trend was observed
in the content of total free amino acids. The effect of PSI-362
coated fertilizer on this N-assimilation parameter was consistent.
Treated plants from field 1 and field 2 growing under 73 and
88% N fertilization levels, respectively, had significantly increased
total free amino acid content in shoot tissue by 23.25% (p = 0.021)
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FIGURE 1 | Nitrate content in Arabidopsis seedlings. The effect of PSI-362 added by root application to Arabidopsis seedlings growing under low and high N levels
(2.66 and 13.33 mM ammonium nitrate, respectively) was evaluated 6 days after application. Since interaction AxB was significant (***p ≤ 0.001), data were
subjected to t-test, comparing PSI-362 treatment versus control within the same N level. In this case, means followed by asterisk indicate statistically significant
differences between control and PSI-362 treatment within the same N level (*p ≤ 0.05). Number of biological replicates (n ≥ 4).

FIGURE 2 | Effect of PSI-362 treatment applied by foliar spray or coated with CAN + S fertilizer on plant biomass and NUE of winter barley (cv. Towers). A pot trial
was performed to evaluate if the application mode of PSI-362 (foliar spray or coated with N mineral fertilizer) affected differently to barley growth and compared with
an untreated control. Fertilizer (CAN + S) and PSI-362 biostimulant were added to plants at 2–3 leaf stage (GS12–13) at the same time. The dose of PSI-362 applied
by foliar spray or coating was exactly the same and control plants were sprayed with distilled water. The phenotypical assessment was performed 14 days after
fertilizer/PSI-362 treatment application. Means followed by different small letter within the same row indicate significant differences between treatments based on
one-way ANOVA Tukey’s HSD test at p ≤ 0.05. Number of biological replicates (plant biomass, n = 60; NUE, n = 3).

and 22.71% (p = 0.050) compared to the untreated shoots
(Table 2). Glutamate was the major component of the free
amino acids pool, together with glutamine, aspartate, asparagine,
alanine, and serine. PSI-362 coated fertilizer strongly affected
glutamate, increasing it to 18.95% (p = 0.006) and 46.84%
(p≤ 0.001) of the control values in shoot tissue of field 1 and field
2, respectively. This biostimulant treatment had a similar effect
on glutamine, another key N metabolite that has an important
role as amino group donor to form other amino acids, with a

significant increase of 29.33 and 153.30% (p ≤ 0.001) in PSI-
362 treated plants. Aspartate increased by 28.04% (p = 0.005)
and 112.87% (p ≤ 0.001) in treated shoots from field 1 and
field 2, respectively; while asparagine only showed a significant
4.3-fold increase (p ≤ 0.001) in treated plants from field 2.
The results in Table 2 also demonstrated that in barley plants
treated with PSI-362 coated fertilizer the endogenous proline
content increased significantly in both fields compared to 100%
N control (+16.41–20.16%; p ≤ 0.05). This same stimulating
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FIGURE 3 | Effect of foliar PSI-362 treatment on grain yield of spring and winter barley varieties growing under 75% N fertilizer rate in 3 consecutive seasons
(2016–2018). PSI-362 was applied three times by foliar spray at mid tillering stage (GS22-27), early stem elongation stage (GS30-31), and at the start of the booting
stage (GS41-43), and its performance was benchmarked against untreated plants growing under 100% N fertilizer rate. SB1, spring barely cv. KWS Irina; WB1,
winter barley cv. KWS Towers; SB2, spring barley cv. Mickle. Chart represents grain yield (t·ha−1) expressed at 20% moisture. Means followed by asterisk indicate
statistically significant differences between control and PSI-362 treatment within the same field trial based on t-test at p ≤ 0.05. The horizontal dashed lines
represent the average yield value for untreated 100% N (6.24 t·ha−1) and foliar PSI-362 75% N (6.57 t·ha−1). Number of plots harvested per field trial (n ≥ 5).

TABLE 1 | Effect of PSI-362 coated CAN + S fertilizer on phenotypic parameters in barley crop (cv. Gangway) 22 days after application.

Parameter1 Field 1 Field 2

Control 100% N PSI-362 coated 73% N Control 100% N PSI-362 coated 88% N

Shoot FW (g plant−1) 5.26 ± 0.26 5.62 ± 0.76 5.74 ± 0.32 6.55 ± 0.08

Shoot DW (g plant−1) 0.57 ± 0.03 0.54 ± 0.07 0.54 ± 0.02 0.57 ± 0.01

Root FW (g plant−1) 0.64 ± 0.06 0.71 ± 0.10 0.41 ± 0.02 0.43 ± 0.02

Root DW (g plant−1) 0.13 ± 0.01 0.16 ± 0.02 0.08 ± 0.01 0.10 ± 0.01

Number tillers per plant 4.23 ± 0.47 4.63 ± 0.68 4.83 ± 0.16 4.84 ± 0.24

1Data are the means ± SE. Number of biological replicates (n = 30). No statistically significant differences between control and treated sample at p ≤ 0.05 were observed
(t-test).

effect by coated PSI-362 fertilizer under reduced N rate was
also observed for alanine (+12.83–14.61%), serine (+2.94–
18.12%), glycine (+7.70–55.15%), and essential amino acids such
as methionine (+8.07−37.90%), lysine (+12.19−19.20%), and
threonine (+14.27–80.48%) content.

The ability of PSI-362 coated fertilizer to influence N
assimilation early in the stem elongation stage was also evaluated
through the measurement of soluble protein and photosynthetic
pigments content in shoot tissue (Table 2). Higher protein
content in shoot tissue relative to 100% N control were observed
for barley plants fertilized with PSI-362 coated CAN + S at 73%
N (+24.86, p ≤ 0.001) and 88% N (+21.84, p ≤ 0.001) rate.
Accumulation of both chlorophylls (a+ b) was similarly affected
in treated plants, increasing by 36.24% (p = 0.003) and 30.28%
(p = 0.050) in field 1 and field 2, respectively. Finally, this ANE
biostimulant also induced a statistically significant accumulation
of carotenoids in the shoots of barley plants growing with reduced
N (+40.50–60.92%).

Effect of PSI-362 Coated Fertilizer on NR
and GS Activity
Total NR activity in barley shoots of control plants growing
under 100% N rate was very similar for both field 1 and field
2 (15.69 and 17.94 nmol NO2

−
·h−1
·mg−1 protein, respectively)

(Figure 5). As expected, actual NR activity in presence of MgCl2
was lower and the calculated activation state for untreated plants
ranged between 60.91% (field 1) and 50.92% (field 2). While the
application of PSI-362 coated fertilizer led to a significant increase
in NR activity in shoot tissue of plants at stage GS31-32, the
magnitude of this variation differed between field 1 and field 2,
being directly correlated to nitrate content measured in the same
tissue (Table 2). Treated plants growing under 73% N increased
their total NR activity in shoot tissue by 24.82% (p = 0.019)
compared to control (Figure 5A). However, this activity was
4.7-fold higher in shoots of treated plants growing in field 2
(Figure 5B). Interestingly, the NR activation state also increased
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TABLE 2 | Effect of PSI-362 coated CAN + S fertilizer on N forms (nitrate and ammonia), free amino acids, soluble protein, and photosynthetic pigments in barley shoot
tissue (cv. Gangway) at 22 days after application.

Metabolite1 Field 1 Field 2

Control 100% N PSI-362 coated 73% N Control 100% N PSI-362 coated 88% N

Nitrate (mg·g−1 DW) 12.72 ± 0.45 14.99 ± 0.66* 14.15 ± 1.57 24.37 ± 0.39***

Ammonia (mg·g−1 DW) 0.16 ± 0.01 0.13 ± 0.01* 0.21 ± 0.01 0.16 ± 0.01*

Free total amino acids (mg·g−1 DW) 36.40 ± 1.62 44.86 ± 1.21* 36.80 ± 2.42 45.16 ± 1.69*

Glutamate (mg·g−1 DW) 7.29 ± 0.29 8.68 ± 0.26** 6.91 ± 0.35 10.15 ± 0.55***

Glutamine (mg·g−1 DW) 1.38 ± 0.04 1.78 ± 0.05*** 1.02 ± 0.08 2.58 ± 0.12***

Aspartate (mg·g−1 DW) 2.26 ± 0.10 2.89 ± 0.14** 1.36 ± 0.09 2.89 ± 0.14***

Asparagine (mg·g−1 DW) 0.94 ± 0.19 1.11 ± 0.18 0.43 ± 0.05 2.30 ± 0.13***

Proline (mg·g−1 DW) 0.66 ± 0.01 0.77 ± 0.01* 0.47 ± 0.02 0.57 ± 0.02*

Alanine (mg·g−1 DW) 1.25 ± 0.03 1.41 ± 0.04* 1.38 ± 0.11 1.59 ± 0.19

Serine (mg·g−1 DW) 0.96 ± 0.05 0.98 ± 0.04 0.74 ± 0.02 0.87 ± 0.03*

Glycine (mg·g−1 DW) 0.11 ± 0.01 0.12 ± 0.01 0.16 ± 0.01 0.26 ± 0.01***

Methionine (mg·g−1 DW) 0.20 ± 0.01 0.28 ± 0.03* 0.25 ± 0.01 0.27 ± 0.01

Lysine (mg·g−1 DW) 0.45 ± 0.02 0.50 ± 0.02 0.40 ± 0.01 0.47 ± 0.03*

Threonine (mg·g−1 DW) 0.33 ± 0.02 0.37 ± 0.02 0.27 ± 0.02 0.48 ± 0.05***

Soluble protein (mg·g−1 DW) 115.61 ± 4.34 144.35 ± 6.10*** 136.04 ± 4.12 165.75 ± 4.58***

Total chlorophyll (a + b) (mg·g−1 DW) 8.63 ± 0.32 11.75 ± 0.22** 6.55 ± 0.23 10.17 ± 0.20***

Carotenoids (mg·g−1 DW) 1.79 ± 0.08 2.34 ± 0.14* 1.52 ± 0.05 2.10 ± 0.03***

1Data are the means ± SE. Number of biological replicates (n ≥ 4).
Difference between control and treated sample within the same field was significant at *p ≤ 0.05, **p ≤ 0.01, and ***p ≤ 0.001, respectively (t-test).

significantly with PSI-362 coated fertilizer treatment (p ≤ 0.001),
reaching values of 70.53 and 65.63% for plants from field 1 and
field 2, respectively.

GS activity was also assayed in shoots of barley plants 22 days
after the second N fertilizer application. Similarly to NR activity,
control plants growing under 100% N rate showed comparable
GS activity values in field 1 and field 2 (3.22 and 3.80 µmol
γ-GHM·h−1

·mg−1 protein, respectively). GS activity was also

FIGURE 4 | Relative expression of major nitrate transporter genes in spring
barley root tissue (cv. Gangway). The effect of PSI-362 coated CAN + S
fertilizer on the relative expression of HvNRT1.1, HvNRT2.1, and HvNRT1.5 in
root tissue 22 days after application in field 1 (73% N fertilizer rate). Results
are expressed as the relative log2 fold-change with respect to the HvUBC9
gene expression level and benchmarked against untreated plants growing
under 100% N fertilizer rate. The error bars represent SE and means followed
by asterisk within the same gene and field indicate significant differences
between control and the PSI-362 treatment based on t-test at p ≤ 0.05.
Number of biological replicates (n = 3).

significantly stimulated by PSI-362 coated fertilizer, increasing its
γ-glutamyl transferase activity in plants from field 1 (+30.63%,
p = 0.014) and field 2 (+7.39%, p = 0.035) (Figure 6).

Effect of PSI-362 Coated Fertilizer on
Plant and Grain Parameters at Harvest
The results presented in Table 3 indicate that the application
of PSI-362 coated fertilizer in barley grown under reduced N
fertilizer rate did not have a statistically significant effect on total
plant biomass at harvest compared to control crop fertilized at
100% N rate. While a reduction of 27% N in field 1 was translated
in a higher biomass in treated plants (+8.14%, p = 0.319), no
significant difference was recorded in field 2 (−0.94%, p = 0.957).
Barley plants from field 1 fertilized with PSI-362 coated CAN+ S
were characterized as having a significantly higher number of
tillers at maturity stage (+23.30%, p = 0.030), but this effect was
not observed in field 2 (Table 3). Interestingly, the application
of PSI-362 coated fertilizer was characterized by a higher harvest
index in both fields (11.31–18.37%), and this increase in dry
matter partitioned to the grain was statistically significant for
treated barley plants growing with 88% N (p = 0.044).

Harvested grain yield differences between control plants
grown under 100% N and those treated with PSI-362 coated
fertilizer at reduced N rate showed a similar trend to that
observed in barley trials developed from 2016 to 2018: either
these differences were significantly higher in treated plants
growing under 73% N rate (+3.70%, p = 0.042) or PSI-362 coated
fertilizer led to no statistically significant difference in grain yield
compared to control in field 2 (p = 0.780). An opposite trend
was observed for the thousand grain weight (TGW) and protein
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FIGURE 5 | NR activity in spring barley shoot tissue (cv. Gangway). The effect of PSI-362 coated CAN + S fertilizer on actual NR (in presence of MgCl2) and total NR
(in absence of MgCl2) activity was evaluated in shoot tissue 22 days after application. (A) Barley crop grown in the field 1 under 73% N recommended fertilizer rate;
(B) barley crop grown in the field 2 under 88% N recommended fertilizer rate. Results in treated plants were benchmarked against untreated plants growing under
100% N fertilizer rate. Means followed by asterisk within the same NR activity type and field indicate significant differences between control and the PSI-362
treatment based on t-test at p ≤ 0.05. Number of biological replicates (n ≥ 4).

content in both fields. While there were minimal differences
in both parameters between treated and control crop in field
1, a significant increase of grain protein content (+12.50%,
p ≤ 0.001) and higher TGW (3.68%, p = 0.095) was observed
in barley treated with PSI-362 fertilizer at 88% N rate compared
to untreated crop grown under 100% N rate. Concerning other
macronutrients such as P and K, there were no statistically
significant differences in their content between grain harvested
from treated and untreated plants (Table 3).

Effect of PSI-362 Coated Fertilizer on
NUE and Environmental Parameters
The process of conversion of N fertilizer into grain biomass
was evaluated through the amount of grain yield harvested

FIGURE 6 | GS activity in spring barley shoot tissue (cv. Gangway). The effect
of PSI-362 coated CAN + S fertilizer on GS activity was evaluated in shoot
tissue 22 days after application. Field 1: Barley crop grown in the field 1
under 73% N recommended fertilizer rate. Field 2: barley crop grown in the
field 2 under 88% N recommended fertilizer rate. Results in treated plants
were benchmarked against untreated plants growing under 100% N fertilizer
rate. Means followed by asterisk within the same field indicate significant
differences between control and the PSI-362 treatment based on t-test at
p ≤ 0.05. Number of biological replicates (n ≥ 4).

per amount of N supplied to plants (NUEgrain). There was
a consistent increase of this parameter for treated crop
in field 1 (+41.83%, p ≤ 0.001) and field 2 (+9.13%,
p = 0.225), which agrees with the observed results in previous
trials with PSI-362 applied as foliar spray (Supplementary
Table 7). Because NUEgrain is mathematically the product
of Nupeffgrain × Nuteffgrain, both second level traits were
also calculated. The plant capacity to take up soil available
N by the plant and allocate it to the grain was measured
through Nupeffgrain trait. Overall, barley crop treated with PSI-
362 coated fertilizer significantly enhanced this parameter in
both field 1 (+40.95%, p ≤ 0.001) and field 2 (+21.92%,
p = 0.011), being the main contribution to the observed
variation between treated and control NUEgrain and confirming
the ability of PSI-362 to recover N more efficiently (Table 4).
However, we did not observe statistically significant differences
between treated and untreated plants in the Nuteffgrain,
remaining similar in field 1 (+0.36%, p = 0.942) or decreasing
in field 2 (−10.49%, p = 0.355). Therefore, it indicates
that this trait was not substantially impacting on NUEgrain
variation (Table 4).

Despite these differences on N uptake efficiency, there
were no statistically significant differences in the soil total N
between control and treated plots after harvesting the crop
(Supplementary Tables 4, 5). In addition, there were also no
statistically significant differences in the content of available P
and K before sowing and after harvesting in either field 1 or
field 2. A higher content of amino sugar determined through the
Illinois test in the organic fraction of soils treated with PSI-362
coated fertilizer after harvesting in field 1 (+30.21%, p = 0.085)
and field 2 (+20.83%, p = 0.096) was recorded.

Estimated GHG emission calculations show that the
application of PSI-362 led to a reduction in GHG emissions
per hectare of cultivated area. The carbon equivalent emission
estimate decreased nearly 22% for the treated crop growing under
73% N in field 1 (−483.52 kgCO2e·ha−1), whereas this reduction
was closer to 9% (−224.49 kgCO2e·ha−1) with the application of
PSI-362 coated fertilizer at 88% N rate in field 2 (Table 4).
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TABLE 3 | Effect of PSI-362 coated CAN + S fertilizer on plant and grain derived parameters in barley crop (cv. Gangway) at harvest.

Parameter1 Field 1 Field 2

Control 100% N PSI-362 coated 73% N Control 100% N PSI-362 coated 88% N

Plant biomass2 (g plant−1) 7.15 ± 0.04 7.74 ± 0.25 6.53 ± 0.73 6.47 ± 0.48

Number tillers per plant 3.17 ± 0.14 3.90 ± 0.17* 3.32 ± 0.13 3.19 ± 0.12

Harvest index (g·g−1) 0.57 ± 0.05 0.67 ± 0.04 0.53 ± 0.02 0.60 ± 0.01*

Grain yield2 (T·ha−1) 6.36 ± 0.15 6.60 ± 0.11* 9.93 ± 0.60 9.63 ± 0.28

TGW (g) 52.58 ± 0.28 52.49 ± 0.26 48.24 ± 0.80 50.02 ± 0.50

Grain protein concentration (%w/w) 8.36 ± 0.39 8.31 ± 0.13 9.60 ± 0.09 10.80 ± 0.01***

Grain P content(%w/w) 0.28 ± 0.02 0.28 ± 0.03 0.28 ± 0.02 0.26 ± 0.02

Grain K content(%w/w) 0.44 ± 0.02 0.42 ± 0.03 0.44 ± 0.04 0.43 ± 0.02

1Data are the means ± SE. Number of biological replicates (n ≥ 4).
2Plant biomass, grain yield and grain characterization were expressed at 20% moisture.
Difference between control and treated sample within the same field was significant at *p ≤ 0.05, and ***p ≤ 0.001, respectively (t-test).

TABLE 4 | Effect of PSI-362 coated CAN + S fertilizer on NUE and environmentally derived parameters in barley crop (cv. Gangway) at harvest.

Parameter1 Field 1 Field 2

Control 100% N PSI-362 coated 73% N Control 100% N PSI-362 coated 88% N

NUEgrain (kg grain·kg−1 N fertilizer) 45.25 ± 1.31 64.18 ± 1.06*** 62.81 ± 4.89 68.54 ± 1.96

Nupeffgrain (kg N grain·kg−1 N fertilizer) 0.65 ± 0.06 0.91 ± 0.01*** 1.04 ± 0.05 1.27 ± 0.01*

Nuteffgrain (kg grain·kg−1 N grain) 69.76 ± 2.26 69.97 ± 1.38 60.31 ± 4.70 53.98 ± 1.55

GHG emissions (tCO2e·ha−1) 2.23 ± 0.07 1.74 ± 0.05*** 2.54 ± 0.19 2.31 ± 0.07

1Data are the means ± SE. Number of biological replicates (n ≥ 4).
Difference between control and treated sample within the same field was significant at ∗p ≤ 0.05, and ***p ≤ 0.001, respectively (t-test).

DISCUSSION

Nitrogen fertilizer application rates are currently unsustainable,
both environmentally (e.g., N pollution of soil, water and GHG
emissions) and economically (e.g., reduced grower margins).
A recent data compilation from 230 studies has reported that
cereal crops only take up between 36% and 42% of applied
N fertilizer (Yan et al., 2020), confirming previous low NUE
estimations for cereal production (Raun and Johnson, 1999;
Omara et al., 2019). Therefore, enhancing NUE is a necessity for
developing sustainable agricultural production to feed a growing
world population. The ability of ANE biostimulants to influence
N uptake and assimilation mechanisms have been previously
investigated in controlled conditions in the model plant
A. thaliana (Durand et al., 2003), and crop plants such as oilseed
rape (Jannin et al., 2013; Billard et al., 2014) and durum wheat
(Laurent et al., 2020). In this study, it has been demonstrated
under field conditions that an engineered biostimulant derived
from Ascophyllum nodosum, PSI-362, is capable of increasing
NUEgrain in barley by 29.85–60.26% when compared to current
standard grower practices without compromising yields. Two
methods of application of the biostimulant to barley were
evaluated; foliar spray and top dressing via biostimulant coated
granular fertilizer, with the effectiveness of the biostimulant
evident for both methods in pot and field trials. Along with
several enhanced N assimilation markers, a key indicator of
biostimulant performance was increased nitrate content in barley

shoot tissue 22 days after N fertilizer application. Additional
plant phenotype, metabolic, enzymatic, and genetic analysis was
performed on top dressed PSI–362 coated CAN+ S barley crops
to further support its role in enhancing NUE.

Impact of PSI-362 on Phenotypic and
Yield Markers
Current knowledge shows that NUE is a highly complex
trait derived from diverse molecular, metabolic, physiological,
developmental, and environmental interactions over the entire
life cycle of the crop. Field experiments using a randomized
block trial design for the ANE PSI-362 applied by foliar spray
at three critical growth stages of barley provided agronomically
relevant results during three consecutive growing seasons. While
tested varieties showed fluctuations on harvested grain yield
on their response to PSI-362, the measured values were in the
range expected for spring (5.6–7.3 t·ha−1) and winter (8.6–9.1
t·ha−1) barley in Ireland between 2016 and 2018 (CSO, 2019).
Most importantly, the field experiments demonstrated that the
foliar application of an engineered ANE biostimulant was able
to maintain or increase grain yield in barley grown with 25%
less N fertilizer.

In order to expand the applicability and facilitate the
implementation of PSI-362 in standard grower programs, PSI-
362 was co-formulated with a N mineral granular fertilizer
(CAN + S). Granular CAN based fertilizer is an efficient source
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of N with both nitrate and ammonium forms to maximize
plant growth (Hachiya and Sakakibara, 2017). This N fertilizer is
widely used by growers in Western Europe (2.16 Mt N·year−1),
representing 51% of total worldwide consumption in 2019
(IFASTAT, 2019). Synchronizing N fertilizer application with
the crop demand is critical for increasing NUE and reducing
fertilizer losses. The co-formulation of CAN + S and PSI-362 is
in-keeping with the 4R nutrient framework for increasing crop
NUE: right rate, right source, right timing, and right placement.
Previous research has shown that the critical period to positively
influence spring barley yield and grain quality is the tillering
and early stem elongation growth stages (Křen et al., 2015).
These growth stages are characterized by a significant increase
of N uptake, dry matter accumulation and responsiveness to
N fertilization in terms of further grain yield (Baethgen et al.,
1995; McTaggart and Smith, 1995; Hauggaard-Nielsen et al., 1998;
Chatskikh and Olesen, 2007). Therefore, increasing uptake with
PSI-362 at this growth stage was targeted based on the observed
benefits of foliar applied PSI-362 enhancing NUE. Application
of PSI-362 directly to the soil at the same time as the main N
fertilizer application at the mid tillering stage was anticipated to
provide similar benefits by stimulating N uptake, transport and
assimilation mechanisms from root and shoot tissues before the
stem elongation growth stage, compensating for the decreased N
rate. The pot experiments revealed that the same dose of PSI-362
delivered by either foliar spray or coating of CAN + S granules
enhanced plant biomass and NUE in an equivalent way.

Environmental conditions during the trials in field 1 and field
2 were favorable for spring barley production. The average Irish
grain yield from the 2019 season was 8.0 t·ha−1 (CSO, 2020),
which was 11% higher than the average yield recorded for the
period 2014–2018 (Teagasc, 2018). While variations below and
above this average grain yield value from field 1 and field 2 were
likely related to differences in the grower program, soil chemical
characteristics or crops grown in the previous season, our current
results demonstrated that a moderate (i.e., 11–27%) reduction
in N rate, combined with a single application of PSI-362 coated
fertilizer, can maintain or increase grain yield, confirming the
previous trend observed with three foliar applications of this
biostimulant. Previous research about the effects of breeding on
west European and Argentinean spring barley varieties from 1931
have demonstrated that overall improvements in grain yield can
be achieved via different phenotypic routes (Abeledo et al., 2008;
Bingham et al., 2012). Interestingly, this biostimulant treatment
was able to improve important yield components such as plant
biomass and harvest index, with no effect on grain size.

PSI-362 Coated Fertilizer and N Uptake
Mechanisms
The ability to take up and transport more nitrate from roots to
shoots under reduced N fertilizer conditions has been observed
as an adaptative response in wild barley genotypes to cope with
low N field conditions (Quan et al., 2016). The top-dressing
application of PSI-362 coated CAN + S to barley plants at mid-
tillering stage (GS22-27) was also translated into a substantial
stimulation of nitrate uptake and transport processes 22 days after

application despite the reduction of N fertilizer rate, providing
a significantly higher nitrate content in shoot tissue at stage
GS30-31. These results were consistent with the proof of concept
nitrate accumulation results in the model plant Arabidopsis
thaliana 6 days after applying PSI-362 through the root under two
different N levels. Although previous studies have highlighted the
positive impact of ANEs on N uptake of oilseed rape and durum
wheat growing under optimum nutrient conditions (Jannin et al.,
2013; Billard et al., 2014; Laurent et al., 2020), no research to date
has demonstrated the effect of ANEs on nitrate accumulation
under reduced N fertilizer rate in real field conditions. PSI-362
ANE biostimulant did not possess any relevant N content to
explain this nitrate accumulation effect in barley. The ability of
specific biomolecules within commercial ANEs to induce plant
growth and abiotic stress defense responses has been recently
reviewed (Shukla et al., 2019; Goñi et al., 2020), with some of
these studies reporting that ANEs can significantly dysregulate
relevant genetic markers (Gonñi et al., 2016; Goñi et al., 2018;
Shukla et al., 2018; Łangowski et al., 2019; Carmody et al.,
2020). To elucidate PSI-362 mode of action at the molecular
level, the expression of three nitrate plasma membrane carriers
(NRT1.1, NRT1.5, and NRT2.1) was tested. A strong increase
of expression of these genetic markers in roots of treated barley
plants growing under 73% N rate was found, indicating that they
could have a prominent role in facilitating N accumulation in
shoot tissue. NRT1.1 is an extensively studied gene that codes
a dual affinity nitrate transporter and can also act as a nitrate
transceptor. NRT1.1 expression is known to be highly responsive
to the amount of nitrate available in the environment as well
as phosphorylation events under hormonal control (Lay-Pruitt
and Takahashi, 2020). NRT2.1 is another crucial component
controlling high affinity nitrate transport and predominantly
localizes to the plasma membrane of root cells (Vidal et al., 2020).
The long-distance nitrate transport between root and shoot is
regulated by the gene NRT1.5, coding a low-affinity bidirectional
nitrate transporter (Lin et al., 2008). Enhanced expression of
NRT1.5 gene in root tissue and increased nitrate transport
from root to shoot through the xylem vascular tissues has
been observed previously in a high NUE oilseed rape genotype
(Han et al., 2016). Increased NRT1.1 transceptor expression
along with high-affinity transporter NRT2.1 and long-distance
transporter NRT1.5 have implications for auxin biosynthesis
and root architecture. Analysis of auxin signaling reporter lines
combined with analysis of auxin biosynthesis and transport
would be necessary to fully understand PSI-362 effect on plant
development and physiology and what is the role of NRT1.1 as
integrator. The observed nitrate accumulation in shoot tissue
suggests that this biostimulant application could also increase
the nitrate transport capacity in multiple ways. For example,
through phosphorylation/dephosphorylation events controlled
by CIPK23 kinase (Vidal et al., 2020), which can switch NRT
transporters to high-affinity mode and facilitate the nutrients
flow. Although it is tempting to speculate, nitrate uptake is
a complex process, therefore detailed analysis of short- and
long-term effects on root and shoot transcriptome need to
be performed to fully comprehend the intricacy of this ANE
biostimulant effect on NUE.
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PSI-362 Coated Fertilizer and Enzymes
Involved in N Assimilation Mechanisms
Nitrate assimilation occurs first via NR enzyme to nitrite and
then via nitrite reductase (NiR) to ammonium (Tischner, 2000;
Masclaux-Daubresse et al., 2010). PSI-362 coated fertilizer did
enhance nitrate assimilation at stage GS30-31 through a direct
effect on increased NR enzymatic activity in shoot tissue, this
change being positively correlated to nitrate accumulation. Gene
expression, protein translation and enzymatic activity of NR is
positively regulated by nitrate, light, and carbohydrates (Kaiser
et al., 2002; Lillo, 2008; Yanagisawa, 2014; Huarancca Reyes
et al., 2018). However, this regulation does not necessarily
happen simultaneously at these three levels (Carillo et al., 2005).
NR enzyme from PSI-362 treated plants was also found to be
in a higher constitutively active state compared to untreated
plants, regardless of N reduction rate in field 1 and field 2.
This enhancement of the NR activation state indicates that PSI-
362 may modulate the phosphorylation state of this enzyme
22 days after application, improving shoot nitrate reducing
capacities under more adverse growth conditions. At the post-
translational level, NR undergoes a partial kinase-dependent
reversible inhibition, due to a phosphorylation of a serine
residue in hinge 1 followed by a binding to 14-3-3 proteins
in presence of divalent cations or polyamines. Therefore, NR
activity in the presence of MgCl2 usually reflects the activity of
dephosphorylated NR forms versus the activity of all NR forms in
presence of EDTA (Athwal and Huber, 2002; Yanagisawa, 2014).

PSI-362 Coated Fertilizer and N
Assimilation to Amino Acids
The ammonium produced from reduced nitrate is fixed into
the amino acid glutamine through the enzyme GS, constituting
the first step in the biosynthesis of organic N compounds
and serving as the cornerstone of N assimilation along with
GOGAT enzyme (Hirel and Krapp, 2020). The current results
showed that GS activity was significantly higher in plants treated
with PSI-362 coated fertilizer, enhancing the nitrate assimilation
pathway under reduced N rate, which in turn was associated
to a lower content of ammonium and an accumulation of
glutamine, both substrate and end-product of this enzyme.
While GS has been proposed as an interesting target for
genetic modification for NUE, attempts to overexpress GS
have yielded inconsistent results (James et al., 2018). A recent
cisgenic strategy to increase expression of native cytosolic GS1
in barley provided an enhanced enzymatic activity and did
increase grain yield and NUE (Gao et al., 2019). Moreover,
correlation studies performed in several wheat varieties suggested
the presence of a strong relationship between GS activity and
different N metabolic markers such as amino acids, soluble
protein, and chlorophyll (Kichey et al., 2006, 2007). The increased
glutamine assimilation occurred in a coordinated manner with
the accumulation of asparagine, glutamate and other amino
acids derived from glutamate through transamination reactions
such as alanine, aspartate or proline, or essential amino
acids derived from aspartate (e.g., methionine, lysine, and
threonine) (Pratelli and Pilot, 2014). Therefore, it seems that

PSI-362 coated fertilizer had a positive influence on stimulating
barley shoots ability to acquire inorganic N and assimilate
it into glutamine, favoring other amino acid biosynthetic
processes simultaneously.

PSI-362 Coated Fertilizer and Additional
Plant Metabolic Parameters
As recently reviewed by Fernie et al. (2020), any attempt to
improve crop production and plant NUE through modification
of N transport and metabolism pathways will only be effective
if all processes are synchronized because unbalanced changes
in internal N metabolite pools can generate end-product
inhibition or substrate limitations of the respective amino acid
synthesis pathways. Thus, the significant accumulation of total
free amino acids in barley plants treated with PSI-362 coated
fertilizer was also linked to a higher content of macromolecules
derived from them such as soluble proteins or chlorophylls.
An increased soluble protein content in barley shoot may be
associated to a stimulated carbon fixation capacity because
the majority of leaf soluble protein content in leaves of C3
plants is present as ribulose-1-5 bis-phosphate carboxylase-
oxygenase (Rubisco), the key enzyme of the Calvin cycle
(Feller et al., 2008). Together with this factor, the higher
photosynthetic pigments content observed in shoot tissue could
support this improvement of canopy photosynthesis at stage
GS30-31 according to the model established by Cabrera-Bosquet
et al. (2009). Overall, stimulating N uptake and assimilation
mechanisms before the reproductive stage could facilitate
subsequent N absorption during the grain filling process thereby
compensating any detrimental effect associated with lower N
fertilizer rate. Previous studies in winter wheat and barley
have demonstrated that grain filling is mainly fueled with N
remobilized from pre-anthesis biomass accumulation (Egle et al.,
2008; Zhou et al., 2018).

Impact of PSI-362 Coated Fertilizer on
NUE, Soil, and Environmentally Derived
Parameters
This research demonstrates that the intrinsically low barley
NUEgrain can be enhanced consistently through the application
of PSI-362, with this improvement being achieved through
better Nupeffgrain. Increasing Nupeffgrain trait as a way to further
improve NUE has been suggested in previous breeding studies
that evaluate barley and wheat varieties (Bingham et al., 2012;
Thorwarth et al., 2018). However, unlike breeding programs that
can take several years (Garnett et al., 2015), the application of PSI-
362 coated fertilizer represents a more convenient, quicker, and
profitable solution for growers to recover more N provided by
reduced rates of N mineral fertilizer. The soil nitrogen analysis
post-harvest suggests that soil N depletion is not occurring
in the field trials performed with PSI-362. This finding is in
agreement with previous observations over a wide range of N
application, with similar amounts of residual N remaining in
the soil after harvesting treated and untreated crops (Makowski
et al., 1999; Bingham et al., 2012; Venterea et al., 2016). GHG
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emissions from the use of N mineral fertilizers are usually split
into two parts: emissions from the energy-intensive manufacture
process (mainly CO2 and N2O) and the emission of N2O
from the fertilized soil (AHDB, 2012). The estimated results
determined through the inputs and outputs recorded in the trials
developed with PSI-362 coated fertilizer revealed a significant
reduction of carbon footprint compared with current practice.
Assuming savings of 483 kgCO2e·ha−1 as obtained with PSI-
362 coated fertilizer under 73% N rate, a reduction of 27.5
MtCO2e can be expected per season if this agronomic input
is implemented in the whole EU cereal production area
(56.9 MHa; FAOSTAT, 2019).

Summary and Perspectives
The data presented demonstrates that an engineered
biostimulant, PSI-362, derived from Ascophyllum nodosum, is
capable of increasing NUE in barley under field conditions.
The targeted application of PSI-362 as a coating on a
granular N mineral fertilizer enhanced N uptake, transport
and assimilation markers at phenotypic, metabolic, enzymatic
and genetic levels in a coordinated manner. The efficient
uptake of more nitrate by the crop when it needs it, results
in enhanced NUE derived traits in harvested grain. These
results support the agronomic use of this biostimulant with
its effect delivered through a defined physiological mode of
action that allows up to 27% reduction in N fertilizer usage
while maintaining or increasing crop yield. The magnitude
of the nitrogen reduction achieved with PSI-362 without
compromising yield suggests it can have a role in delivering
the European Union (EU) target of a 20% reduction in
nitrogen use in agriculture. However, in order to expand
the applicability and impact of PSI-362 within agriculture,
additional data supporting its efficacy in other important crops
(e.g., grass, wheat, maize, etc.) may be beneficial. Further
investigation of the mode of action at a basic plant science
level to understand the optimal conditions for efficacy will
be important to facilitate adoption of this NUE biostimulant
technology. The availability of biostimulant innovations in the
market to enhanced NUE are going to be critical for achieving
more profitable, sustainable and environmentally acceptable
agricultural practices.
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Seaweed extracts (SEs) have been widely used as biostimulants in crop management
due to their growth-promoting and stress-resistant effects. To date, there are few reports
of the effect of SEs on sucrose content and cane yield. Here, we conducted field
experiments for three consecutive growth seasons (2017∼2019) in two areas (Suixi
and Wengyuan) of China, to investigate the yield and sugar content of sugarcane in
response to SE treatment at different growth stages. The results showed that spraying
SEs once at seedling (S), early elongation (E), and early mature (M) stages, respectively,
once at S and E stages, respectively, or once at the S stage increased the cane yield by
9.23, 9.01, and 3.33%, respectively, implying that SEs application at the early elongation
stage played a vital role in promoting sugarcane growth. Photosynthetic parameters and
nutrient efficiency analysis showed that spraying SEs at S and E stages enhanced the
net photosynthetic rate, transpiration rate, and water use efficiency, and increased N,
P, or K utilization efficiency, compared with those of the control. Notably, cane yield
increasing rate of SEs in 2017 and 2018 were higher than those in 2019 in Wengyuan
but lower than those in 2019 in Suixi. Interestingly, the total rainfall and monthly average
rainfall in 2017 and 2018 were lower than those in 2019 in Wengyuan but higher than
those in 2019 in Suixi. The results suggested that the yield increasing rate of SEs on
sugarcane was better in less rainfall years. The sucrose content of sugarcane showed no
difference between spraying SEs at the M stage alone or at the three growth stages but
was higher than those of SE treatments at S and/or E stages. Enzyme activity analysis
showed that spraying SEs at the M stage increased the activity of sucrose phosphate
synthase activity by 9.14% in leaves and 15.16% in stems, and decreased soluble acid
invertase activity in stems by 16.52%, which contributed to the sucrose increase of
5.00%. The above results suggested that SEs could increase cane yield and promote
sucrose accumulation in sugarcane. The yield increasing effect was more obvious under
conditions of drought stress.

Keywords: seaweed extracts, foliar application, sugarcane (Saccharum officinarum L.), photosynthesis, sucrose
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INTRODUCTION

Sugarcane is the most important sugar crop and is also an
important renewable energy crop (Commodity Bureau, 2015).
China is the third largest sugarcane producer in the world after
Brazil and India (Faostat, 2016). In recent years, periods of
drought have become more frequent and serious due to global
climate change (Hoover et al., 2017). Some climate models
predict that the occurrence frequency of drought and extreme
drought in subtropical and tropical regions will increase in the
future, and the impact scope will be larger (Burke et al., 2006).
Drought directly causes serious damage to various crops, such as
sugarcane. Drought could lead to the reduction of sugarcane yield
and have a serious impact on sugarcane agricultural production
and the sugar industry (Vasantha et al., 2005). The arid slope areas
of Guangxi, Guangdong, and Yunnan are the main sugarcane-
growing areas in China. The water source of most sugarcane fields
basically depends on rainfall, and there were almost no irrigation
measures. Unfortunately, the uneven rainfall in these areas was
prone to seasonal drought, which seriously affects the normal
growth of sugarcane. How to effectively improve the drought
resistance of sugarcane and ensure the yield of sugarcane and
sugar has become an important topic in the field of sugarcane
research (Kumar et al., 2014; Liu et al., 2016; Pereira et al.,
2019; Singh et al., 2019). Thus far, there have been some studies
to achieve high-efficiency irrigation management of sugarcane
by changing the field application measures (Singh A.K. et al.,
2018). Others use soil water retaining agents to improve the
soil water holding capacity, promote root water absorption, and
improve sugarcane drought resistance to ensure sugarcane yield
and sugar content (Marcos et al., 2018; Singh et al., 2018a; Silveira
et al., 2019). Nowadays, more and more scholars are interested
in improving the stress ability of sugarcane under biological
and abiotic stress, by applying exogenous growth stimulating
substances (Pereira et al., 2019; Watanabe et al., 2019).

Seaweed extracts (SEs) are a kind of biostimulant extracted
from seaweed (especially brown algae) that can promote crop
growth, improve crop quality, and enhance crop stress resistance.
SE mainly contain natural hormones, such as auxin, cytokinin,
gibberellin, abscisic acid, and other active substances such as
seaweed polysaccharide, sugar alcohol, betaine, and phenolic
compounds (Crouch and van Staden, 1993; Jardin, 2012;
Battacharyya et al., 2015), which have been used in agriculture for
many years (Friedlander and Ben-Amotz, 1990; Mukherjee and
Patel, 2020). The studies have shown that SEs were beneficial to
soil improvement and crop growth. The colony counts in the soil
and metabolic activities of soil microbes were found to increase
following SEs applications, which contributed to increase plant
root and shoot growth (Alam et al., 2013). SEs increased the
absorption of soil nutrients by plants, stimulated the growth of
crops, increased yield (Renaut et al., 2019; Boukhari et al., 2020),
and enhanced plant resistance to biotic (Machado et al., 2014; Ben
Salah et al., 2018) and abiotic stress (Bradáčová et al., 2016; Cabo
et al., 2019; Khompatara et al., 2019). For example, SEs sprayed
on onion grown under water stress significantly increased N, P,
and K uptake by 116, 113, and 93% compared to the unsprayed
plants (Almaroai and Eissa, 2020). Another study found that

SEs increased chlorophyll content by increasing the biogenesis
of chloroplasts and reducing chlorophyll degradation, which was
due to the up-regulated genes associated with photosynthesis,
cell metabolism, stress response and S and N metabolism in
Brassica napus L. (Jannin et al., 2013). Researchers postulated
that the stimulatory effect of seaweed extracts on plant growth
was due to the complex of active substance, which act directly or
by influencing gene regulation in the plant (Arioli et al., 2015).
There was a significantly higher expression levels of the PinII
and ETR-1 marker genes with SEs application than controls.
This was coupled with a marked increase in gene transcripts
involved in auxin (IAA), gibberellin (Ga2Ox) and cytokinin
(IPT) biosynthesis, which provides possible evidence for induced
growth in plants treated with SEs (Ali et al., 2019).

Seaweed extracts have been shown to be effective in improving
stress resistance in many other crops, such as spinach (Xu and
Leskovar, 2015), maize (Trivedi et al., 2018a,b), sweet orange
(Spann and Little, 2011), zucchini squash (Rouphael et al., 2016),
and cucumber (Spann and Little, 2011). There are almost no
reports on the application of SEs in sugarcane, especially in arid
areas without irrigation. Indian researchers have conducted field
experiments in western and southern India, which showed that
the application of SEs could improve the yield and sugar content
of sugarcane (Deshmaukh and Phonde, 2013; Karthikeyan and
Shanmugam, 2017). In addition, other reports in India showed
that the application of SEs could reduce fertilizer input and
increase sugar yield (Deshmaukh and Phonde, 2013; Karthikeyan
and Shanmugam, 2017). Meanwhile, it is believed that the
application of SEs in sugarcane could reduce carbon dioxide
emission and encourage the use of biostimulants, such as SE,
under the background of adverse effects of global climate change
(Singh et al., 2018b). However, the soil, climate, and cultivation
measures between China and India are different. It is necessary
to carry out tests to investigate the application effects of SEs on
sugarcane in China. Specifically, in conditions without irrigation,
the effects of SEs on sugarcane growth, yield, and sucrose
content are not clear. We, therefore, conducted a series of field
experiments for three consecutive years (1-year planting and 2-
year ratoons) in the main sugarcane producing areas of China
to investigate the effects of SEs on sugarcane growth, yield,
and sugar content in terms of yield components, photosynthetic
parameters, nutrient utilization rate, sucrose content, and sugar-
related enzyme activities.

MATERIALS AND METHODS

Trial Sites and Weather Data
Wengyuan (113.94E, 24.27N) and Suixi counties (110.28E,
21.35N), which both have subtropical climates, were selected as
the trial sites. Figure 1 shows the monthly precipitation and
monthly average temperature of the two sites from 2017 to 2019.
In winter, the temperature in Wengyuan was 3–6◦C lower than
that of Suixi. The 3-year average temperature in Wengyuan was
22.3◦C and that in Suixi was 24.4◦C. The rainfall in Wengyuan
from 2017 to 2019 was 1,498, 1,674, and 2,183 mm, respectively,
and the rainfall in Suixi from 2017 to 2019 was 1,805, 2,098, and
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FIGURE 1 | Monthly total rainfall and average temperature during experimental year (2017–2019) in two sites. Numbers in the X axis represent the months in 3 years.

1,514 mm, respectively. The soil in the sugarcane field was latosol
at Suixi and red soil at Wengyuan. Soil properties are listed in
Table 1.

Plant Materials and SE
The sugarcane variety used in Suixi was “ROC22” and in
Wengyuan, it was “Yuetang60.” These two varieties were the
main local cultivated varieties.

The raw material of SEs was obtained from cultured kelp
in the coastal waters of southeast China. The SEs was a kind
of liquid product obtained by complex enzymatic hydrolysis.
The content of the main nutrients and active substances in
the SE were pH 6.85, EC value 14.35 mS/cm, N 0.56 g/L,
P2O5 0.28 g/L, K2O 12.06 g/L, Ca 3.32 g/L, Mg 2.65 g/L, S
1.68 g/L, organic matter 25.10 g/L, alginic acid 20.16 g/L, seaweed
polyphenol 205.56 mg/L, effective seaweed oligosaccharide
4.00 g/L, total sugar 13.00 g/L, mannitol 12.10 g/L, and free amino
acid 5.00 g/L.

Treatments and Cultural Practices
A total of five treatments were set up in the field experiments,
and each treatment was repeated four times. Treatments were
randomly distributed including: (1) spraying water without SE
as a control (CK); (2) spraying SEs once at the seedling stage
(SE1); (3) spraying SEs both at seedling and early elongation
stages (SE2); (4) spraying SEs at seedling, early elongation,
and early mature stages (SE3); and (5) spraying SEs once at
the early mature stage (SE4). The purpose of SE5 was only

TABLE 1 | Physical and chemical properties of experimental soils.

Trial site pH Organic
matter

(g·kg−1)

Total-N
(g·kg−1)

Available P
(mg·kg−1)

Available K
(mg·kg−1)

Suixi 4.80 14.97 0.92 65.35 140.13

Wengyuan 4.73 20.83 1.17 21.93 66.83

to study the effect of SE on the sugar content of sugarcane.
The application amount of SE remained constant at 3 L/ha,
which was diluted 100 times with clear water and sprayed
by an unmanned aerial vehicle. The application time at the
seedling, early elongation, and early mature stages were in late
March, mid-June, and early November every year, respectively.
There was a slight difference in dates between different years
(within 10 days).

Both sites were newly planted in 2017 and ratoons in 2018–
2019. The former crops planted at these sites were sugarcane.
The planting time of Suixi and Wengyuan was December 27,
2016 and December 10, 2016, respectively. Plot sizes were 168
m2 (7 rows × 20 m) and 126 m2 (7 rows × 15 m) at Suixi
and Wengyuan, respectively. Both sites had a row-spacing of
1.2 m. All experiments had 3–5 guard rows to minimize cross
influence. Total fertilization amounts were 483 kg N, 240 kg
P2O5, and 450 kg K2O, and the fertilization amount in ratoon
(2018/2019) was 432 kg N, 225 kg P2O5, and 405 kg K2O. Cane
in all of the experiments was planted and cultivated following
local cultivation practices and was harvested after approximately
12 months of growth.

Measurements
Cane Yield and Its Components
On the 15th day after the second spraying treatment in 2017–
2018, plant height was measured with a special ruler for
measuring the plant height of sugarcane, and 30 plants were
randomly measured in each plot to take the average of a sample.
Every year (2017–2019) from December 15–20, the diameter of
the central stem of sugarcane was measured with a vernier caliper,
and 30 plants were randomly measured in each plot to take the
average of a sample. The millable cane numbers in the area of 36
m2 (3 rows in the middle × 10 m length) were counted in each
plot and converted into the millable cane number per hectare.
The cane yield (fresh cane weight) was converted into yield per
hectare by weighing an area of 36 m2 in each plot.
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SPAD (Soil and Plant Analyzer Development) Value
and Photosynthetic Parameters of Leaves
In 2017 and 2018, SPAD value measurements of sugarcane
leaves were taken 3 times at 2 weeks after each SE application.
A chlorophyll meter (SPAD-502) was used to measure the middle
part of the fully expanded leaves at the top of the sugarcane plant,
and the average value of 10 plants was taken as a measured value.

In sunny weather, from 9:00 a.m. to 11:00 a.m., using a LI-6400
portable photosynthetic system, the photosynthetic parameters of
the middle part of the leaves of sugarcane with red and blue light
sources were measured, and 10 plants were measured repeatedly
to obtain the average value. The following measurements were
recorded: CO2 concentration 390.5 µmol/mol, light intensity 800
µ mol/(m2s), net photosynthetic rate (Pn), and transpiration
rate (Tr). The ratio of Pn/Tr was calculated as instant water use
efficiency (WUEI).

Nutrient Utilization Efficiency (NUE) and Partial Factor
Productivity (PFP)
When sugarcane was harvested, 10 sugarcane plants were
randomly selected from each plot, and the sugarcane stems and
leaves were collected, and fresh weight were weighed, then killed
at 105 ◦C for 30 min and dried to constant weight at 70◦C, and dry
weight were weighed, and water contents of stems and leaves were
calculated. The drying sample was crushed through a 0.15-mm
sieve, treated with H2SO4-H2O2 followed by wet digestion (Bao,
2000), and the nutrient content of nitrogen (N) and phosphorus
(P) contents were analyzed by an Automatic Flow Injection
Analyzer (Proxima, Alliance, France), and potassium (K) content
was measured with a Flame Emission Spectrophotometer (M425,
Sherwood, United Kingdom). The Nutrient content per plant was
the sum of the nutrient content of stem and leaf. The nutrient
utilization efficiency (NUE) of N, P, and K were calculated as
follows:

NUEN/P/K = Nutrient content per plant (N/P/K) × millable
cane number per hectare /the amount of N/P/K fertilizer applied
(FN/P/K) per hectare

PFPN/P/K = Cane yield/FN/P/K

Contents of Sucrose and Reducing Sugar in
Sugarcane, and Theoretical Sugar Yield
The sugar parameters of cane were sampled and tested at each
harvest time in 2017–2019. The content of sucrose, glucose,
and fructose were determined by HPLC. A total of 10 canes
were randomly selected from each plot, and the tenth node
(counting from bottom to top) was peeled and cut into small
pieces, which were ground into a uniform powder with liquid
nitrogen. The powder (2.5 g) was weighed and placed in a
50 mL centrifuge tube, and 10 mL ethanol with a volume
fraction of 80% was added. For extraction, the samples were
incubated in an 80◦C water bath for 30 min, shaken once
every 5 min, and centrifuged at 12,000 r·min−1 for 15 min
to collect the supernatant. The extraction was repeated twice
with 80% ethanol, and the supernatants of the three extractions
were combined in a 50 mL centrifuge tube, which were
soaked in a water bath at 90◦C for about 3 h, volatilized
to about 2 mL, and the supernatant was fixed to 10 mL.

The supernatant was filtered with a 0.22 µm microporous
membrane to remove impurities and obtain the sugar extract.
Chromatographic conditions were as follows: YMC-Pack NH2
carbohydrate column (250 mm × 4.6 mm, 5 µm), column
temperature 40◦C, flow rate 1 mL·min−1, injection volume
20 µL, and time 20 min. According to the peak area and
concentration of the standard sample, the sugar content in
the sample was calculated by using the formula: standard
sample peak area/standard sample concentration = sample peak
area/sample concentration. The content of reducing sugar was
the sum of the glucose and fructose content. Theoretical sugar
yield was calculated by cane yield per unit area multiplied by
sucrose content. Sucrose content, reducing sugar content, and
theoretical sugar yield were all based on fresh weight of cane.

SAI and SPS Enzyme Activities
In 2018, 10–12 days after spraying SEs at the mature stage,
the leaves (completely unfolded at the top of sugarcane) and
stems (peeled from the tenth node, counting from bottom to
top, and cut into small pieces) were sampled. After picking,
they were put into liquid nitrogen until analysis and detection
in the laboratory. The sample powder (2 g) was ground with
liquid nitrogen, weighed, and put into a 10 mL centrifuge
tube, and 8 mL of enzyme extract (50 mM Hepes (pH 7.5),
12 mM MgCl, 1 mM EDTA, 1 mM EGTA, 10 mM DTT,
2 mM benzamidine, 2 mM N-aminocapronate, and 10 mM
diethyldithiocarbamate) was added and extracted by shaking on
ice for 30 min. Samples were centrifuged at 4◦C at 15,000 rpm
for 10 min. The supernatant (4 mL) was placed into a 2 mL
centrifuge tube. The extraction and enzyme activity of SAI and
SPS were determined according to the methods of Zhu et al.
(1997) and Gutiérrez-Miceli et al. (2002).

Statistical Analyses
We used Microsoft Excel 2013 and SPSS 19.0 to analyze the data.
The results were expressed as the mean value and standard error.
Analysis of variance and average comparison were based on the
least significant difference (LSD) test of 5% probability level in the
same place and year.

RESULTS

Effects of SEs on Photosynthetic
Physiology of Leaves
SPAD
The SPAD value of leaves increased significantly after spraying
SEs at the seedling stage (Figure 2A). Similarly, after the second
spraying (SE2/SE3) in the elongation period, SPAD values in
plants treated with SEs were significantly higher than that
without SE application (Figure 2B), but there was no significant
difference between the treatment sprayed with SE only once at
the seedling stage and the control treatment. Spraying for the
third time at the early mature stage did not affect the SPAD value
of leaves (Figure 2C). However, there were differences between
different years at the same test site.
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FIGURE 2 | SPAD value of the fully expended top leaf in the seeding (A),
Elongation (B), and early maturity (C) stages under different SE treatments.
ANOVA analysis was conducted among different treatments at the same trial
site in the same year and bars with different letters indicate the significance at
the 0.05 level.

Pn, Tr, and WUEI
SE application at the early elongation period (SE2 and SE3) made
Pn significantly higher than that of the no SE treatment, with an
average increase of 14.52%. All four experiments had the same
performance (Figure 3A). However, treatment of SE application
only once at the seedling stage (SE1) did not have the same effect.
Furthermore, the Pn of SE2 and SE3 treatments were significantly
higher than that of SE1 in three trials (Suixi in 2017, Wengyuan
in 2017 and 2018).

The results of Tr were similar to Pn. The Tr of sugarcane
sprayed with SEs during the elongation period was significantly
higher than that of the control, with an average increase of

FIGURE 3 | The Pn, Tr, and WUEI of the fully expended top leaf in the
Elongation stages under different SE treatments (A) Pn, (B) Tr, and (C) WUEI.
ANOVA analysis was conducted among different treatments at the same trial
site in the same year and different years and bars with different letters indicate
the significance at the 0.05 level.

10.62%. All experimental results were consistent (Figure 3B). In
addition, Tr of SE2 and SE3 were significantly higher than that of
SE1 in 3 trials (Suixi in 2017, Wengyuan in 2017 and 2018).

The WUEI of SE2 and SE3 was significantly higher than that
of the control in the elongation period, with an average increase
of 4.70% (Figure 3C). Furthermore, WUEI in SE2 and SE3 was
significantly higher than that of SE1 in Wengyuan.

Effects of SEs on Nutrient Utilization
Efficiency (NUE) of N, P, and K
The data shown in Table 2 comprise the NUE of N, P, and K of
sugarcane, which are the average of six experimental results in
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TABLE 2 | N, P, K utilization efficiency and partial productivity of sugarcane under different treatments.

Treatment Utilization efficiency (%) Partial productivity (kg/kg)

N P K N P K

CK 32.87 ± 2.23ab 7.96 ± 0.62c 42.75 ± 2.86b 216.08 ± 18.06a 421.32 ± 33.32a 230.95 ± 19.08a

SE1 36.12 ± 4.00ab 8.22 ± 0.91bc 45.09 ± 4.67ab 223.36 ± 20.89a 435.46 ± 37.87a 238.73 ± 22.04a

SE2 38.67 ± 2.43a 9.02 ± 0.87ab 48.61 ± 4.09a 235.55 ± 22.08a 459.28 ± 40.85a 251.76 ± 23.35a

SE3 39.03 ± 5.01a 9.1 ± 0.5a 48.95 ± 3.95a 236.01 ± 20.72a 460.2 ± 38.52a 252.25 ± 21.91a

aData presented as mean ± SE, n = 4. Different letters in each column show significant difference at p <0.05, according to LSD.

two sites for 3 years. The results showed that the NUE of N, P,
and K sprayed with SEs were all improved to a certain extent
compared with the control. In SE1, SE2, and SE3, the NUE of
N increased by 9.88, 17.64, and 18.74%, respectively, of P by
3.26, 13.31, and 14.31%, respectively, and of K by 5.48, 13.70,
and 14.49%, respectively. In addition, the N, P, and K PFP of the
two treatments (average of SE2 and SE3) were increased by 19.71,
38.42, and 21.06 kg/kg, respectively, compared with the control
but the differences were not significant.

Effects of SEs on Yield Components of
Sugarcane
The plant height of sugarcane sprayed with SEs in April was
significantly higher than that of CK, and there were significant
differences in 4 of 6 experiments (Table 3). After spraying SEs
for the second time in the elongation period (SE2/SE3), the plant
height of sugarcane in August was significantly higher than that
of the control, and this effect was also shown in four experiments.
However, spraying SEs for the third time had no significant effect
on plant height. According to the results of 3 years of experiments
at two sites, compared with the non-SE application, SE3, SE2,
and SE1 increased the height of sugarcane by 4.81, 4.66, and
2.04%, respectively. In addition, SE application had no significant
effect on the millable cane per unit area (Table 3). Therefore, the
promotion effect of SEs on sugarcane growth was mainly reflected
in the increase of sugarcane plant height.

Effects of Different Treatments on
Sugarcane Yield
Spraying SEs both at seedling and elongation stages improved
sugarcane yield significantly, and the yields of SE2 and SE3 were
increased by 9.01 and 9.23%, respectively, compared with those of
sugarcane without SE, while the yield of sugarcane sprayed with
SEs once at the seedling stage was not significantly different from
the control (with a 3.33% yield increase).

The effect of SEs on yield varied with different years and sites.
SE treatment (SE3, SE2, and SE1) increased the yield by 6.17, 6.96,
and 7.80%, respectively, in Suixi and by 7.59, 9.71, and 4.69%,
respectively, in Wengyuan from 2017 to 2019 compared with
the control. The 3-year average yield of SE2 and SE3 treatments
significantly increased 9.17 and 8.95%, respectively, in Suixi and
by 8.83 and 9.53%, respectively, in Wengyuan. However, the
yields showed no significant difference between SE2 and SE3
treatments. Similarly, there was no difference in yield between

SE4 treatment and CK, which indicated that spraying SEs at the
mature stage had no significant effect on yield.

Sucrose Content, Reducing Sugar
Content, and Sugar Yield of Sugarcane in
Harvest Period
Sucrose Content
Regardless of whether SEs were sprayed in both seedling and
elongation stages, the sucrose content of cane with SE application
in the mature stage (SE3/SE4) was significantly higher than that of
cane without SE application, and the sucrose content of SE3 and
SE4 in Suixi in 3 years was 5.71 and 5.49% higher, respectively,
than that of the control (Table 8). Furthermore, the increase in
Wengyuan was 4.72 and 4.11%, respectively. The average in 3
years at the two sites of SE3 and SE4 treatments significantly
increased by 5.21 and 4.79%, respectively (total average 5.00%),
compared with those of the control (P < 0.05). Notably, SE3
and SE4 treatments were also significantly higher than SE1
and SE2 treatments.

Reducing Sugar
Spraying SEs at the mature stage significantly decreased the
reducing sugar content of sugarcane by 32.56 and 34.32%
(average 33.44%) than that of SE1 and SE2, respectively (Table
4). However, there was no significant difference in reducing
sugar content between SE1 and SE2 treatments and those
without SE treatment.

Theoretical Sugar Yield
The 3-year average of sugar content per unit area in Suixi
and Wengyuan was significantly higher than that in non-SE
treatments, and SE3 was the highest in every year and each
place, which was significantly higher than all other treatments.
Compared with the control, the sugar content per unit area of SE3
treatment in Suixi and Wengyuan was significantly increased by
15.31 and 16.56%, respectively (P < 0.05) and the comprehensive
average was increased by 15.92%. In addition, SE1, SE2, and
SE4 treatments increased by 5.43, 12.60, and 7.83%, respectively,
compared with those of the control (Table 5).

Effects of SEs on the Activity of Sucrose
Phosphate Synthase (SPS) and Soluble
Acid Invertase (SAI)
Compared with the treatment without SE, the activity of SPS
in leaves of SE3 and SE4 treatments increased by 9.34 and
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TABLE 3 | Agronomic characters of sugarcane under different treatments.

Site/Year Treatment Plant height (cm) Stalk diameter (mm) Millable stalks (plant·hm−2)

Apr. Aug. Dec. Dec. Dec.

Suixi/2017 CK 60.97 ± 1.92ba 212.25 ± 1.79c 285.85 ± 3.63b 32.79 ± 0.64a 54058 ± 1355a

SE1 67.5 ± 1.39a 217.02 ± 1.01b 290.45 ± 1.1ab 32.61 ± 0.45a 54390 ± 633a

SE2 68.65 ± 0.88a 236.65 ± 1.77a 298.52 ± 3.74a 33.07 ± 0.33a 54896 ± 599a

SE3 67.25 ± 2.17a 238.22 ± 3.29a 301.4 ± 1.39a 33.21 ± 0.54a 54087 ± 967a

Suixi/2018 CK 72.67 ± 0.35b 216.1 ± 1.05a 284.05 ± 1.61b 32.11 ± 0.27a 55498 ± 974a

SE1 77.35 ± 1.6a 220.87 ± 2.01a 289 ± 2.61ab 32.51 ± 0.66a 55229 ± 1280a

SE2 79.57 ± 1.13a 225.9 ± 4.34a 293.85 ± 2.02a 32.89 ± 0.29a 55641 ± 885a

SE3 77.17 ± 2.26a 223.85 ± 5.39a 291.52 ± 2.24a 32.93 ± 0.96a 55223 ± 787a

Suixi/2019 CK 70.21 ± 1.02b 206.43 ± 2.47b 268.28 ± 1.24b 31.56 ± 0.20a 52720 ± 736a

SE1 78.17 ± 4.45a 212.75 ± 1.9a 273.36 ± 2.4ab 31.66 ± 0.28a 52751 ± 545a

SE2 77.92 ± 1.02a 217.76 ± 1.41a 283 ± 2.45a 32.07 ± 0.17a 52937 ± 614a

SE3 80.26 ± 4.48a 217.13 ± 1.44a 284.27 ± 1a 32.16 ± 0.49a 52604 ± 732a

Wengyuan/2017 CK 50.47 ± 2.77b 209.77 ± 2.91b 275.95 ± 3.34b 32.07 ± 0.62a 52926 ± 1328a

SE1 57.97 ± 1.53a 214.55 ± 2.97ab 281.5 ± 3.31b 32.17 ± 0.40a 53116 ± 865a

SE2 57.9 ± 2.27a 222.5 ± 4.02a 291.7 ± 2.68a 32.56 ± 0.53a 52672 ± 746a

SE3 57.55 ± 1.28a 224.95 ± 3.27a 292 ± 1.81a 32.68 ± 0.37a 52641 ± 521a

Wengyuan/2018 CK 63.57 ± 1.18b 207.72 ± 4.07b 276.82 ± 3.02b 32.64 ± 0.27a 53519 ± 1417a

SE1 70.07 ± 0.63a 213.27 ± 1.93ab 285.32 ± 4.91ab 32.93 ± 0.45a 54009 ± 420a

SE2 69.55 ± 1.21a 218.17 ± 2.77a 291.35 ± 3.41a 33.46 ± 0.16a 53549 ± 1440a

SE3 69.8 ± 1.58a 222.32 ± 2.55a 292.15 ± 2a 33.42 ± 0.12a 53715 ± 960a

Wengyuan/2019 CK 66.67 ± 2.57a 200.28 ± 2.04b 262.61 ± 2.02b 31.67 ± 0.39a 51326 ± 1107a

SE1 67.24 ± 0.96a 204.46 ± 1.59ab 267.57 ± 1.37ab 31.66 ± 0.33a 51663 ± 522a

SE2 68.35 ± 0.84a 209.07 ± 1.42a 272.13 ± 1.1a 31.76 ± 0.36a 51714 ± 622a

SE3 67.89 ± 1.34a 208.77 ± 1.33a 271.69 ± 1.2a 31.90 ± 0.47a 51781 ± 816a

aData presented as mean ± SE, n = 4. Different letters in each column show significant difference in the same year, the same site at p <0.05, according to LSD.

TABLE 4 | Reducing sugar content of sugarcane with different treatments at harvest.

Treatments Suixi (%) Wengyuan (%) Total average (%)

2017 2018 2019 AVERAGE 2017 2018 2019 Average

CK 0.47 ± 0.06aa 0.37 ± 0.1a 0.32 ± 0.01a 0.39 ± 0.05a 0.4 ± 0.05a 0.46 ± 0.06a 0.32 ± 0.01a 0.43 ± 0.05a 0.41 ± 0.05a

SE1 0.43 ± 0.08a 0.37 ± 0.06a 0.3 ± 0.01a 0.37 ± 0.02ab 0.41 ± 0.04a 0.43 ± 0.03a 0.3 ± 0.01a 0.43 ± 0.02a 0.4 ± 0.03a

SE2 0.46 ± 0.08a 0.34 ± 0.05a 0.3 ± 0.01a 0.37 ± 0.01b 0.38 ± 0.05a 0.42 ± 0.01a 0.3 ± 0.01a 0.42 ± 0.02a 0.39 ± 0.03a

SE3 0.31 ± 0.07b 0.24 ± 0.05b 0.21 ± 0b 0.25 ± 0.01c 0.28 ± 0.03b 0.31 ± 0.01b 0.21 ± 0b 0.3 ± 0.01b 0.28 ± 0.02b

SE4 0.29 ± 0.02b 0.25 ± 0.05b 0.21 ± 0.03b 0.25 ± 0.03c 0.28 ± 0.04b 0.28 ± 0.04b 0.21 ± 0.03b 0.29 ± 0.02b 0.27 ± 0.03b

aData presented as mean ± SE, n = 4. Different letters in each column show significant difference in the same year, the same site at p <0.05, according to LSD.

TABLE 5 | Theoretical sugar yield of sugarcane with different treatments at harvest time.

Treatment Suixi (t·hm−2) Wengyuan (t·hm−2) Total average (t hm−2)

2017 2018 2019 Average 2017 2018 2019 Average

CK 17.00 ± 1.01ca 16.71 ± 0.16c 14.46 ± 0.53d 16.05 ± 0.55e 15.15 ± 0.72d 16.48 ± 0.77c 13.94 ± 0.20c 15.19 ± 0.37d 15.62 ± 0.42e

SE1 17.15 ± 1.00c 17.65 ± 0.76c 15.41 ± 0.4c 16.74 ± 0.42d 16.09 ± 0.53c 17.73 ± 0.38bc 14.80 ± 0.47bc 16.21 ± 0.42c 16.47 ± 0.41d

SE2 18.61 ± 0.74b 18.75 ± 0.60a 16.69 ± 0.58a 18.01 ± 0.32b 17.44 ± 0.54b 18.69 ± 0.72a 15.37 ± 0.34a 17.17 ± 0.26b 17.59 ± 0.27b

SE3 19.35 ± 0.66a 18.99 ± 1.02a 17.20 ± 0.56a 18.51 ± 0.51a 17.86 ± 0.43a 19.38 ± 0.42a 15.88 ± 0.5a 17.71 ± 0.21a 18.11 ± 0.33a

SE4 18.18 ± 1.10b 17.80 ± 0.58b 15.70 ± 0.33b 17.23 ± 0.53c 16.90 ± 0.56c 17.52 ± 0.60b 14.98 ± 0.39b 16.47 ± 0.45c 16.85 ± 0.09c

aData presented as mean ± SE, n = 4. Different letters in each column show significant difference in the same year, the same site at p <0.05, according to LSD.
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8.95% (average 9.14%), respectively, and the SPS enzyme activity
in stalks increased significantly by 15.56 and 14.76% (average
15.16%), respectively (P < 0.05). However, the activities of SPS
in leaves and stems of sugarcane treated with SE1 and SE2 did
not change significantly. The SAI enzyme activity in stalks of SE3
and SE4 treatments significantly decreased by 15.20 and 17.84%,
respectively (average 16.52%, p< 0.05), and was also significantly
lower than that of the SE1 treatment (Table 6).

Correlation Analysis Between Annual
Rainfall and Plant Height, Sucrose
Content, Cane Yield and Cane Yield
Increase
We used the data of SE2 and SE3 treatments in which SEs had
the best effects on sugarcane yield to analyze the correlation of
plant height, sucrose content, cane yield and cane yield increase
(relative to the treatment without SEs) with annual rainfall.
The results showed that plant height, sucrose content and cane
yield had no significant correlations with annual rainfall, but the
increase of cane yield had a significant negative correlation with
rainfall (Figure 4), that means the lower the annual rainfall, the
greater the increase in sugarcane yield from SEs application.

DISCUSSION

Effects of SEs on Sugarcane Growth and
Cane Yield
Biostimulatory activities of SEs were evident throughout the
experiments, shown by significant increases in plant height and
cane yield. The results of this study are also in agreement
with reports on other crops, including strawberry, maize, and
tomato (Alam et al., 2013; Ali et al., 2016; Trivedi et al.,
2018a,b). The yields of the treatments with SE application (SE1,
SE2, and SE3) were higher than those without SE application,
with the average increase range of 2.67–9.17% in Suixi and
4.04–9.53% in Wengyuan (Table 7). It has been reported that

the application of SE had a better effect on the increase of
cane yield. One study showed that SE application both in the
soil and on the leaves increased the yield of sugarcane by
14.1% (Deshmaukh and Phonde, 2013), and another experiment
showed that spraying SEs on sugarcane three times could
achieve a yield increase of 20.47–28.79% (Karthikeyan and
Shanmugam, 2017). In terms of yield components, seaweed
extract had the greatest effect on plant height, but had no
significant effect on stem diameter and millable cane number.
The growth promoting properties observed may be a result of the
effects of growth regulatory substances present in SE, including
low molecular weight biostimulants (seaweed oligosaccharides)
that can promote crop growth and high molecular weight
biostimulants (algal polysaccharides) that can improve crop
stress resistance. These substances induced the biosynthesis of
hormones such as phytohormones abscisic acid, cytokinin, and
auxin in treated plants (Khan et al., 2009; Aremu et al., 2016;
Patel et al., 2018; Ali et al., 2019; Renaut et al., 2019; Mukherjee
and Patel, 2020). It has been reported that the yield increasing
with SEs applications was associated with improved chlorophyll
biosynthesis (higher SPAD index) (Youssef et al., 2018). Our
results determined at seedling and elongation stages showed
that spraying SEs could significantly increase the SPAD value
of sugarcane leaves, which indicated that the application of
SEs increased chlorophyll content in leaves (Figure 2), which
is also supported by other reports (Lingakumar et al., 2004;
Ali et al., 2016, 2019). This might be due to the existence
of betaine, amino acids, and other active substances in SEs
that inhibit the degradation of chlorophyll (Blunden et al.,
1996), Seaweed extracts also contain magnesium, which is
necessary for chlorophyll synthesis (Almaroai and Eissa, 2020).
Our results showed that spraying SEs had a significant effect
on the photosynthetic rate of sugarcane leaves which were
consistent with those of SPAD, and these resulted in a stronger
ability of plants to maintain a better photosynthetic performance
(Santaniello et al., 2017).

Nutrient absorption is an important factor for high yield
of crops, and more nutrient absorption leads to higher cane

TABLE 6 | Activities of SPS and SAI in leaves and stems of different treatments at mature stage.

Treatment SPS (µmol Suc g−1Fw h−1) SAI (µmol Glu g−1Fw h−1)

Suixi Wengyuan Suixi Wengyuan

Leaf CK 453.65 ± 20.36ba 462.36 ± 34.68b 870.63 ± 44.44a 972.5 ± 81.75a

SE1 455.45 ± 20.99b 469.05 ± 20.94b 894.81 ± 25.68a 936.16 ± 85.06a

SE2 449.75 ± 22.23b 472.31 ± 10.83b 905.42 ± 20.50a 959.75 ± 86.07a

SE3 489.42 ± 7.96a 512.25 ± 15.79a 888.87 ± 45.17a 946.25 ± 94.7a

SE4 481.50 ± 13.17a 516.75 ± 13.04a 922.25 ± 51.69a 953.55 ± 66.26

Stalk CK 228.56 ± 11.89b 255.85 ± 20.01b 359.14 ± 29.94a 332.89 ± 14.47a

SE1 244.06 ± 26.83b 259.80 ± 13.68b 336.85 ± 20.43a 345.85 ± 13.09a

SE2 247.30 ± 22.71b 254.60 ± 5.10b 363.31 ± 24.99a 343.33 ± 11.84a

SE3 274.61 ± 7.46a 283.92 ± 10.67a 289.60 ± 31.12b 296.14 ± 23.90b

SE4 271.35 ± 16.85a 287.85 ± 9.77a 283.99 ± 8.21b 294.81 ± 5.11b

aData presented as mean ± SE, n = 4. Different letters in each column show significant difference in the same organ, the same site at p <0.05, according to LSD.
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FIGURE 4 | Correlation analysis between annual rainfall and plant height (A), sucrose content (B), cane yield (C), and cane yield increase (D) with SE2 and SE3
treatments. n = 12, ∗∗denotes p< 0.01.

TABLE 7 | Cane yield under different treatments.

Site Treatment 2017 (t·hm−2) 2018 (t·hm−2) 2019 (t·hm−2) Average (t·hm−2)

Suixi CK 106.30 ± 6.36ba 103.88 ± 1.68b 89.44 ± 2.25b 99.87 ± 2.98b

SE1 107.69 ± 3.27b 107.97 ± 3.29b 91.96 ± 1.00b 102.54 ± 1.75b

SE2 115.19 ± 2.01a 113.45 ± 1.79a 98.46 ± 2.42a 109.03 ± 1.61a

SE3 115.70 ± 5.38a 111.9 ± 5.35ab 98.84 ± 2.63a 108.82 ± 2.98a

SE4 107.21 ± 7.33b 104.73 ± 1.39b 90.19 ± 3.14b 100.71 ± 3.79b

Wengyuan CK 95.60 ± 2.65b 100.62 ± 4.99b 85.54 ± 1.88c 93.92 ± 1.72b

SE1 98.84 ± 4.10b 106.86 ± 2.57ab 87.44 ± 2.49bc 97.71 ± 2.92b

SE2 104.45 ± 4.28a 111.94 ± 2.83a 90.24 ± 2.36ab 102.21 ± 1.24a

SE3 105.29 ± 3.21a 112.36 ± 3.32a 90.97 ± 1.60a 102.87 ± 0.93a

SE4 99.07 ± 3.19b 102.82 ± 2.31b 86.54 ± 1.34c 96.14 ± 1.40b

aData presented as mean ± SE, n = 4. Different letters in each column show significant difference in the same year, the same site at p<0.05, according to LSD.

yields (Rhodes et al., 2018). The results showed that the
utilization efficiency of nitrogen, phosphorus and potassium
in sugarcane sprayed with SEs was significantly higher than
that in the treatment without SEs. Previous studies have shown
that the application of SEs can promote the growth of crop
roots, improve the ability of roots to absorb macroelement
nutrients and transfer them to the aboveground (Crouch

et al., 1990), which is related to the hormones substances
in SE (Finnie and van Staden, 1985; Jeannin et al., 1991),
and the hormones substances may promote up-regulated
expression of nutrient transport genes, thus improving
root uptake and transport of nutrients (Krouk et al., 2010;
Rathore et al., 2009). Further studies in the promotion
mechanism for SEs regulating plant root growth confirmed
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TABLE 8 | Sucrose content of sugarcane with different treatments at harvest time.

Treatment Suixi(%) Wengyuan (%) Total average (%)

2017 2018 2019 Average 2017 2018 2019 Average

CK 15.99 ± 0.08ca 16.10 ± 0.38b 16.95 ± 0.40b 16.08 ± 0.12b 16.09 ± 0.37b 16.52 ± 0.30b 16.95 ± 0.40b 16.52 ± 0.30b 16.13 ± 0.11b

SE1 15.91 ± 0.55c 16.34 ± 0.35b 16.93 ± 0.35b 16.34 ± 0.22b 16.28 ± 0.30b 16.59 ± 0.18b 16.93 ± 0.35b 16.60 ± 0.26b 16.47 ± 0.26b

SE2 16.16 ± 0.77bc 16.53 ± 0.32ab 17.12 ± 0.56ab 16.54 ± 0.28b 16.37 ± 0.34b 16.7 ± 0.64ab 17.12 ± 0.56ab 16.73 ± 0.42b 16.68 ± 0.35b

SE3 16.73 ± 0.29ab 16.97 ± 0.24a 17.69 ± 0.19a 17.03 ± 0.24a 16.96 ± 0.22a 17.25 ± 0.14a 17.69 ± 0.19a 17.30 ± 0.10a 17.13 ± 0.21a

SE4 16.96 ± 0.2a 17.25 ± 0.21a 17.51 ± 0.29a 17.06 ± 0.14a 17.06 ± 0.09a 17.04 ± 0.32a 17.51 ± 0.29a 17.20 ± 0.17a 17.10 ± 0.18a

aData presented as mean ± SE, n = 4. Different letters in each column show significant difference in the same year, the same site at p<0.05, according to LSD.

that SEs could up-regulated the gene expression and enzyme
activity of nitrate reductase at the post-transcriptional level
(Zhang et al., 2013).

Effects of SEs on Sugar Accumulation of
Sugarcane
Sucrose content is the most important quality index of sugarcane.
All over the world, the sugarcane industry has tried to find ways
to improve the sucrose content of sugarcane or accelerate the
ripening of sugarcane, among which growth regulator substances
are the most frequently used (Rossetto et al., 2003; Li, 2004; Van
Heerden et al., 2015; Cunha et al., 2017). In the management of
sugarcane, sugar increasers or ripening agents can be applied at
the early mature period to advance the harvest period or increase
the sucrose content. SEs are a kind of biostimulant that contains
a variety of plant hormones, which could regulate the growth and
development of plants (Khan et al., 2009; Craigie, 2011; Ali et al.,
2016). Therefore, our experiment also set the third application
time at the early mature period (from the end of October to
November) to evaluate its effects on the sucrose content of
sugarcane. Furthermore, we set the treatment of spraying SEs
alone in the early mature period (SE4) and compared it with
SE3. The results showed that the sucrose content of canes with
SE treatment (SE3 and SE4) were significantly increased in
comparison with that of non-SE and the SE1 treatment at the
early stage of maturity. It was even higher than that of the SE2
treatment in some experiments, and there was no significant
difference between SE3 and SE4. These results indicated that the
increase of sucrose was mainly due to the SE application at the
mature stage, rather than at the seedling and elongation stages.

Sugar conversion and accumulation in sugarcane is regulated
by many enzymes, including sucrose synthase (SS), sucrose
phosphate synthase (SPS), and invertase (INV) (Sturm, 1999;
Winter and Huber, 2000). SPS is a key regulatory enzyme in
the distribution of photosynthetic products to sucrose and starch
in plants and is positively correlated with sucrose accumulation
(Grof et al., 2007). INV is one of the key enzymes controlling
sucrose metabolism in plants, which irreversibly catalyzes the
conversion of sucrose + H2O into fructose + glucose. SAI is a
kind of INV, which mainly exists in vacuoles and plays a role
in regulating sucrose and hexose levels (Tian et al., 2009), and
cane sugar is negatively correlated with SAI activity. In this
study, SPS in the direction of sucrose synthesis and SAI in the
direction of decomposition and transformation were selected as

representatives for analysis. The results showed that spraying
SEs at the early stage of maturity significantly increased the
activity of SPS enzymes in leaves and stems, which was beneficial
to the synthesis and accumulation of sucrose. For stems, SE
application significantly reduced the activity of the SAI enzyme,
which reduced the decomposition of sucrose in sugarcane stems.
Therefore, it could be speculated that SEs regulated related
enzymes in sugarcane, promoted the synthesis and accumulation
of sucrose, and reduced the transformation to reducing sugar,
thus, improving the sucrose content of sugarcane. Reports have
shown the elicitation of various plant enzymes and the increasing
in the activity of these enzymes by SEs (El Modafar et al., 2012; Ali
et al., 2019). The regulation of enzymes activity observed may be
as a result of the effects of phytohormones and growth regulatory
substances present in the SEs and induced the biosynthesis of
hormones by treated plants (Kang et al., 2014; Ramkissoon et al.,
2017).

Sucrose accumulation related to biosynthesis of plant
hormone signal transduction, which are consistent with the
physiological effects elicited by exogenous hormone substances
application on sugarcane. While the hormone in signal
transduction at the maturation stage are great different from
other stage in sugarcane (Cunha et al., 2017). Therefore, the ideal
effect can be obtained only when it is applied at mature stage.

Importance of Applying Seaweed
Fertilizer in Rain-Fed Agricultural Areas
Cane yield is closely related to climate factors (Inman-Bamber
and Smith, 2005; Liu et al., 2016). In this study, the cane yield
of the two experimental sites were different in different years,
and the effect of seaweed extract on the yield was also different
in different years. In this study, the annual rainfall of the two
sites were different (Figure 1 and Table 1). Sugarcane has a great
demand for water during the period of rapid growth (May to
August every year) in China. The growth of sugarcane is severely
inhibited if there was no rainfall and irrigation, resulting in a
decline in yield. The uneven seasonal rainfall was also different in
the two places. Specifically, the rainfall at Wengyuan in 2017 and
2019 was mainly distributed in March to July and less in the later
months, while in June to September 2018, it was less distributed
in the early months (Figure 1). In Wengyuan, the highest yield
of the 3 years was in 2018 (Table 7), which might be related to
the high coincidence between the rainy season and rapid growth
of sugarcane in that year. However, the yield in 2019 was lowest,
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and there were two reasons for this. First, the rainfall decreased
significantly after July in that year compared with previous
years, which affected sugarcane growth; second, as the second
year of ratoon, the emergence of sugarcane generally decreased
with the increase of ratoon years, which led to the decrease of
millable cane number per unit area (one of the yield components)
(Table 3). The rainfall in Suixi from 2017 to 2019 was less in
January to May, and more in June to September, especially in
2019. There was no significant difference in sugarcane production
between 2017 and 2018 because the rainy season in these 2 years
basically coincided with the rapid growth stage of sugarcane.
The lowest output in 2019 was due to similar reasons as that of
Wengyuan. The effects of SE application on yield also had year-
to-year differences. SE treatments had different improvement on
sugarcane yield in different years and places, among which Suixi
had the largest improvement (>9%) in 2019, which had the least
annual total rainfall (1513.72 mm) and monthly average rainfall
(126.14 mm). The increase of yield at Wengyuan in 2017 and
2018 was > 10% and < 6% in 2019. Correspondingly, the total
rainfall (1498.66 mm/1674.83 mm) and monthly rainfall average
(124.89 mm/139.57 mm) in 2017 and 2018 were lower than those
in 2019 (rainfall values were not shown in Figure 1). The yield
increase rates of SE1, SE2, and SE3 treatments in Suixi were
2.67, 9.17, and 8.95%, respectively, and those of Wengyuan were
4.04, 8.83, and 9.53%, respectively. These results indicated that
spraying SEs only once at the seedling stage was not enough to
improve yield but spraying SEs two or three times at different
growth stages was better.

In addition, the WUEI analysis could also well correspond
with this result. The results showed that the WUEI of plants
sprayed with SEs in the early elongation stage was significantly
higher than that without SEs application, which indicated that
SEs could improve the water use efficiency and drought resistance
of crops (Neily et al., 2010; Trivedi et al., 2018a,b). Research
showed that SEs induced a partial stomatal closure, associated
with changes in the expression levels of genes involved in ABA-
responsive and antioxidant system pathways under drought stress
conditions (Santaniello et al., 2017), and SEs was able to mitigate
the drought stress by regulating the expression of genes involved
in ABA biosynthesis and ROS detoxification (Shukla et al., 2018).

Based on the above analysis, the effect of SEs on sugarcane
yield was more obvious under drought conditions, which could
be due to the fact that the SEs contained many active substances
which were conducive to improving the drought tolerance of
sugarcane (Spann and Little, 2011; Martynenko et al., 2016;
Shukla et al., 2018). Therefore, it is suggested that SEs should
be sprayed once both at seedling and early elongation stages in
sugarcane management in rain-fed agricultural areas.

CONCLUSION

In this study, spraying SEs on sugarcane leaves at seedling and
early elongation stages promoted sugarcane growth in rainfed
areas without irrigation. SE application promoted photosynthesis
and transpiration, improved WUEI and utilization efficiency of
nitrogen, phosphorus, and potassium, and increased the height

of sugarcane, thus, increasing the yield and economic benefits.
Moreover, in drought years, SEs had more significant effects on
alleviating sugarcane yield decline caused by drought.

Furthermore, we found that spraying SEs at the early mature
stage of sugarcane could regulate the activities of enzymes related
to sugar accumulation in sugarcane leaves and stems, increase
the activities of sucrose phosphate synthase in leaves and stems,
and reduce the activities of soluble acid invertase in stems,
which was conducive to promoting sucrose accumulation in
sugarcane stems.

Due to the improvement effect of SEs on sugarcane yield
and sucrose content in this research, we suggest that SEs should
be sprayed at different growth stages in sugarcane production.
It is better to spray three times at seedling, elongation, and
early mature stages. These provide a theoretical basis for the
application of SE in agricultural areas.
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Biostimulants are emerging as a feasible tool for counteracting reduction in climate

change-related yield and quality under water scarcity. As they are gaining attention, the

necessity for accurately assessing phenotypic variables in their evaluation is emerging

as a critical issue. In light of this, high-throughput phenotyping techniques have been

more widely adopted. The main bottleneck of these techniques is represented by

data management, which needs to be tailored to the complex, often multifactorial,

data. This calls for the adoption of non-linear regression models capable of capturing

dynamic data and also the interaction and effects between multiple factors. In this

framework, a commercial glycinebetaine- (GB-) based biostimulant (Vegetal B60, ED&F

Man) was tested and distributed at a rate of 6 kg/ha. Exogenous application of

GB, a widely accumulated and documented stress adaptor molecule in plants, has

been demonstrated to enhance the plant abiotic stress tolerance, including drought.

Trials were conducted on tomato plants during the flowering stage in a greenhouse.

The experiment was designed as a factorial combination of irrigation (water-stressed

and well-watered) and biostimulant treatment (treated and control) and adopted

a mixed phenotyping-omics approach. The efficacy of a continuous whole-canopy

multichamber system coupled with generalized additive mixed modeling (GAMM)

was evaluated to discriminate between water-stressed plants under the biostimulant

treatment. Photosynthetic performance was evaluated by using GAMM, and was then

correlated to metabolic profile. The results confirmed a higher photosynthetic efficiency

of the treated plants, which is correlated to biostimulant-mediated drought tolerance.

Furthermore, metabolomic analyses demonstrated the priming effect of the biostimulant

for stress tolerance and detoxification and stabilization of photosynthetic machinery. In

support of this, the overaccumulation of carotenoids was particularly relevant, given their

photoprotective role in preventing the overexcitation of photosystem II. Metabolic profile
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and photosynthetic performance findings suggest an increased effective use of water

(EUW) through the overaccumulation of lipids and leaf thickening. The positive effect of

GB on water stress resistance could be attributed to both the delayed onset of stress

and the elicitation of stress priming through the induction of H2O2-mediated antioxidant

mechanisms. Overall, the mixed approach supported by a GAMM analysis could prove

a valuable contribution to high-throughput biostimulant testing.

Keywords: water stress, biostimulant, GAMM, metabolomics, tomato, gas exchange, glycinebetaine, climate

change

INTRODUCTION

Adaptation to climate change is becoming central to the
conversation about water management for agriculture (Iglesias
and Garrote, 2015). Among the suggestions to improve
resiliency and adaptive capacity, the most cited approach is
the introduction of drought-resistant crops. While this can be
achieved through classical breeding and biotechnology, such
efforts have so far produced little results (Nuccio et al., 2018).
Moreover, in the second case, even when plants are successfully
genetically modified (GM), resistant plants typically represent
a restricted number of crops. In this sense, a technology
applicable tomultiple crops inmultiple locations would represent
a desirable alternative: as pointed out by Del Buono (2020),
biostimulants could represent a sustainable measure to foster the
resilience of cropping systems under limited water conditions.
The earliest response of plants to drought is represented by
stomatal closure, which results in the inhibition of photosynthesis
(Michaletti et al., 2018), and therefore leads to CO2 uptake
and concentration reduction (Medrano et al., 2002). Multiple
osmolytes can be found among biostimulant constituents
targeting water stress resistance in plants, such as glycinebetaine
(GB). GB not only acts as an osmoregulator but also stabilizes
the structures and activities of enzymes and protein complexes
via detoxification of reactive oxygen species (Papageorgiou et al.,
1991; Papageorgiou and Murata, 1995), while maintaining the
integrity of membranes against the damaging effects of excessive
salt (Tang et al., 2014, Tian et al., 2017, Yang and Lu, 2005;
Mbarki et al., 2018), cold (Quan et al., 2004), heat (Yang et al.,
2006; Allakhverdiev et al., 2007), freezing (Razavi et al., 2018;
Wang et al., 2019), and also drought (Ma et al., 2006). The
role of GB in plant resistance to abiotic stress has been widely
investigated and documented (Gorham, 1995; Sakamoto and
Murata, 2002; Ashraf and Foolad, 2007; Chen and Murata, 2010;
Huang et al., 2020), ranging from exogenous application to
genetic engineering (Fariduddin et al., 2013), to its biosynthesis
and the underlying molecular mechanisms behind in planta
accumulation under stress (Annunziata et al., 2019). While it
has been argued that the osmolyte accumulation does not entail
positive effects on yield under drought conditions (Serraj and
Sinclair, 2002), many reports demonstrate the positive effect of
osmolyte accumulation generally (notably Blum, 2016) and GB
specifically on plant growth and final yield. Among drought
resistance mechanisms activated by GB, osmotic adjustment
has been observed to enhance soil moisture extraction and,

therefore, transpiration (Blum, 2016). At the same time, higher
yielding plants are characterized by high stomatal conductance
over time and higher transpiration (Blum, 2009). Indeed, Mäkelä
et al. (1999) found that GB could enhance photosynthetic
efficiency by reducing photorespiration and enhancing stomatal
conductance in tomato plants grown under drought and salinity.
This resulted in increased net photosynthesis of stressed plants.
This is of particular relevance since tomato plants (Solanum
lycopersicum L.) do not naturally accumulate GB (Wyn Jones
and Storey, 1981). GB foliar application was also found to
increase the yield of tomato plants under saline or heat stress
(Mäkelä et al., 1998). Likewise, Agboma et al. (1997a,b) found
that exogenous application of GB was indeed involved in the
maintenance of a higher yield in maize and sorghum grains and
tobacco leaves and resulted in improved water-use efficiency. GB
was found to have a positive effect on yield also on soybean
(Agboma et al., 1997b), common beans (Xing and Rajashekar,
1999), wheat (Agboma et al., 1997a), sunflower (Hussain et al.,
2008), and cotton (Ahmad et al., 2014). Moreover, Park et al.
found that genetically engineered GB (2004) and exogenously
applied GB (2006) increased the tolerance of tomato plants
to chilling stress. Interestingly, they suggest that, in addition
to its macromolecule and membrane protecting action, GB-
enhanced chilling tolerance might imply stress priming through
the induction of H2O2-mediated antioxidant mechanisms.

According to Fleming et al. (2019), scientific recognition of
the potential of biostimulants has not grown as fast as the
interest from industry. This has been due to limited fundamental
research of their modes of action and the speed at which
new multi-compound products have entered the market. In the
investigation of biostimulant activity, the necessity of accurate
assessment of phenotypic variables is emerging as a critical issue
(Rouphael et al., 2018) while at the same time the combined
phenotypic-omic approach is gaining momentum. In recent
years, emerging digital technologies such as sensors, automatic
image acquisition, and the connected algorithms and models
have seen an increasing adoption, resulting in increasing volumes
and complexity of data. Large-scale acquisition of data has
allowed data interpretation to shift from amodel-based to a data-
based paradigm, by improving the possibility to generalize the
data acquired and consequently allowing for an increase inmodel
accuracy. On the flip side of the coin, the main challenge lies
in data management: the huge amount of data generated needs
to be handled both at the acquisition and analysis stage through
proper, often custom, tools (Coppens et al., 2017). In this context,
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non-destructive phenotyping techniques characterized by high
accuracy (high-throughput techniques) have gained popularity
in the scientific community and have been successfully employed
in plant breeding (Araus and Cairns, 2014; Halperin et al., 2017;
Tardieu et al., 2017; Campbell et al., 2018; Mir et al., 2019),
precision agriculture (Chawade et al., 2019), and biostimulant
activity testing (Petrozza et al., 2014; Rouphael et al., 2018;
Paul et al., 2019a,b). High-throughput phenotyping technologies
have attracted attention for their potential in: (1) screening
and monitoring multiple morpho-physiological traits; (2) time-
series measurements, crucial in the acquisition and interpretation
of high spatial and temporal resolution data; and (3) labor
automation, time, and cost efficiency (Rouphael et al., 2018).
Halperin et al. (2017) have proposed a platform, which uses
a custom algorithm to select genotypes based on their abiotic
stress resistance characteristics. The system coupled with single-
leaf gas exchange acquisition provides high-resolution whole
plant transpiration, biomass gain, stomatal conductance, and
root flux. As pointed out by Teklić et al. (2020), in addition to
the investigation of the effect of biostimulants on plant stress
response, there is a growing necessity to elucidate stress and
interactions of biostimulants in terms of metabolic changes.
To further explore the variation in physiological traits, the
integration of phenotyping data and omics data represents the
next frontier and a promising tool to bridge the phenotype–
genotype gap (Coppens et al., 2017) and to understand
dynamic plant stress responses in a changing environment
(Gosa et al., 2019). Specifically, high-throughput phenotyping
data in combination with metabolomics have already been
successfully applied to biostimulant testing (Lucini et al., 2015;
Paul et al., 2019a,b; Rouphael et al., 2020). In metabolomics,
two commonly used analytical strategies can be distinguished:
untargeted and targeted strategies. Untargeted metabolomics,
by aiming to detect as many metabolites as possible in a
biological sample, is particularly suited to identifying metabolite
abundance variations connected to either environmental stimuli
or genetic variations (Cheng et al., 2018). Metabolomics has
a recognized potential to provide significant insights into
the mechanisms of the stress response (Shulaev et al., 2008;
Arbona et al., 2013) by identifying different compounds, such
as the molecules involved in stress acclimation (e.g., secondary
metabolites) and by-products of stress metabolism, and has
been successfully applied to the investigation of biostimulant
action in general (Lucini et al., 2015, 2018; Paul et al., 2019a,b)
and especially under abiotic stresses (Nephali et al., 2020).
Lastly, responding to the necessity to analyze the volumes
and complexity of data produced through high-throughput
phenotyping, non-linear regression models are emerging. These
models need to be capable of capturing dynamic data, often time
series, as well as the interaction and effects between multiple
factors (Ohana-Levi et al., 2020). Among these, generalized
additivemixedmodels (GAMMs) have been successfully featured
in several applied science fields (Murase et al., 2009; Zuur
et al., 2009; Pedersen et al., 2019; Boswijk et al., 2020;
Ohana-Levi et al., 2020) including ecology at large and plant
ecophysiology. In particular, Ohana-Levi et al. (2020) highlighted
the potential of GAMs tomodel non-linear relationships between

evapotranspiration (ETc) drivers and evaluating their impacts on
grapevine transpiration.

In light of this, GB is particularly fit to test the suitability
and accuracy of GAMMs in modeling dynamic plant response
to drought: widely investigated, its protective action on the
photosystem is documented for several abiotic stresses (Huang
et al., 2020). At the same time, while available research
concentrates mostly on the effect of GB application on yield
traits and cell-level effects (Annunziata et al., 2019), a correlation
between GB treatment and modifications in photosynthetic rates
has received little attention: published research mainly concerns
enhanced photosynthetic performance under salt stress (Yang
and Lu, 2015; Hamani et al., 2020) and drought (Nawaz and
Wang, 2020). Likewise, the effects of GB on water-use efficiency
(WUE) have been scarcely investigated (Ahmed et al., 2019)
and although both of its abundance (natural or GM) in plant
tissues and its exogenous application have been widely linked to
stress response, the effects of exogenous application of GB on the
metabolomic profile of leaves are yet to be investigated.

Based on the current literature, the hypothesis tested here
was whether a biostimulant (GB-based) treatment can be
efficiently modeled through GAMM and whether the treatment
would result in tangibly different metabolite expression profiles,
thereby completing the information derived from GAMM. In
order to achieve this, the duration and dynamics of the effect
on photosynthesis, transpiration, and WUE were investigated,
jointly with a snapshot analysis of metabolic profile.

MATERIALS AND METHODS

Plant Material and Growing Conditions
The experiments were conducted in a greenhouse and the
metabolomics analysis in the laboratory of the Department of
Sustainable Crop Production of the Università Cattolica del Sacro
Cuore, Piacenza. Tomato seeds (H1281 variety, Heinz) were
directly sown in a greenhouse at 20◦C at 2 cm in a seeding tray
(35-ml cell plug) containing a commercial complete mixture of
sand—blonde peat—humus. Seeds were kept in dark conditions
for 5 days until germination, thereafter they were provided with
a PPFD of 800 µmol m−2 s−1 through light-emitting diode
(LED) lighting. Seven days after emergence (DAE), 50 uniformly
developed seedlings, at second true leaf unfolded (BBCH 12),
were transplanted in 2.3-L pots filled with a commercial complete
mixture of sand—blonde peat—humus (1,000± 1 g). Plants were
fertilized at a transplant with 40ml of a complete commercial
solution (COMPO, Concime Liquido Universale, Bologna, Italy)
at 1.05% w/v (7% N; 5% P; 6% K; 0.01% B; 0.004% Cu; 0.04%
Fe; 0.02% Mn; 0.001% Mo; and 0.002% Zn). Fertilization was
provided every 2 weeks. The pots were placed under LED lamps
to provide a PPFD of 800 µmol m−2 s−1 to the top canopy
with a photoperiod of 16 h light and 8 h dark. Pots were watered
to field capacity (FC) every second day. The temperature was
not controlled and in the range between 35◦C during the day
and 8◦C during the night (19.5◦C average). Of the 50 plants,
32 homogeneously developed plants were selected, of which
12 plants were destined for gas exchange analysis and 20 for
metabolomics analysis, while the rest was discarded.
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The experiment was designed as a factorial combination of
irrigation (water-stressed and well-watered) and biostimulant
treatment (treated and control). The water-stressed plants were
allowed to dry down for three consecutive days by the withdrawal
of irrigation. Thereafter, all plants were irrigated. Gas exchange
analysis was carried out on three replicates for each treatment,
for a total of 12 plants while metabolomics analyses were carried
out on five replicates per each treatment, totaling 20 plants.
Plants dedicated to gas exchange analyses were kept in the gas
exchange acquisition system for 9 days until the end of the
experiment (3 initial days to adapt to the ventilation and lighting,
followed by dry down) while plants dedicated to metabolomics
analysis were kept in the greenhouse under a tunnel replicating
the conditions of the gas exchange acquisition system (same air
inlet and LED lighting).

Biostimulant Characteristics and
Treatment
The day before the beginning of the gas exchange analysis, the
pots were irrigated to saturation and allowed to drain overnight.
The treatment with the biostimulant was carried out on 36 DAE
on one half of the plant while the other half was sprayed with
distilled water. Biostimulant was sprayed at a rate of 6 kg/ha,
with a dilution of 300 L/ha to a total of 10 g/plant. Dose and
dilution were chosen based on commercial use of the product
(Vegetal B60 R©, ED&F MAN Liquid Products Italia, Bologna,
Italy). Vegetal B60 R© is an organic product extracted exclusively
from sugar beet without any added chemical additives. It contains
30% of GB and 5% of L–amino acids, 5% of total organic nitrogen,
and 12% of organic carbon.

All pots were sealed in plastic bags fitted around the base
of each plant stem to prevent soil evaporation. Well-watered
plants were kept at 80% FC throughout the experiment, while for
water -stressed plants irrigation was interrupted 3 days after the
treatment (on 39 DAE). About 200 g of water were reintegrated
to WS plants on 41 DAE, 2 days after irrigation was stopped,
to contrast the high rate of soil drying and allow for a longer
dry-down period and a more gradual onset of drought stress
(a transpiration exceeding 200 g d−1 would have brought the
plant at wilting point on DAE 41). Leaf area (LA) of each plant
was calculated every 3 days from the start of stress imposition
(39 DAE). Leaves were placed on squared paper (square of side
0.5 cm, used as the reference of known size) reinforced with a
rigid base and photographed with a phone camera, taking care
that no leaves overlapped. Images were then processed by using
ImageJ (Schneider et al., 2012) to extract LA and compute the
total LA of each plant.

Gas Exchange Analysis
Gas exchange was evaluated through a semiautomated
multichamber whole-canopy system [slightly modified from
the system previously described in Fracasso et al. (2017)]. In
particular, the system computes net photosynthetic rate (Pn),
transpiration rate (E), and WUE. Every pot was measured every
12min for a total of 120 measurements per day. Pn (µmol s−1

m−2) and E (mmol s−1 m−2) were calculated based on flow
rates and CO2 and water vapor differentials by using the formula

provided in Long and Hallgren (1985). Data were acquired 24 h
per day at intervals of 1min. The semiautomated multichamber
system is composed of 12 adjustable open chambers connected
to a CIRAS-DC double channel absolute CO2/H2O IR gas
analyser (PP-System, Amesbury, MA, USA). Air drawn at 3m
above ground from outside the greenhouse is collected in a
buffer tank (0.44 m3 capacity) to ensure the stability of inlet
CO2 concentration and then, forced by one centrifugal blower
(Vorticent C25/2M Vortice, Milan, Italy), to distribute air to
the chambers through 50-mm-diameter rigid plastic pipes. The
air flow rate of each chamber is controlled by a baffle and is
constantly measured at least 50 cm downstream of the baffle
itself with digital flowmeters (50 Pa D6F-PH0026AD1, OMRON,
Kyoto, Japan) according to a flow-restriction method (Osborne,
1977). Each chamber is connected to a set of 12 solenoid valves
in series (model 177 B04/Z610, Sirai, Bussero, Italy) through a
sampling tube (Ø 10mm). Air sampling is switched from one
chamber to another at programmed time intervals (Raspberry
Pi B+, Raspberry Pi Foundation, Northants, UK). In order to
ensure air flushing inside the sampling tubes and the complete
air exchange inside CIRAS-DC, rotary vane pumps (model G
6/01-K-LCL; Gardner, Denver Thomas, Pucheim, Germany)
with 33.3 cm3 s−1 of flow rate were added before CIRAS-DC.
Both the inlet air temperature and the air temperature of each
chamber (outlet) were measured by using digital temperature
sensors (Dallas DS18B20, Dallas Semiconductor Corp., Dallas,
TX, USA).

On 36 DAE, 12 plants were transferred under the gas exchange
acquisition system and were kept in the system for 9 days until
the end of the experiment (as mentioned above) while 20 plants
were kept under a tunnel replicating the conditions of the gas
exchange acquisition system and were sampled for metabolomics
analyses. Both the tunnel and the gas acquisition system were
provided with the same air inlet, namely forced air collected from
outside (as described above), and the same LED lighting, namely
800 µmol m−2 s−1 PPFD.

Sample Harvest and Metabolomic Analysis
Gas exchange was measured throughout the duration of the
stress: as soon as the Pn of stressed plants started decreasing,
plants were sampled for metabolomics. Sampling of the 20
plants kept under the tunnel replicating the conditions of the
gas acquisition system was carried out on 42 DAE. The second
and third fully expanded leaves from the top of each plant
were excised and dipped into liquid nitrogen. Samples were
kept at −20◦C and subsequently analyzed. Plant samples were
homogenized in pestle and mortar by using liquid nitrogen and
extracted as previously reported (Paul et al., 2019b). Briefly,
an aliquot (1.0 g) was extracted in 10ml of 0.1% HCOOH in
80% aqueous methanol by using an Ultra-Turrax (Ika T-25,
Staufen, Germany). The extracts were centrifuged (12,000 g) and
filtered into amber vials through a 0.22-µm cellulose membrane
for analysis. Thereafter, metabolomic analysis was carried out
by ultra-high performance liquid chromatograph (UHPLC)
coupled to a quadrupole-time-of-flight mass spectrometer
(UHPLC/QTOF-MS). The metabolomic facility included a
1,290 ultra-high-performance liquid chromatograph, a G6550
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iFunnel Q-TOF mass spectrometer, and a JetStream Dual
Electrospray ionization source (all from Agilent Technologies,
Santa Clara, CA, USA). The untargeted analysis was carried
out as previously described (Rouphael et al., 2016). Briefly,
reverse-phase chromatography was carried out on an Agilent
PFP column (2.0 × 100mm, 3µm) and by using a 33-min
linear elution gradient (6–94% acetonitrile water, with a flow of
200 µl min−1 at 35◦C). The mass spectrometric acquisition was
done in SCAN (100–1,000 m/z) and positive polarity (Pretali
et al., 2016). Quality controls (QCs) were analyzed in data-
dependent MS/MS mode by using 12 precursors per cycle
(1Hz, 50–1,200 m/z, positive polarity, active exclusion after 2
spectra), with collision energies of 10, 20, and 40 eV for collision-
induced decomposition.

Raw spectral data were processed by using Agilent Profinder
B.07 software, (Santa Clara, CA, USA) as described in Miras-
Moreno et al. (2020). The PlantCyc 12.6 database (Plant
Metabolic Network; Release: April 2018) was used to putatively
annotate compounds according to Level 2 with reference to the
COSMOS Metabolomics Standards Initiative (Salek et al., 2015).
QCs were analyzed by using the MS-DIAL 3.98 (RIKEN Center
for Sustainable Resource Science: Metabolome Informatics
Research, Yokohama, Japan) to compare the MS/MS spectra to
the publicly available MS/MS experimental spectra built in the
software (e.g., MoNA) (Tsugawa et al., 2015).

Data Analysis
Gas Exchange Curve Fitting Using GAM(M)
The experiment was evaluated from the day prior to stress
imposition (38 DAE) for three consecutive days of water stress
(DAE 39-41) until the start of stress recovery (42 DAE). Statistical
analyses on gas exchange data were carried out via GAMMs.
GAMMs are regression models, which allow for modeling
non-linear regressions (Wieling, 2018). Unlike linear models
(1), which feature a sum of linear terms, GAMMs (2) are
characterized by a sum of smooth functions. GAMMs are used
to estimate smooth functional relationships between predictor
variables and the response. GAMM data fitting is characterized
by a penalized fit: the fit of the data is balanced with the
complexity of the model by penalizing wiggliness, namely the
deviation from total smoothness, and thus avoiding overfitting
(Pedersen et al., 2019).

Yij= β0 +
∑

βjxi + ∈ij (1)

Yij= β0 +
∑

fj(xi)+ ∈ij (2)

Among the multiple advantages of this approach is the possibility
to handle the complexity of the data without oversimplifying
them, the determination of the relationship between the
dependent variable and the predictors as a function of the
algorithm, which can be linear but is not necessarily linear, the
inclusion of multiple numeric predictors and the possibility to
include autoregressive AR(1) error model for Gaussian models in
order to handle the autocorrelation component of the error (van
Rij et al., 2019). The inclusion of autocorrelation is particularly

relevant in time-series data sets, where each datapoint is clearly
correlated to (and therefore dependent on) the previous and
the next datapoints. Therefore, this analysis is particularly useful
to data sets characterized by dynamic and time-series data
(Boswijk et al., 2020).

After Wieling (2018), the analysis started from a simple
generalized additive model, the sophistication of which was
progressively increased and extended step-by-step. While one
would normally directly choose the model reflecting the
hypothesis, this approach was chosen to shed light on the process
using generalized additive modeling.

Net photosynthesis (Pn), transpiration rate (E), and WUE
were used as the response variable for the following series
of GAM(M)s:

a. Sole irrigation as a fixed factor, including a smooth for day-of-
treatment and hour in the day, based on treatment.

b. Irrigation treatment and biostimulant treatment as fixed
factors, no interaction between the factors. Including a
smooth for day-of-treatment and hour in the day, based on
both treatments.

c. Irrigation treatment and biostimulant treatment as fixed
factors, interaction between the factors. Including a smooth
for day-of-treatment and hour in the day, based on
both treatments.

d. Introduction of tensor product-based smooths between hour
and day.

e. Inclusion of a smooth for day-of-treatment and hour in the
day, based on both treatments, and allowing for random effect
per individual.

f. Addition of non-linear random effects per individual for day-
of-treatment.

g. Introduction of individual-based autocorrelation.

Models d:g are nested within model c, allowing for comparison
of methods using log-likelihood/F tests. This allowed us to
evaluate Akaike information criterion (AIC) changes among
models and, thus, to find the model with the most explanatory
power given the degrees of freedom, while at the same time
assessing whether better or worse models explained significantly
different amounts of the deviance in the data. Statistical
tests were performed by using the software R version 4.0.2
(R Core Team, 2020). GAMM models were fitted in R by
using a cubic regression spline smoother, with the package
itsadug (van Rij et al., 2020). Mixed model selection, fitting,
and validation followed (Zuur et al., 2009). Biostimulant and
stress treatment factors were used in mixed linear models for
hypothesis testing.

Chemometric Interpretation of Metabolites
Chemometric interpretation of metabolites was performed by
using Mass Profiler Professional B.12.06 from Agilent (Santa
Clara, CA, USA) as previously described (Corrado et al., 2020).
The unsupervised hierarchical cluster analysis (HCA—distance
measure: Euclidean; clustering algorithm: Ward’s) was produced
based on the normalized molecular features. The supervised
orthogonal partial least squares-discriminant analysis (OPLS-
DA) was carried out with SIMCA 16 (Umetrics, Umeå, Sweden)
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TABLE 1 | Characteristics of the nine compared models of influence on

photosynthesis.

Model Resid. Df Resid. Dev AIC dAIC Dev. Expl (%)

a 3391.454 11624.1257 13974.67 5006.285 61.5

b 3378.586 10206.6696 13552.31 4583.922 66.2

c 3377.564 9648.388 13361.94 4393.553 68

d 3265.717 7618.79372 12724.36 3755.977 74.7

e 3231.964 4454.29886 10950.84 1982.455 85.2

f 3182.686 3307.85823 10024.21 1055.83 89

g 3214.175 3679.9617 8968.384 0 87.8

Model names as in the text: a is the sole irrigation as a fixed factor, including a smooth

for day-of-treatment and hour in the day, based on treatment. b has both irrigation and

biostimulant treatment as fixed factors. c adds the interaction between the factors and

includes a smooth for day-of-treatment and hour in the day, based on both treatments.

d introduces tensor product-based smooths between hour and day. e includes a smooth

for day-of-treatment and hour in the day, based on both treatments, and allowing for

random effect per individual. f adds non-linear random effects per individual for day-of-

treatment. g introduces individual-based autocorrelation. Resid.Df, residual degrees of

freedom; Resid.Dev, residual deviance; dAIC, difference in AIC based on model g. Dev.

Expl. (%) = deviance explained.

at default parameters. CV-ANOVA (p < 0.01) and permutation
testing (n = 100) were also applied to validate and to exclude
overfitting. Goodness-of-fit R2Y and goodness-of-prediction
Q2Y were also calculated from the OPLS-DA model. Outliers
were investigated according to Hotelling’s T2 (95 and 99%
confidence limit for the suspect and strong outliers, respectively).
Themost discriminant compounds in separationwere selected by
performing the variables importance in projection (VIP) analysis.

Thereafter, differential compounds were investigated through
Volcano plot analysis, combining fold-change (FC > 2) and
ANOVA (p < 0.0, 1, Bonferroni multiple testing correction)
and were then uploaded into the Omic Viewer Pathway Tool of
PlantCyc (Stanford, CA, USA) to identify pathways affected by
the treatments as in Caspi et al. (2013).

RESULTS

Gas Exchange Analysis
On 36 DAE, 12 plants were transferred under the gas exchange
acquisition system and were kept in the system for 9 days until
the end of the experiment. Plants were treated with a factorial
combination of irrigation (well-watered and water-stressed) and
biostimulant treatment (treated and control). Water-stressed
plants were allowed to dry down for three consecutive days by the
withdrawal of irrigation. Gas exchange data were processed via
GAMMs. GAMMs are non-linear regression models which are
characterized by a sum of smooth functions. Data were analyzed
by building models of growing complexity (Table 1, model a–
g), as previously explained. The regression models allowed to
explore the dynamics of the influence of the biostimulant and
water treatments on photosynthetic performance.

Among the candidate GAMMs, the optimal model was model
g, including Photosynthesis∼ irrigation treatment ∗ biostimulant
treatment and non-linear interactions between both treatments
and the duration of the experiment (expressed in days) and the

time of the day (expressed in hours), smooths for the duration
of the experiment and the time of the day on both treatments
and non-linear variability of the individuals over the duration
of the experiment. Moreover, model g included autocorrelation
for time over the individual. The model explained 87.8% of the
total deviance with an Adj.R2 of 0.872.While the next best model,
which did not include autocorrelation (model f), explained 89%
of the deviance (Adj.R2 0.883), when the models were confronted
via AIC (Akaike, 1974), and model g scored consistently lower
in terms of AIC score although bearing more degrees of freedom
(Table 1).

The inclusion of the sole irrigation treatment factor (model a)
explained 61.5% of the deviance in the data. The addition of the
biostimulant treatment factor (model b) increased the deviance
explained by 4.7%. The addition of further information increased
the deviance explained as follows: the inclusion of the interaction
between the fixed factors (model c) resulted in an additional
1.8%. The further introduction of tensor product-based smooths
between hour and day (model d) added 6.7% deviance explained,
while allowing for random effect per individual (model e) further
added 10.5% to it. Lastly, the addition of non-linear random
effects per individual for day-of-treatment (model f) resulted in
1.8% more deviance explained.

Under water-stressed conditions, model g highlighted
statistically higher Pn (Figure 1) in plants treated with
biostimulant compared to control plants starting shortly
before 39 DAE and lasting throughout the experiment until 42
DAE. Conversely, under well-watered conditions, there was no
significant difference between treatments. When considering
biostimulant-treated (BT) plants, the difference between water-
stressed and well-watered plants was significantly lower for
water-stressed plants starting half 40 DAE to half 41 DAE. Lastly,
well-watered and water-stressed untreated plants displayed a
significant negative difference frommid-39 DAE to mid-42 DAE.

The influence of day-of-treatment (38–42 DAE), starting from
the day prior to stress imposition, and hour was evaluated
separately for each treatment (biostimulant and water treatment).
Through the use of GAMMs, the significance of the effect
of day and hour on biostimulant and water treatment was
further investigated singularly for each dimension of both factors
(biostimulant treated/control treated and water-stressed/well-
watered) (Table 2). The results show that all the partial
correlations were statistically significant for at least one of the
two levels of the factors at the value of p < 0.001 level, except
for the effect of hour and day of week on biostimulant treatment,
which was significant at the value of p < 0.05. While the
significance of the smooth terms does not provide information on
whether the patterns are statistically significant, this suggests that
each individual variable has a statistically significant influence
on modeling the wiggliness of Pn, which in turn confirms the
distance of Pn from a linear function.

The partial effect (referred solely to biostimulant treatment)
of biostimulant treatment on Pn observed for each day-of-
treatment is of particular interest (Figure 2): while no effect can
be detected for the control treatment (which is represented by
a linear function), the biostimulant treatment has a detectable
effect on the wiggliness of the Pn curve.
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FIGURE 1 | Graphs showing differences in Pn according to model g among all combinations of treatments (irrigation and biostimulant). Random effects were

excluded. The baseline is represented by untreated plants above and by watered (control) plants below. The pointwise 95% CI is shown by a shaded band. When the

shaded confidence band does not overlap with the x-axis (i.e., the value is significantly different from zero), this is indicated by a red line on the x-axis (and vertical

dotted lines). (A) Water-stressed (WS), comparison between no biostimulant (NB) and biostimulant treatment (BT). (B) Well-watered (WW), comparison between NB

and BT. (C) BT, comparison between WS and WW. (D) NB, comparison between WS and WW.

Transpiration (E, mmol m−2 s−1) was evaluated through
increasingly complex models, as Pn. Model g was once more
the best fitting model, with 88.2% of deviance explained and
0.875 Adj.R2. As for Pn, water-stressed BT plants performed
significantly better than untreated plants (Figure 3). In particular,
the performance of BT plants was significantly higher from
mid-38 DAE to mid-40 DAE. Conversely, non-stressed plants
(biostimulant treated/untreated) did not show any significant
difference in transpiration.Water-stressed BT plants had a higher
E than well-watered plants from mid-41 DAE until mid-42 DAE.
Untreated plants differed from late 39 DAE throughout the end
of the experiment.

As for Pn and E, WUE was evaluated through increasingly
complex models (Figure 4). Model g was confirmed as the best
model, with 85.3% deviance explained and 0.843 Adj.R2.: As
for Pn and E, no significant difference was highlighted among
well-watered plants (both biostimulant treated and not). The
difference inWUE between treated and untreated plants spanned
from shortly before the day of stress imposition (39 DAE) to the
third day (41 DAE). The duration of the difference among BT

plants (well-watered/water-stressed) extended from early 40 DAE
to 42 DAE while the difference among untreated well-watered
and water-stressed plants went from 40 DAE to 42 DAE.

Untargeted Metabolomics
In this study, the untargeted metabolomics approach was able
to reveal more than 3,400 molecular features. The annotated
compounds and composite mass spectra (mass and abundance
combinations), together with compounds confirmed by MS/MS,
are listed in Supplementary Table 1. The data set was first
interpreted through an unsupervised hierarchical clustering.
This unsupervised clustering approach enabled the description
of similarities/dissimilarities among treatments, as shown in
Figure 5A.

Two main clusters were generated—one including the
BT water-stressed treatment and the other including both
irrigated and stressed untreated treatments and the treated
irrigated one. Two distinct subclusters, one including the
untreated water stressed (WS) and the other both the treated
and untreated irrigated treatments, could be identified. The
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TABLE 2 | Influence of partial effects on Pn using generalized additive mixed

modeling (GAMM) multivariate analysis.

Partial effect Edf F p-value

te(day_of_treatment,

hour):WellWatered

1.819e+01 0.481 0.000509***

te(day_of_treatment,

hour):WaterStressed

3.084e+01 5.554 <2e−16***

te(day_of_treatment,

hour):NoBiostimulant

6.220e+00 0.219 0.000288***

te(day_of_treatment,

hour):BiostimulantTreated

2.847e+01 1.636 <2e−16***

s(day_of_treatment):

WellWatered

1.000e+00 2.872 0.090207

s(day_of_treatment):

WaterStressed

3.803e+00 17.018 8.28e−12***

s(day_of_treatment):

NoBiostimulant

9.612e−05 0.666 0.993127

s(day_of_treatment):

BiostimulantTreated

3.415e+00 3.049 0.010673*

s(hour):

WellWatered

1.632e+01 11.215 <2e−16***

s(hour):

WaterStressed

6.051e+00 3.626 0.000573***

s(hour):

NoBiostimulant

1.000e+00 1.258 0.262130

s(hour):

BiostimulantTreated

5.880e+00 2.523 0.012176*

s(day_of_treatment,

ID_plant)

3.805e+01 26.618 <2e−16***

*significant difference at P < 0.05, ***significant difference at P < 0.001.

WS, BT profile differed starkly from the others: the naive
(unsupervised) hierarchical clustering of metabolomic signatures
revealed distinctive profiles in tomato leaves under limited
water availability, which is the result of the application of
the biostimulant.

OPLS-DA analysis allowed separating predictive and
orthogonal components (i.e., the components ascribable to
technical and biological variation) of variance. The subsequent
supervised statistics were used to discriminate the tomato
samples according to the treatment. The OPLS-DA (Figure 5B)
effectively separated the stressed from the non-stressed plants
and pointed out irrigation as the main separation factor. Among
the stressed plants, treated plants presented the most distinct
profile as suggested by the HCA, and were clearly separated
from the non-treated ones. Similar metabolic profiles were
found for non-stressed plants regardless of the treatment.
The model parameters of the OPLS-DA regression were
R2Y = 0.89 and Q2Y = 0.73, respectively. The model was
validated (CV-ANOVA p = 1.50 × 10−5) and overfitting
was excluded through permutation testing (N = 100). Given
the validated model outcomes, the VIP variable selection
method was used to identify compounds explaining the
observed differences. The discriminating compounds with a
VIP score >1.3 were considered as discriminants. About 147
compounds resulted from this selection and are summarized

FIGURE 2 | Uncoupling of the partial effects of BT/control treatment on the

wiggliness of Pn curve. (A) partial effects of control treatment (NB) over the

day of treatment [in days after emergence (DAE)] on Pn. (B) partial effects of

BT over the day-of-treatment (in DAE) on Pn.

in Supplementary Table 2. Thereafter, a Volcano analysis
(p < 0.01; FC > 2) was performed and the significant
compounds were then uploaded into the Omics Dashboard
tool from PlantCyc to facilitate the discussion of results
(Supplementary Table 3).

Notably, relatively few biochemical classes included most of
the discriminant metabolites (Figure 6).

The metabolic profile of water-stressed BT plants sharply
differs from the others. The most affected classes of compounds
were secondary metabolites, particularly in their biosynthesis,
followed by cellular structure synthase and fatty acid and lipid
synthesis. Regarding secondary metabolite biosynthesis,
terpenoid biosynthesis, nitrogen-containing secondary
compound biosynthesis, and phenylpropanoid derivative
biosynthesis were the most affected. Compounds related
to terpenoid biosynthesis were strongly over-accumulated,
mostly represented by triterpenoids and tetraterpenoids, with
a high abundance of carotenoids: this is particularly relevant
considering the role of carotenoids in photosynthetic organisms.
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FIGURE 3 | Graphs showing differences in transpiration (mmol m−2 s−1) according to model g among all combinations of treatments (irrigation and biostimulant).

Random effects are excluded. The baseline above is represented by untreated plants, below by watered (control) plants. The pointwise 95% CI is shown by a shaded

band. When the shaded confidence band does not overlap with the x-axis (i.e., the value is significantly different from zero), this is indicated by a red line on the x-axis

(and vertical dotted lines). (A) WS, comparison between NB and BT. (B) WW, comparison between NB and BT. (C) BT, comparison between WS and WW. (D) NB,

comparison between WS and WW.

At the same time, compounds responsible for terpenoid
degradation were significantly underaccumulated. Interestingly,
phytoalexins were also found to be over-accumulated. Cell
structure synthase metabolites, among which stearate and
oleate, were strongly over-accumulated. Concerning vitamin
biosynthesis, molecules responsible for thiamine biosynthesis
were sharply over-accumulated. Among fatty acids and lipids,
cutin synthase metabolites were strongly over-accumulated,
together with epoxylated and hydroxylated fatty acids, stearate,
and unsaturated fatty acids. Sphingolipids were also found
to be over-accumulated. Concerning degradation, amino
acids degrading molecules showed a generalized under-
accumulation, for instance regarding glutamate, lysine, and
tryptophan. Lastly, interestingly gibberellin degrading pathways
were under-accumulated in BT plants, but differences could
be detected among water treatments: the control group
showed a sharp under-accumulation of molecules involved
in epoxidation, while the stressed group showed a sharp
decrease in succinate content, involved in the hydroxylation
of gibberellins.

DISCUSSION

One of the primary adverse effects of water deficit stress is the
inhibition of photosynthesis triggered by stomatal closure, which
represents the earliest response to drought (Michaletti et al.,
2018). As a result, CO2 uptake and concentration in leaves are
reduced (Medrano et al., 2002). In view of this, the results from
the GAMM analysis confirmed that BT plants performed better
in terms of Pn, E, and WUE compared to untreated plants under
water stress. The use of generalized additive modeling enabled
the analysis of the full set of dynamic data, without the need to
reduce time resolution (i.e., average overtime or select specific
time points). Moreover, with this analysis, the effect of treatments
(i.e., drought and biostimulant application) on the patterns (i.e.,
wiggliness) of gas exchange data was accurately modeled and
discriminated, also considering data autocorrelation. The use of
GAMM allowed for the extraction of information on the effect
of the biostimulant devoid of temporal correlation and random
errors due to individual replicates, non-linear interactions
between both treatments and the duration of the experiment
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FIGURE 4 | Graphs showing differences in water-use efficiency (WUE) among all combination of treatments (irrigation and biostimulant). Random effects are

excluded. The baseline above is represented by untreated plants, below by watered (control) plants. The pointwise 95% CI is shown by a shaded band. When the

shaded confidence band does not overlap with the x-axis (i.e., the value is significantly different from zero), this is indicated by a red line on the x-axis (and vertical

dotted lines). (A) WS, comparison between NB and BT. (B) WW, comparison between NB and BT. (C) BT, comparison between WS and WW. (D) NB, comparison

between WS and WW.

(expressed in days) and the time of the day (expressed in hours).
At the same time, GAMM analysis allowed to consider different
smooths for a day (duration of the experiment) and hour (time
of the day) for both factors (water and biostimulant). Lastly, the
use of GAMM allowed for the inclusion of non-linear variability
of the individuals over the duration of the experiment. While the
significance of the smooth terms does not provide information
on the statistical significance between patterns, each individual
variable has a statistically significant influence on modeling the
wiggliness of Pn, which in turn confirms the distance of Pn
from a linear function. This resulted in a model explaining
87.8% of the deviance. Further, the use of GAMMs enabled the
comparison between the curves of stressed and well-watered
plants, both with and without biostimulant, thereby providing
both a visual screening tool and a statistical tool to further
confirm or disprove the effect of biostimulant treatment. The
positive effect of the biostimulant treatment observed through
GAMM analysis is in line with literature findings on the potential
of GB to increase photosynthetic performance under water stress
(Yang and Lu, 2005; Hamani et al., 2020; Nawaz and Wang,

2020), especially in tomato (Mäkelä et al., 1999). Differences
in the length of significance windows among Pn, E, and WUE
were detected. While the photosynthetic rate was constantly
higher for treated plants compared to the untreated ones, from
stress imposition (39 DAE) to the end of stress (42 DAE), the
positive effect in the BT water-stressed plants for transpiration
rate, and consequently WUE, was shorter compared to Pn.
Specifically, under water-stressed conditions, the positive effect
of the biostimulant treatment on E was reduced in duration,
indicating that higher transpiration could only be supported until
late, on 40 DAE (second day of water stress) and efficacy onWUE
was further reduced to early on 40 DAE. This indicates that the
increased photosynthetic rate after the first day of water stress
imposition is followed by increased transpiration, resulting in
the reduction of the WUE advantage. WUE is a largely diffused
performance indicator for crop yield and water consumption.
Water-stressed plants typically exhibit a higher WUE due
to a more conservative use of water, resulting in improved
resource utilization efficiency under conditions of water scarcity
(Zhao et al., 2020). Nevertheless, high stomatal conductance over
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FIGURE 5 | (A) Unsupervised hierarchical cluster analysis (HCA, Euclidean

similarity; linkage rule: Ward’s). The analysis was carried out from metabolite

profiles in tomato leaves from the factorial combination of BT and water

treatment as gained from ultra-high performance liquid chromatograph

(UHPLC) coupled to a quadrupole-time-of-flight mass spectrometer

(QTOF-MS) untargeted metabolomics. Compound intensity was used to

produce fold-change-based heat maps, on which clustering was based. (B)

Score plot of Orthogonal Projection to Latent Structures Discriminant Analysis

(OPLS-DA) unsupervised analysis carried out from metabolite profiles in

tomato leaves treated or untreated plants, as gained from UHPLC/QTOF-MS

untargeted metabolomics.

time is essential to high plant production, translating into
maximized soil water-use for transpiration, or effective use of
water (EUW) for transpiration. It is therefore evident that, under
drought conditions, higher stomatal conductance over time will
result in lower WUE (Blum, 2009). Indeed, drought-resistant
plants display the minimization of leaf permeability, for example,
by means of higher epicuticular wax deposition, in order to
maximize soil water capture while diverting water to stomatal
transpiration (Blum, 2009). Besides, Blum indicates the EUW
as the key objective in maximizing biomass production under a
limited water regime.

The increased photosynthetic rate was in line with the
protective role of GB in terms of cellular osmotic adjustment,

detoxification of reactive oxygen species, and protection and
stabilization of membrane integrity (Ashraf and Foolad, 2007)
and is further supported by the sharp separation of the
metabolic profile of the water-stressed BT thesis. At the same
time, the smaller reduction in net photosynthesis in leaves
subjected to water stress can be attributed to an increased
stomatal conductance, as well as the maintenance of chloroplast
ultrastructure (Ma et al., 2006) and Rubisco activity (Yang
et al., 2005). Indeed, the overaccumulation of carotenoids is of
particular interest, given their photoprotective role in preventing
the overexcitation of photosystem II (Uarrota et al., 2018), while
at the same time acting as toxic oxygen species scavengers,
structure stabilizators, and excess energy dissipators (Griffiths
et al., 1955; Frank and Cogdell, 1996; Polívka and Sundström,
2004). GB has indeed been found to have a strong protective effect
on the structure and function of the oxygen-evolving complex
of PSII in vitro against multiple abiotic stresses (Mamedov
et al., 1991, 1993; Papageorgiou et al., 1991; Papageorgiou and
Murata, 1995; Allakhverdiev et al., 2003). Wang et al. (2010)
found that drought stress can interfere with the state of the
lipids in thylakoid membrane, which, if damaged, might cause
PSII to be impaired. Concurrently, cell membrane stability
depends on the absence of lipid peroxidation, caused by reactive
oxygen species (ROS) accumulation. Moreover, they found that
carotenoid concentrations in water stressed, GB-treated plants
were consistently higher compared to untreated plants. They
also demonstrated that the ability of GB to decrease ROS levels
is not direct, but rather indirect. These findings imply that
GB acts as an elicitor to other scavenger molecules, thereby
strongly supporting our findings on carotenoid concentration.
Indeed, Wang et al. (2010) correlated GB accumulation to
xanthophyll cycle-dependent nonradiative energy dissipation,
thereby drawing a strong connection between the protective
action derived from GB overaccumulation and carotenoid
synthesis. In addition, GB-synthetizing transgenic plants have
been found to display higher activity of ROS-detoxifying enzymes
(Yang et al., 2006; Ahmad et al., 2010). Supporting these
arguments, Xu et al. (2018) hypothesized that GBmay act both as
an osmotic stress hardening molecule and as a signaling molecule
in acclimation, rather than only via a direct action. Concerning
energy supply, it is particularly interesting to notice the sharp
accumulation of thiamine precursors, as thiamine plays a pivotal
role in carbon metabolism and is essential for cell energy supply
in all organisms. Moreover, it is essential in carbon fixation
through the Calvin cycle and the non-mevalonate isoprenoid
biosynthesis pathway, from which thousands of metabolites are
derived including chlorophyll, phytols, and carotenoids, and
also several phytohormones (Noordally et al., 2020). Thiamine
has also been linked to plant adaptation responses to persistent
abiotic stress conditions, including drought (Wong et al., 2006),
and oxidative stress (Rapala-Kozik et al., 2008; Tunc-Ozdemir
et al., 2009). In addition, the overaccumulation of specific
secondary metabolites suggests a stress priming activity induced
by the biostimulant treatment: phytoalexins have been associated
with increased drought tolerance in multiple species (Kuc, 1995;
Hatmi et al., 2014; Vaughan et al., 2015); phenylpropanoid
biosynthetic pathway is activated under abiotic stress conditions,
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FIGURE 6 | Bar graphs resulting from the import of volcano analysis data [p < 0.01; field capacity (FC) > 2] on the Omics Dashboard tool from PlantCyc. The

treatments FC difference is calculated based on WW, control treatment (WW–NB). The first bar (in blue) depicts WS–BT results, the second (in red) depicts WW–BT

results, the last (in yellow) depicts WS–BT results. The abbreviated subcategory names on the x-axis correspond to: Nucleo: nucleosides and nucleotides; FA/Lipids:

fatty acids and lipids; Amines: amines and polyamines; Carbohyd: carbohydrates; Cofactors: cofactors, prosthetic groups, electron carriers, and vitamins; Metab reg:

Metabolic Regulators.

resulting in stimulated biosynthesis of phenolic compounds
with strong antioxidative potential (Sharma et al., 2019). Lastly,
the overaccumulation of lipids and specifically cutin synthase
metabolites supports the maximization of stomatal transpiration
(Kerstiens, 1997, 2006). All things considered, the positive
effect of GB on water stress resistance could be attributed
both to the delayed onset of stress, and consequently

the enhanced natural response of tomato plants, and the
elicitation of stress priming through the induction of H2O2-
mediated antioxidant mechanisms, as Park et al. (2004, 2006)
suggested, and molecules with strong antioxidant potential (such
as xanthophylls).

In conclusion, the study demonstrated the potential of the
GAMMmethod to describe and discriminate biostimulant action
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(GB, in this case) to improve photosynthetic performance under
water stress conditions. In this, the GAMMmethod was crucial in
extracting the effect of biostimulant treatment under dynamic gas
exchange acquisition. GAMM analysis effectively improved the
interpretation of time series data, enabling both the description
of the dynamics of water stress onset and the isolation of the
effect related to the biostimulant treatment. Moreover, compared
to the other treatments, water-stressed BT plants displayed a
starkly different and stress tolerance-related metabolic profile,
in agreement with the findings on photosynthetic performance.
The metabolites accumulated suggest a priming effect for
stress tolerance, via detoxification and stabilization of the
photosynthetic machinery. The duration and dynamics of the
positive effect of the biostimulant treatment under water stress
differed for photosynthesis, transpiration, and WUE, the last
two being limited in time. This could depend on an increased
transpiration efficiency, translating into maximized soil water
use for transpiration, or the EUW for transpiration. At the
same time, minimization of leaf permeability through increased
leaf wax content is one of the main strategies that plants
employ to divert water to stomatal transpiration. Indeed, the
metabolic profile findings support the increased EUW through
the overaccumulation of lipids and cutine synthase metabolites.
The present research brought further evidence that GB protective
action on photosystem II is not only direct but also strongly
connected to the production of other scavenger molecules (e.g.,
carotenoids and phytoalexins), making the case that GB acts
both as an osmotic stress hardening molecule and as a signaling
molecule in acclimation. Nonetheless, further research is needed
to deepen the connection between exogenous GB treatment and
metabolic response.
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In the current study, inoculation with plant growth-promoting rhizobacteria (PGPR) and
grafting were tested as possible cultural practices that may enhance resilience of tomato
to stress induced by combined water and nutrient shortage. The roots of tomato grown
on perlite were either inoculated or not with PGPR, applying four different treatments.
These were PGPR-T1, a mix of two Enterobacter sp. strains (C1.2 and C1.5); PGPR-T2,
Paenibacillus sp. strain DN1.2; PGPR-T3, Enterobacter mori strain C3.1; and PGPR-T4,
Lelliottia sp. strain D2.4. PGPR-treated plants were either self-grafted or grafted onto
Solanum lycopersicum cv. M82 and received either full or 50% of their standard water,
nitrogen, and phosphorus needs. The vegetative biomass of plants subjected to PGPR-
T1 was not reduced when plants were cultivated under combined stress, while it was
reduced by stress to the rest of the PGPR treatments. However, PGPR-T3 increased
considerably plant biomass of non-stressed tomato plants than did all other treatments.
PGPR application had no impact on fruit biomass, while grafting onto ‘M82’ increased
fruit production than did self-grafting. Metabolomics analysis in tomato leaves revealed
that combined stress affects several metabolites, most of them already described as
stress-related, including trehalose, myo-inositol, and monopalmitin. PGPR inoculation
with E. mori strain C3.1 affected metabolites, which are important for plant/microbe
symbiosis (myo-inositol and monopalmitin). The rootstock M82 did not affect many
metabolites in plant leaves, but it clearly decreased the levels of malate and D-fructose
and imposed an accumulation of oleic acid. In conclusion, PGPR are capable of
increasing tomato tolerance to combined stress. However, further research is required
to evaluate more strains and refine protocols for their application. Metabolites that were
discovered as biomarkers could be used to accelerate the screening process for traits
such as stress tolerance to abiotic and/or abiotic stresses. Finally, ‘M82’ is a suitable
rootstock for tomato, as it is capable of increasing fruit biomass production.

Keywords: biostimulant, hydroponics, grafting, metabolomics, M82, PGPR, tomato, water stress
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INTRODUCTION

The Mediterranean region, where tomato is widely cultivated,
is expected to be strongly affected by the climate change in the
following years (Giorgi, 2006; Giorgi and Lionello, 2008). One
of the consequences of climate change in the Mediterranean
area is the decrease of the average yearly precipitation, which
leads to water scarcity, a situation already familiar to many
Mediterranean countries (Saadi et al., 2015). Tomato is a water-
demanding crop (Ngouajio et al., 2007), and, consequently,
water deficit can result in severe yield decreases compared with
cultivation under fully irrigated conditions (Kuşçu et al., 2014).
Additionally, irrigation along with other parameters, including
fertilization, affects the nutritional composition of tomato fruits
(Smith and Hui, 2004). To cope with this situation, it is crucial
to develop new cropping approaches contributing to reduced
water consumption. Deficit irrigation has been postulated as an
alternative irrigation strategy that might save water without or
with minimal consequences on crop yield, but conclusions as
to whether the concomitant yield losses are affordable do not
converge (Giuliani et al., 2016).

In addition to water deficit, excessive fertilizer application in
intensive agriculture and horticulture also raises environmental
concerns, especially in developed countries, but also in
developing countries where an increased phosphorus demand
is recorded (Desmidt et al., 2015). The initial fears about the
availability of P resources are currently revised, and many
studies suggest that natural P reserves will not be depleted in
the next 100 years (Günther, 1997; Cisse and Mrabet, 2004;
Van Vuuren et al., 2010). However, if the plant-available P in
the Earth’s crust is depleted, access to discrete global reserves
is politically sensitive, energy demanding, and economically
challenging (Godfray et al., 2010; Neset and Cordell, 2012;
Desmidt et al., 2015). Similarly, the use of N fertilizers is
associated with increased greenhouse gas emissions, thereby
contributing to climate change, firstly because their production
through industrial N2 fixation entails extensive consumption
of fossil fuels (Chen et al., 2018) and secondly because part
of the soil NO3–N is converted into N2O in the soil (Smith
and Zimmerman, 1981). Thus, crop fertilization strategies
associated with reduced application of N and P fertilizers
are strongly supported by current European policies (EU
Directive 889/2008).

Plant growth-promoting rhizobacteria (PGPR) application
is considered an effective strategy to stimulate plant growth,
while modulating abiotic stress responses via a multitude
of mechanisms (Patakioutas et al., 2015; Ruzzi and Aroca,
2015; Backer et al., 2018; Rouphael and Colla, 2020). Plant
growth promotion by PGPR is the outcome of different
mechanisms, such as biological nitrogen fixation, ethylene
levels reduction, siderophore production, phytohormone
production, induction of pathogen resistance, nutrient
solubilization, mycorrhizal functioning, and decreasing
pollutant toxicity (Glick et al., 1999; Rouphael and Colla,
2020). Nutrient solubilization can lead to production
of biofertilizers, particularly for solubilizing phosphorus
(De Pascale et al., 2018) where resources are limited

(Bhattacharyya and Jha, 2012). Induced systemic resistance
can also provide an effective pathogen protection even in organic
agriculture (Ramamoorthy et al., 2001). Thus, inoculation of
plant roots with a mix of different growth-promoting bacteria
strains is considered a very promising technique to protect
plants from diseases and simultaneously enhance plant growth
(Murphy et al., 2003).

Many different PGPR strains have been already tested in
tomato crops under different soil or soilless conditions (De Brito
et al., 1995; Yan et al., 2003). Colonization of tomato roots with
PGPR is performed by inoculating the seeds or by applying the
bacteria suspension thoroughly into the soil/soilless medium with
no need of sterilization (Yan et al., 2003). Many studies with
tomato showed that PGPR inoculation increases yield (Gagné
et al., 1993), lycopene, antioxidants, and potassium in tomato
fruits (Ordookhani et al., 2010). Furthermore, PGPR increased
P levels in tomato shoots (Hariprasad and Niranjana, 2009) and
contributed to more efficient control of nematode and pathogen
infections (Seleim et al., 2011; Shanmugam and Kanoujia, 2011;
Almaghrabi et al., 2013).

Grafting is an alternative technique that can confer enhanced
tolerance to tomato under both biotic and abiotic stress
conditions (Lee and Oda, 2003; Rouphael et al., 2017).
Amelioration of abiotic stress imposed by shortage of nutrients or
water has been reported by several scientists, including Rouphael
et al. (2008a,b), Savvas et al. (2010), Schwarz et al. (2010),
Colla et al. (2011), and Rouphael et al. (2017). Some rootstocks
proved to be capable of mitigating nutrient shortage stress by
increasing the nutrient-to-water uptake ratio, thereby resulting
in enhanced nutrient translocation to the shoot (Savvas et al.,
2017). Nevertheless, for some other nutrients, increased nutrient-
to-water uptake ratios occur merely because of their enhanced
deposition to the rootstock.

Stress due to shortage of water also restricts plant growth and
crop yield due to impairment of the plant metabolism. Drought
stress imposes generation of reactive oxygen species during
several metabolic processes (Sánchez-Rodríguez et al., 2011).
Other important metabolites affected by water deficit are sugar
and sugar derivatives (Dumville and Fry, 2002; Semel et al., 2007)
and amino acids (Semel et al., 2007), where changes in proline
and glutamate content have been recognized as responses to
drought stress (Zhu, 2000; Bartels and Sunkar, 2005; Semel et al.,
2007). Fatty and organic acids generally increase as a response to
drought stress, especially those occurring as intermediates of the
tricarboxylic acid (TCA) cycle.

Scarcity of good-quality irrigation water and high demand
of energy in fertilizer production, combined with reduced
availability of plant nutrient resources, impose increasing
pressure to horticulture to adopt water- and nutrient-saving
cultural practices with no or minimal yield losses. To address
this challenge, inoculation with PGPR and grafting onto suitable
rootstocks were tested in the current study as possible cultural
practices that may enhance resilience of greenhouse tomato
to stress induced by combined water and nutrient (N and P)
shortage. To contribute to the discovery of potential biomarkers
that might accelerate the progress of screening new effective
biostimulants and rootstocks, the impact on plant metabolism
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was studied by applying metabolomics analysis, in addition to
growth and yield responses.

MATERIALS AND METHODS

Plant Material, Growth Conditions, and
Treatments
The experiment was conducted during the winter of 2017 in a
glasshouse at the Agricultural University of Athens (N 37◦59′10′′,
E 23◦42′29′′, altitude 24 m). Tomato (Solanum lycopersicum) cv.
Belladonna F1 was grown in an open hydroponic system using
perlite as growing medium, placed in pots. Plants were either
self-grafted (Belladonna/Belladonna) or grafted onto tomato
S. lycopersicum Mill. cv. M82. The tomato cultivar M82, which
has been previously studied under water deficit conditions
(Rigano et al., 2016; Illouz-Eliaz et al., 2020), was selected because
it has been used for backcrossing with Solanum pennelli aiming to
produce water-stress-tolerant tomato rootstocks (Lippman et al.,
2007; Ofner et al., 2016).

Tomato seedlings were transplanted into the greenhouse on
November 23, 2018, at the stage of five true leaves. Before
being transplanted, the growing medium around the roots of
the seedlings was removed, and the roots were placed for
1 min into a PGPR suspension containing 109 CFU ml−1,
which was diluted 10-fold before use. The inoculation of tomato
seedlings was repeated 5 days later by drenching the growing
medium with the same PGPR suspension using a 5-ml pipette.
Five PGPR strains were used to establish the following four
PGPR treatments: PGPR-T1, a mix of two Enterobacter sp.
strains (C1.2 and C1.5); PGPR-T2, Paenibacillus sp. strain
DN1.2; PGPR-T3, Enterobacter mori strain C3.1; and PGPR-
T4, Lelliottia sp. strain D2.4. These PGPR treatments were
complemented with a control treatment in which no PGPR
was applied to the tomato roots. The bacterial strains used in
the present study belong to bacterial genera or species known
to exhibit PGP traits according to the literature (Jha et al.,
2011; Amaresan et al., 2020; Orozco-Mosqueda and Gustavo,
2020). Moreover, the strains showed tolerance in the presence
of 8% (w/v) NaCl (Tampakaki et al., unpublished results), and
for this reason, they were considered suitable for testing under
drought conditions.

Plant density was 2.4 plants m−2 at the beginning of the
experiment. The experiment was set up as a three-factorial
(2 rootstocks × 5 PGPR × 2 stress treatments), completely
randomized block design with three replicates per treatment
and three plants per replicate. A bumblebee hive was placed
into the glasshouse on December 19, 2017, to secure optimal
pollination. On January 8, 2018, i.e., 6 weeks after transplanting,
one plant per replicate was sampled and used to estimate the
root and the aboveground biomass production. After removal
of these plants, the plant density decreased to 1.6 plants m−2.
Harvest commenced on February 9, 2018; and the experiment
was terminated on March 30, 2018. Air temperature was always
maintained to levels above 13◦C during the night and above
18◦C during the day.

Combined stress was applied by reducing water and nutrient
(N and P) supply to 50% of the standard supply in the non-
stress treatment. The daily amount of supplied nutrient solution
(NS) differed among stressed and non-stressed treatments. Non-
stressed treatments were fertigated using a solar meter to control
irrigation frequency aiming to obtain a drainage fraction of
20% of the total NS amount supplied to plants. The irrigation
frequency in the stressed plants was similar with that applied
to the non-stress plants, but the amount of NS provided at
each irrigation event was half as much as that provided to the
non-stressed plants. Additionally, concentrations of nitrogen and
phosphorus in the NS supplied to the stressed plants were half
as high as in the standard NS for tomato (Savvas et al., 2013)
provided to the non-stressed plants. Nutrient concentrations in
the NS are provided in Supplementary Table 1.

Biomass and Total Yield Determination
Aboveground biomass samples were obtained 6 weeks after
transplanting and at the end of the cultivation, by harvesting
the entire shoot. Root fresh biomass was also measured at the
first sampling. After the tomato shoot was harvested, fresh
weight was recorded, and samples were oven-dried at 65◦C for
at least 72 h, until constant weight was achieved, and used to
determine their dry weight and mineral composition. The impact
of the experimental treatments on fruit yield was assessed by
manually harvesting three times a week all commercially ripe
fruits commencing on February 9, 2018, and terminating on
March 30, 2018. Fruits were also classified into four classes (Extra
Class, Class I, Class II, and non-marketable) as described in the
Eu Regulation (543/2011).

Mineral Analysis
The dried samples of tomato leaves were powdered using
a blade mill and passed through a 40-mesh sieve. Plant
tissue samples were used for chemical analysis to determine
total N, P, and K concentrations. Total N was determined
applying the Kjeldahl method. To estimate P and K, leaf
samples were milled and dry ashed at 550◦C for 5 h, and
the ash was dissolved in 1 M of HCl. Phosphorus was
measured photometrically as phosphomolybdate blue complex
at 880 nm using a 96-position microplate spectrophotometer
(Anthos Zenyth 200; Biochrom, United States). Potassium was
determined using a flame photometer (Sherwood Model 410,
Cambridge, United Kingdom).

Gas Chromatography/Electron
Impact/Mass Spectrometry
Metabolomics Analysis of Tomato
Leaves
Chemicals and Reagents
For the derivatization of samples for gas chromatography/
electron impact/mass spectrometry (GC/EI/MS) analysis, the
reagents ribitol, methoxylamine hydrochloride, N-methyl-N-
(trimethyl-silyl)trifluoroacetamide (MSTFA), and pyridine were
used (Sigma-Aldrich Ltd., Steinheim, Germany). The organic
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solvents methanol and ethyl acetate (Carlo Erba Reagents, Val de
Reuil, France) were used for the extraction of leaf tissues.

Plant Material and Sample Preparation
Entire young, fully expanded, and healthy tomato leaves were
collected and placed directly in liquid nitrogen for quenching
and then were stored at −80◦C until further processing. Samples
were collected from plants 55 days following transplantation.
Metabolomics was applied to non-stressed and stressed plants
and to self-grafted and grafted M82 plants. Furthermore, based
on the results of early plant biomass measurements, only samples
of plants from the PGPR-T3 and non-inoculated plants were
subjected to metabolomics.

Metabolite Extraction for Gas
Chromatography/Electron Impact/Mass
Spectrometry Analysis
Tomato leaves were pulverized using pestle and mortar in liquid
nitrogen, and the pulverized tissues were placed in Eppendorf
tubes (2 ml) and stored in −80◦C. For metabolomics, 50 mg
was transferred into Eppendorf tubes (2 ml); and 1 ml of a
solution of methanol:ethyl acetate (50:50 v/v) and 20 µl of ribitol
(0.2 mg ml−1 methanol), serving as internal standard, were
added. A previously described protocol was used (Kostopoulou
et al., 2020), with minor modifications. Samples that were
obtained by pooling portions of the biological replications of each
treatment served as the quality-control samples. The resulting
suspensions were sonicated for 20 min in an ultrasonic bath
(Branson 1210, Danbury, United States) and then agitated
using a horizontal rotary shaker (GFL 3006, Gesellschaft für
Labortechnik mbH, Burfwedel, Germany) at 150 rpm for 2 h.
The suspensions were filtered using PSTFA filters (0.2-µm pore
diameter, Macherey-Nagel, Duren, Germany). Derivatization
of samples for GC/EI/MS analysis was performed in a two-
step process using methoxylamine hydrochloride in pyridine
(20 mg ml−1) for methoxymation and MSTFA for silylation.
The derivatized samples were finally transferred to microinserters
(180 µl, Macherey-Nagel).

Gas Chromatography–Mass Spectrometry Analyses
The derivatized samples were analyzed by GC/EI/MS (GC/EI/MS
Agilent 6890n, Agilent Technologies Inc.) equipped with an inert
mass-selective detector 5973 (MSD) and a 7683 autosampler. The
electron ionization was set to 70 eV, and full scan mass spectra
were acquired at 50–800 Da in a rate of 4 scans per second with a
10-min solvent delay. The temperature for the ion source was set
to 150◦C and for the transfer line to 230◦C. An HP-5MS capillary
column (30 m, i.d. 0.25 mm, and film thickness 0.25 µm; Agilent
Technologies Inc.) was used, and helium (He 6.0) was the carrier
gas. Samples were injected in completely randomized order on
column, and the injector split ratio was set to 5:1. The initial
temperature of the oven was 70◦C, stable for 5 min, followed by
an increase of 5◦C per min to 295◦C.

Statistical Analysis
The experiment was set as a complete randomized block design
with three factors (2 × 5 × 2) and three replications per

treatment. Data were analyzed by applying three-way analysis
of variance (ANOVA) to assess main effects [rootstocks (R),
PGPR, and stress conditions (S)], three first-order interactions
(R × PGPR, R × S, and PRPR × S), and one second-order
interaction (R × PGPR × S). Multiple comparisons of means
were performed by applying the Duncan multiple range test
(p < 0.05) after performing three-way ANOVA. The data were
statistically analyzed using STATISTICA, version 8.0 (StatSoft,
Inc., Tulsa, OK, United States).

For the metabolomics analyses, all experimental events were
controlled using the software MSD Chemstation (Agilent).
The deconvolution of the acquired total ion chromatograms
was performed using the software AMDIS v.2.66 [National
Institute of Standards and Technology (NIST); Gaithersburg,
MD, United States], and the MS database of the NIST ‘08 (NIST;
Gaithersburg, MD, United States). The absolute identification for
selected metabolites was performed by matching their retention
times and mass fragmentation patterns to those of analytical
standards, which had been analyzed employing the same method
and analyzer, as recommended by the Metabolomics Standards
Initiative (MSI) (Sansone et al., 2007). The tentative annotation
of features was performed based on the similarities of their
fragmentation patterns to those of entries of the NIST library
(>90%). Based on the deconvolution of the data, features
present also in the experimental blank samples or features that
correspond to column artifacts were excluded from analyses. The
data pre-processing, including feature alignment and gap filling,
was performed using the software MS-Dial v.3.70, applying the
recommended settings for GC/EI/MS (Tsugawa et al., 2015).
The discovery of trends and biomarkers was on based on the
values of scaled and centered orthogonal partial least square
(OPLS) regression coefficients (CoeffCS) (p < 0.05). OPLS-
discriminant analysis (OPLS-DA) was applied, since it provides
optimal model interpretability and transparency (Aliferis and
Chrysayi-Tokousbalides, 2011), using the software SIMCA-P
v.13.0.3 (Umetrics, Sartorius Stedim Data Analytics AB, Umeå,
Sweden), as previously described (Chatzigianni et al., 2020;
Karamanou and Aliferis, 2020; Kostopoulou et al., 2020). The
hierarchical cluster analysis (HCA) of the data was performed by
the Ward linkage method.

RESULTS

Biomass Production
Six weeks after transplanting, the exposure of tomato to
combined nutrient (N and P) and water stress reduced
significantly the aboveground fresh biomass compared with non-
stressed plants (Figure 1i). Inoculation of tomato with PGPR
exerted a positive influence on plant biomass than did non-
inoculated plants regardless of the applied PGPR treatment.
Among the different PGPR treatments, PGPR-T3 had the highest
biomass under both non-stress and combined stress conditions.
Plants inoculated with PGPR-T3 exhibited also significantly
higher root biomass than did the rest of the PGPR treatments and
the non-inoculated plants under both no stress and combined
stress conditions (Figure 1ii). Grafting ‘Belladonna’ onto ‘M82’
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FIGURE 1 | Effects of combined water and nutrient stress (restriction of water, N, and P supply by 50%), and plant growth-promoting rhizobacteria (PGPR)
inoculation on aboveground vegetative biomass (i) and root biomass (ii) 45 days after transplanting and aboveground biomass at the end of the cultivation period
(iii). PGPR-T1, a mix of Enterobacter sp. strains C1.2 and C1.5; PGPR-T2, Paenibacillus sp. strain DN1.2; PGPR-T3, Enterobacter mori strain C3.1; and PGPR-T4,
Lelliottia sp. strain D2.4. Data are means of three replications. Means followed by different letters indicate significant differences according to the Duncan multiple
range test (p < 0.05).

had no impact on the fresh plant biomass 6 weeks after
transplanting (data not presented).

At the end of the experiment, clear differences were again
observed between non-stressed plants and plants exposed to
combined water and N/P stress, regarding the aboveground fresh
biomass. More specifically, non-stressed plants resulted in higher
aboveground biomass than did stressed plants (Figure 1iii).
The PGPR application also affected the aboveground vegetative
biomass, but its impact interacted with the combined water
and nutrient stress. Under non-stress conditions, PGPR-T3
resulted in the highest aboveground vegetative biomass, and
the difference was significant in comparison not only with the
treatment without PGPR application but also with PGPR-T1
and PGPR-T4. However, under combined water and nutrient
stress conditions, PGPR-T3 resulted in the lowest aboveground
vegetative biomass. Furthermore, the aboveground vegetative
biomass was not reduced by combined water and nutrient stress

in plants of the PGPR-T1, while it was reduced in all other
PGPR treatments.

Plants grafted onto the rootstock M82 exhibited 30% higher
aboveground fresh biomass than did self-grafted plants under
non-stress conditions. However, under stress conditions imposed
by combined nutrient and water shortage, grafting had no impact
on the aboveground vegetative biomass (data not presented).

Tomato Yield
Plants cultivated under combined water and N–P deficit
produced fewer fresh fruits by 34.8% than did plants with optimal
fertigation (Table 1). The reduction of yield by combined water
and nutrient stress originated from decreases in both the mean
fruit weight by 15.7% and the number of fruits per plant by
22.7%. Moreover, combined stress restricted also the total weight
of fruit graded Extra Class and Class I by 37.9%. Inoculation of
tomato roots with PGPR had no impact on total fruit yield and
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TABLE 1 | Effects of combined restriction of water, N, and P supply by 50%,
PGPR inoculation (PGPR-T1, a mix of Enterobacter sp. strains C1.2 and C1.5;
PGPR-T2, Paenibacillus sp. strain DN1.2; PGPR-T3, Enterobacter mori strain
C3.1; and PGPR-T4, Lelliottia sp. strain D2.4) and grafting (self-grafted plants and
grafted plants onto M82) on tomato total fruit production, fruit number, fruit mean
weight, and weight of fruits graded Extra Class and Class I.

Treatment Total fruit
production
(kg m−2)

Number of
fruits m−2

Mean fruit
weight (g)

Extra class
and class I
(kg m−2)

No stress 4.20 a 26.4 a 159.2 a 3.99 a

Stress 2.74 b 20.4 b 134.2 b 2.48 b

No PGPR 3.33 23.3 142.7 3.09

PGPR-T1 3.55 24.4 145.3 3.28

PGPR-T2 3.54 23.7 149.2 3.30

PGPR-T3 3.49 23.5 148.2 3.31

PGPR-T4 3.43 23.2 148.1 1.18

Self-grafted 3.28 b 22.1 b 148.4 3.04 b

Grafted onto M82 3.66 a 25.2 a 145.0 3.43 a

Significant interactions

No stress × self-grafted 3.65 b

No stress × grafted onto
M82

4.34 a

Stress × self-grafted 2.43 c

Stress × grafted onto
M82

2.53 c

Statistical significance

Stress *** *** *** ***

PGPR treatment ns ns ns ns

Grafting * * ns *

Stress × PGPR ns ns ns ns

Stress × grafting ns ns ns **

PGPR × grafting ns ns ns ns

Stress× PGPR× grafting ns ns ns ns

Means (n = 3) followed by different letters indicate significant differences according
to the Duncan multiple range test (p < 0.05), at p < 0.05, p < 0.01, and p < 0.001,
denoted by *, **, and ***, respectively; ns, not significant.
PGPR, plant growth-promoting rhizobacteria.

yield components, as well as quality grading. Grafting onto the
rootstock M82 did not affect fruit mean weight but significantly
increased the number of fruits per plant resulting in 11.6% more
total fruit production and a significant increase in Extra Class
fruits compared with self-grafting. The effect of grafting on total
fruit yield and number of fruits per plant did not interact with
the combined water and nutrient stress, while the production
of Extra and Class I fruits was enhanced by grafting only under
non-stress conditions.

Leaf Nutrient Concentrations
Combined reduction of water, N, and P supply by 50% decreased
significantly the total N concentrations in leaves when the roots
were not inoculated, or inoculated with PGPR-T1 or PGPR-T3,
but had no impact on leaf total-N when inoculated with PGPR-
T2 and PGPR-T4 (Table 2). Grafting had no significant impact
on the leaf total N concentration. Under non-stress conditions,
PGPR inoculation did not affect the leaf total N level, while
under combined water and nutrient stress conditions, PGPR-T2

TABLE 2 | Effects of combined restriction of water, N, and P supply by 50%,
PGPR inoculation (PGPR-T1, a mix of Enterobacter sp. strains C1.2 and C1.5;
PGPR-T2, Paenibacillus sp. strain DN1.2; PGPR-T3, Enterobacter mori strain
C3.1; and PGPR-T4, Lelliottia sp. strain D2.4) and grafting (self-grafted plants and
grafted plants onto M82) on total N (g kg−1 DM) and P (g kg−1 DM) in tomato
leaves.

Treatment N (g kg−1 DM) P (g kg−1 DM)

No stress 35.2 a 7.30 a

Stress 32.1 b 2.60 b

No PGPR 32.3 b 5.36

PGPR-T1 31.2 b 4.69

PGPR-T2 37.0 a 4.57

PGPR-T3 33.2 b 5.17

PGPR-T4 34.5 ab 4.99

Self-grafted 34.6 5.33 a

Grafted onto M82 32.7 4.58 b

Significant interactions

No stress × no PGPR 37.0 a

No stress × PGPR-T1 34.3 a

No stress × PGPR-T2 36.5 a

No stress × PGPR-T3 33.6 a

No stress × PGPR-T4 34.7 a

Stress × no PGPR 27.0 b

Stress × PGPR-T1 28.0 b

Stress × PGPR-T2 37.6 a

Stress × PGPR-T3 32.9 ab

Stress × PGPR-T4 34.3 a

Statistical significance

Stress ** ***

PGPR treatment * ns

Grafting ns **

Stress × PGPR * ns

Stress × grafting ns ns

PGPR × grafting ns ns

Stress × PGPR × grafting ns ns

Means (n = 3) followed by different letters indicate significant differences according
to the Duncan multiple range test at p < 0.05, p < 0.01, and p < 0.001, denoted
by *, **, and ***, respectively; ns, not significant.
PGPR, plant growth-promoting rhizobacteria.

and PGPR-T4 resulted in significantly higher leaf total N levels
compared with PGPR-T1.

The leaf P concentration was significantly reduced by
combined water and nutrient stress conditions regardless of
grafting and PGPR application (Table 2). Grafting onto M82
reduced slightly but significantly the leaf P concentration from
5.3 to 4.6 mg g−1. The leaf K concentration was significantly
reduced from 51.4 to 45.2 mg g−1 when plants were exposed
to combined water and nutrient stress, while grafting and
PGPR application had no significant impact on the leaf K
(data not presented).

Metabolomics Analysis
Fluctuations in tomato leaf metabolome in response to combined
water and nutrient stress, PGPR inoculation, and grafting were
recorded using bioinformatics software and metabolite species-
specific databases. A representative raw GC/EI/MS data set
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[S. lycopersicum L. (Tomato) (PMG-01-21)] can be found at
the repository of the Pesticide Metabolomics Group of the
Agricultural University of Athens1. In total, 167 metabolite
features were discovered, and the annotated ones belonging
to various chemical groups are presented in Supplementary
Data Set 1. The application of OPLS-DA revealed tight groups
with no outliers at p < 0.05 (Figure 2). The leaf metabolome
of tomato plants treated with E. mori strain C3.1 (PGPR-T3)
was clearly discriminated from that of non-inoculated plants,
except for plants grafted onto M82 under combined stress
conditions. Non-stressed plants were also clearly discriminated
from plants exposed to combined water and nutrient stress,
except for stressed plants, which were self-grafted and inoculated
with E. mori strain C3.1 (Figure 3). The examination of the
hierarchical manner of the treatments metabolism generally
revealed that PGPR inoculation had the greatest cluster distance
from the non-inoculated treatment except of plants inoculated
with PGPR-T3, grafted onto ‘M82’ and cultivated under
combined stress, which was discriminated from the rest of the
PGPR treatments.

Based on the values of the corresponding CoeffCS, the
metabolites exhibiting the most marked accumulation, which
exceeded a 10-fold increase in plants exposed to combined
water, N, and P stress, were ethylene glycol, L-lactic acid,
ethyl phosphoric acid, phosphoric acid, glycine, malate,
pyroglutaminic acid, oleic acid, and α-α-trehalose, while succinic
acid, glyceric acid, citric acid, D-fructose, myo-inositol, stearic
acid, and 1-monopalmitin were reduced 10-fold (Figure 4).
The PGPR inoculation with PGPR-T3 increased over 10-fold
D-fructose and α-α-trehalose levels but decreased ethanolamine,
glycerol, malate, myo-inositol, oleic acid, 2-O-glycerol-α-
D-galactopyranoside, and 1-monopalmitin in tomato leaves

1https://www.aua.gr/pesticide-metabolomicsgroup/Resources/default.html

(Figure 5). Finally, grafting ‘Belladona’ onto the rootstock ‘M82’
resulted in a more than 10-fold higher relative abundance of
stearic acid, oleic acid, 2-O-glycerol-α-D-galactopyranoside,
and 1-monopalmitin but lower than 10-fold relative abundance
of malate, D-fructose, and myo-inositol than in self-grafted
‘Belladonna’ (Figure 6).

DISCUSSION

Biomass Production
Plant growth-promoting rhizobacteria can stimulate plant
growth through a range of mechanisms, including excretion
of substances acting as plant growth regulators or stimulation
of their biosynthesis by plants, improved nutrient acquisition,
and inhibition of fungal plant pathogens (Raaijmakers et al.,
2009; Choudhary et al., 2011). Furthermore, PGPR can induce
systemic tolerance to abiotic stress (Yang et al., 2009). In a
study with tomato and pepper cultivated under optimal or
water stress conditions, inoculation of the roots with PGPR
increased biomass production compared with no application
of PGPR under both optimal and water stress conditions
(Mayak et al., 2004). On the other hand, in an experiment
with tomato inoculated with different PGPR strains, Shen et al.
(2012) found that PGPR-induced growth promotion occurred
only under stress conditions imposed by simulated seawater
irrigation. These contradictory results indicate that the impact
of PGPR application on cultivated plants is species- and strain-
specific, as different bacteria possess different growth stimulation
mechanisms, as also suggested by Dey et al. (2004).

Although the use of PGPR on tomato cultivation has been
already addressed in several studies, the PGPR strains applied in
the current study have never been tested in the past as PGPR. All
PGPR treatments applied in the current study enhanced the root

FIGURE 2 | Orthogonal partial least squares-discriminant analysis (OPLS-DA) PC1/PC2 score plot for the gas chromatography/electron impact/mass spectrometry
(GC/EI/MS) metabolite profiles of tomato leaves [principal component (PC)]. The ellipse represents the Hotelling T2 with 95% confidence interval.
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FIGURE 3 | Orthogonal partial least square (OPLS) dendrogram for the recorded gas chromatography/electron impact/mass spectrometry (GC/EI/MS) metabolite
profiles of tomato leaves. Cluster distances were calculated using the Ward linkage method.

FIGURE 4 | Orthogonal partial least square (OPLS) coefficient plots for the gas chromatography/mass spectrometry (GC/MS) metabolic profiles of tomato leaves
performing pairwise comparisons between non-stressed plants and combined stressed plants. The values of scaled and centered OPLS regression coefficients
(CoeffCS) are displayed. Influential metabolites for the observed discriminations between the metabolomes of non-stressed and combined stress plants are
displayed with jackknifed confidence intervals (p < 0.05). Negative values of CoeffCS denote metabolites with higher concentration in combined stressed plants,
whereas positive values are those with higher concentration in non-stressed plants.

and shoot growth of tomato under non-stress conditions during
the early vegetative developmental stage. However, E. mori strain
C3.1 (PGPR-T3) increased more markedly the root and shoot
biomass than the other three PGPR treatments, compared with
no application of PGPR. Furthermore, both the root and shoot
biomass of plants treated with E. mori strain C3.1 were not

reduced by application of combined nutrient/water stress for
6 weeks, compared with those of plants not treated with PGPR.

Despite the protective role of PGPR-T3 on tomato growth
during the early cultivation stage, PGPR-T3 resulted in the
lowest shoot biomass under combined nutrient and water stress
conditions at crop termination. These results indicate that the
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FIGURE 5 | Orthogonal partial least square (OPLS) coefficient plots for the gas chromatography/mass spectrometry (GC/MS) metabolic profiles of tomato leaves
performing pairwise comparisons between non-inoculated plants [No plant growth-promoting rhizobacteria (PGPR)] and plants inoculated with PGPR-T3. The values
of scaled and centered OPLS regression coefficients (CoeffCS) are displayed. Influential metabolites for the observed discriminations between the metabolomes of
non-inoculated plants and plants inoculated with PGPR-T3 are displayed with jackknifed confidence intervals (p < 0.05). Negative values of CoeffCS denote
metabolites with higher concentration in plants inoculated with PGPR-T3, whereas positive values are those with higher concentration in non-inoculated plants.

FIGURE 6 | Orthogonal partial least square (OPLS) coefficient plots for the gas chromatography/mass spectrometry (GC/MS) metabolic profiles of tomato leaves
performing pairwise comparisons between self-grafted tomato plants (‘Belladonna’ F1) and plants grafted onto the rootstock M82. The values of scaled and
centered OPLS regression coefficients (CoeffCS) are displayed. Influential metabolites for the observed discriminations between the metabolomes of self-grafted and
grafted plants are displayed with jackknifed confidence intervals (p < 0.05). Negative values of CoeffCS denote metabolites with higher concentration in self-grafted
plants, whereas positive values are those with higher concentration in plants grafted onto ‘M82’.
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protective effect of E. mori strain C3.1 was attenuated during
the cropping period. Since PGPR was applied only once at crop
establishment, a possible explanation for the different responses
of stressed tomato to PGPR-T3 at the early growth stage and
at crop termination is that the stress conditions might have
decreased the population density of PGPR in the long term.
In agreement with this consideration, Patakioutas et al. (2015)
reported an appreciable reduction in the population density of
Bacillus amyloliquefaciens in a hydroponic greenhouse tomato
crop after about 30 weeks of cultivation. This finding indicates
that inoculation with some PGPR strains may need repetition one
or more times in long-term greenhouse crops exposed to stress
conditions to maintain an effective density of PGPR population in
the root zone. However, this has to be confirmed experimentally.
On the other hand, PGPR-T1 had no protective effect against
combined nutrient/water stress during the early vegetative period
of growth but maintained shoot growth to similar levels with
non-inoculated non-stressed plants at crop termination. This
response indicates that the mix of the Enterobacter sp. strains
C1.2 and C1.5 deploys a different protective mechanism against
stress than the rest of the PGPR treatments tested in the current
study, which is adaptive and operates only under long-term
stress conditions.

Grafting onto ‘M82’ did not protect plants against combined
nutrient and water stress, in agreement with Rigano et al.
(2016), who found that this rootstock is not tolerant to water
deficit, although it is a vigorous rootstock. However, under non-
stress conditions, grafting onto ‘M82’ boosted shoot growth,
in agreement with Ntatsi et al. (2014) and Rouphael et al.
(2017), who stated that grafting tomato onto vigorous rootstocks
increases tomato growth.

Tomato Yield
Several studies have shown that PGPR can increase tomato
fruit production, an effect that in most cases is ascribed to
enhanced protection against plant diseases. For instance, Gravel
et al. (2007) reported yield increases in hydroponic tomato
inoculated with Pseudomonas brevicompactum, Pseudomonas
marginalis, Pseudomonas putida, and Trichoderma atroviride. In
other studies, PGPR enhanced tomato fruit yield only under
stress conditions. Thus, Gagné et al. (1993) reported yield
increases in an autumn crop of tomato inoculated with a
Pseudomonas fluorescence strain under suboptimal natural light
conditions. However, in spring, under more favorable light
conditions, the tomato fruit biomass was not influenced by
inoculation with Pseudomonas. In the current study, combined
water and nutrient stress decreased significantly tomato fruit
biomass, whereas PGPR inoculation under the conditions of the
current experiment was incapable of eliminating or mitigating
the stress effects on fruit production. The lack of any benefit
from PGPR application concerning fruit yield supports the
previously stated notion that the population density of PGPR in
the roots decays with time under real growing conditions, and
re-inoculation during a long-term cropping period is required.
This suggestion is in line with a previous report of Yan et al.
(2003), who found that the population density of Pseudomonas

strains used as PGPR in the roots followed a decreasing
pattern with time.

Grafting onto M82 increased total fruit yield, regardless
of stress conditions, whereas the Extra Class and Class
I fruit yield was increased by grafting only under non-
stress conditions. These results show that the fruit biomass
production in tomato grafted onto ‘M82’ is less susceptible
to combined nutrient/water stress than the vegetative growth.
However, these results also corroborate previous results of
Rigano et al. (2016), suggesting that ‘M82’ is not tolerant
to water stress.

Leaf Nutrient Status
The reduction of the total N concentration in leaves of tomato
exposed to combined nutrient and water stress is fully anticipated
since one of the stress factors was the reduction of the N supply
by 50%. However, under combined stress conditions, PGPR-
T2, PGPR-T3, and PGPR-T4 managed to sustain the leaf N
concentrations to similar levels with those measured in non-
stressed plants. These results show that the PGPR strains DN1.2
of Paenibacillus sp., C3.1 of E. mori, and D2.4 of Lelliottia
sp. are capable of maintaining normal nitrogen uptake under
conditions of restricted N supply up to 50% of the standard
levels. In a previous study, Adesemoye et al. (2010) found
that enhanced N uptake by plants was due to increased plant
uptake of N originating from fertilizer and not from enhanced
mobilization of organic N reserves in the soil. The current
results are in line with those findings, since in the current study
the plants were cultivated on an inert medium in which only
inorganic N was supplied. Cordero et al. (2018) also reported
increased N concentration in tomato leaves following root
inoculation with PGPR. According to these researchers, increased
N acquisition by plants treated with PGPR results from increased
root surface, stimulation of metabolic processes contributing
to nutrient mobilization, and utilization of N reserves from
the microbial biomass turnover. Nevertheless, the maintenance
of normal leaf N in tomato plants inoculated with PGPR-
T2, PGPR-T3, and PGPR-T4 under combined stress conditions
did not prevent stress-induced fruit yield restrictions in these
treatments. These results indicate that the yield reduction in
tomato exposed to combined nutrient and water stress was not
due to shortage of N.

Unlike the leaf N, the leaf P concentrations were not affected
by PGPR, presumably because, in the current study, tomato was
cultivated hydroponically on an inert medium and not in the
soil. The P concentrations in NSs supplied to hydroponic crops
(usually 1–1.5 mmol L−1, Savvas and Gruda, 2018) may be 100-
fold higher than the Pi concentrations encountered by plants in
the soil solution (Schachtman et al., 1998), while the inert porous
media used in hydroponics do not contain any P reserves. Thus,
PGPR could not provide a benefit by mobilizing P reserves under
conditions of limited P availability in the root environment. In
agreement with this consideration, Gravel et al. (2007) reported
that inoculation of tomato roots with PGPR had no impact on
the leaf nutrient status in tomato plants grown on rockwool,
whereas the same microorganisms increased the available P in
plants cultivated on an organic medium. Furthermore, the same
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researchers did not find any beneficial effect of PGPR on plant K
status, in agreement with the current study.

Metabolomics Analysis
The metabolomics analysis in tomato leaves revealed a clear
discrimination between the different treatments, which indicates
that they all had an impact on leaf metabolism. PGPR-T3
exerted the strongest impact on leaf metabolism, as all PGPR-
T3 treatments, irrespective of grafting and stress exposure,
were clearly discriminated from the treatments without PGPR
inoculation (Figures 2, 3). The only exception was the treatment
combining PGPR-T3 inoculation with grafting onto ‘M82’ under
water/nutrient stress, which exhibited a similar metabolic profile
with that of the non-inoculated treatments, thus questioning the
successful symbiosis of PGPR-T3 with the roots of M82.

Plants are complex organisms, and it is difficult to study and
understand the exact role of each of the identified metabolites.
In general, the metabolic roles of most sugars, proline, α-
α-trehalose, monopalmitin, and GABA have been extensively
studied. Other metabolites, for example, those participating
in the TCA cycle, have also been studied extensively, but
the exact function of most of them is poorly understood
(Semel et al., 2007). Although many studies corroborate
previous findings concerning metabolic pathways, the role
of many metabolites remains contentious among researchers
(Van Der Merwe et al., 2009).

The metabolic responses of plants differ when they are
exposed only to water, N, or P shortage, compared with
cultivation under stress caused by combined shortage. In the
present study, glycine, for example, increased in plants exposed
to combined water, N, and P shortage. Sung et al. (2015), who
studied the impact of N, P, and K deficiencies on leaf and root
metabolism in tomato, found that glycine decreases in tomato
leaves exposed to partial N starvation but increases in plants
exposed to P deficiency. Combined consideration of the current
results and those of Sung et al. (2015) leads to the conclusion
that, in the current study, the impact of P stress on glycine
overwhelmed that of N stress. In contrast, citrate decreased in the
present study under combined N and P stress, similarly to what
Sung et al. (2015) reported under N stress, but diverged from
the results under P shortage, indicating that the dominant factor
for citrate in the current study was the N availability. Glycerate
and fructose were reduced by combined stress in the present
study, similarly to the reduction found by the same authors
under only N or P stress. The observed accumulation of malate
and trehalose under combined stress could be ascribed to their
well-documented protective role under osmotic and oxidative
stress (Cortina and Culiáñez-Macià, 2005; Semel et al., 2007).
Finally, myo-inositol can be a protective compound under salt
stress conditions, with a dual role. On the one hand, it can
affect metabolism as a signal or a key metabolite (Hu et al.,
2018). On the other hand, according to previous studies, under
salinity stress, myo-inositol can balance osmotically the cytosol
(Zhang et al., 2001), while its derivatives participate in plant
stress responses such as programmed cell death (Kaur et al.,
2013). However, in the present study, the levels of myo-inositol
decreased in plants exposed to combined water, N, and P stress

compared with non-stress conditions. This response may indicate
that myo-inositol has a protective role only against salt stress,
while the genes regulating its biosynthesis are downregulated
under nutrient or water shortage conditions.

The phosphoric acid determined as a metabolite represents
all forms of phosphates participating in cell metabolism.
As reported by Wasaki et al. (2003), P deficiency imposes
upregulation of many genes related to P metabolism and
concomitantly enhances the biosynthesis of metabolites involved
in P metabolism, such as pyruvate kinase and the accompanying
phosphoenolpyruvate phosphatase, glucose-6-phosphate
isomerase, inorganic pyrophosphatase, purple acid phosphatase,
and inorganic phosphate transporters. Nevertheless, P deficiency
also downregulates genes related to P metabolism, such as acid
phosphatase (Wasaki et al., 2003). Under stress conditions,
the needs for energy transport aiming to mobilize defense
mechanisms entail increased biosynthesis of phosphorylated
intermediates (Latz et al., 2013). As a result, upregulation of
genes involved in the biosynthesis of phosphate containing
metabolites exceeds downregulation, and concomitantly, the
level of metabolically related phosphates increases, although
the total P concentration in plant tissues may decrease, as was
the case in the current study (Table 2). In agreement with this
consideration, Wasaki et al. (2003) stated that P deficiency stress
stimulates upregulation of genes that control the biosynthesis
of metabolites substituting phospholipids in cell membrane,
thereby increasing the levels of phosphates available for metabolic
functions that contribute to energy transport. Phospholipids
count for 17% of P in leaves (Lambers et al., 2012). Thus, their
substitution with non-phosphorus lipids in cell membranes
in response to stress conditions (Tawaraya et al., 2018) could
maintain the levels of P-containing metabolites.

Colonization of tomato roots by PGPR clearly affected tomato
metabolism, but only few metabolites exhibited a substantial
fluctuation. The strongest impact of PGPR was on trehalose
biosynthesis. Trehalose, which serves primarily as a storehouse
of glucose for energy and/or for synthesis of cellular components,
is also involved in functions protecting membranes and proteins
against stress (Elbein et al., 2003). Furthermore, trehalose is
involved in interactions between plants and microorganisms,
including both symbiosis (Müller et al., 1994) and pathogenesis
(Brodmann et al., 2002). More specifically, trehalose is present
at relatively high concentrations in nodules, indicating a positive
relationship between trehalose and nodulation (Streeter and
Gomez, 2006), while the suppression of trehalose metabolism
is associated with reduced pathogenicity (Tournu et al., 2013).
These results indicate that trehalose promotes colonization of
plants by bacterial microorganisms through alteration of the
carbohydrate metabolism to their favor, regardless of whether
the plant–microbe relationship is beneficial or destructive to
plants. Hence, the accumulation of trehalose in plants treated
with PGPR-T3 in the current study, compared with non-treated
plants, is presumably part of a mechanism contributing to
successful establishment of a plant/PGPR symbiosis.

Rudrappa et al. (2008) have reported that malic acid/malate
is a metabolite-promoting plant–PGPR communication in roots.
Rudrappa et al. (2008) performed experiments with knockout
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Arabidopsis mutants for malic acid transporter and observed
that the plants were unable to recruit PGPR for symbiosis. The
recorded downregulation of malate in leaves of tomato inoculated
with PGPR may be a result of malate translocation from leaves
to roots aiming to facilitate colonization by PGPR. However, the
metabolic profile of roots was not determined in the current
study, and thus this hypothesis, although reasonable, is not
adequately supported by the current experimental data.

Monopalmitin is a carbon source for plants, plant-related
microbiome, and legume plants to sustain symbiosis with
arbuscular mycorrhizal fungi, which is found in root
exudates of several plant species (Feng et al., 2019). In
sugarcane leaves, 2-monopalmitin content increased when
inoculation with PGPR (Gluconacetobacter diazotrophicus and
Herbaspirillum seropedicae) was combined with humic acid
addition, whereas PGPR inoculation itself had no effect on
monopalmitin accumulation (Aguiar et al., 2018). However,
little is known on the exact role of monopalmitin, and
although it was reduced in the leaves of plants colonized
by PGPR, this metabolite in roots might be involved in
plant/PGPR symbiosis.

Grafting onto the rootstock ‘M82’ had either a very weak
or no impact on most metabolites. However, the levels of
three metabolites were clearly reduced by grafting onto ‘M82’
(malate, D-fructose, and myo-inositol), while one metabolite
(oleic acid) accumulated. According to Van Der Merwe et al.
(2009), transgenic tomato exhibiting decreased expression of
the mitochondrial malate dehydrogenase, and concomitantly
increased malate levels, imposed a clear reduction in root
biomass. In the current study, the increased root biomass
of grafted plants was associated with reduced malate levels,
corroborating an inverse relationship between malate levels and
root biomass. The reduction of the D-fructose levels in leaves
of tomato grafted onto ‘M82’ compared with self-grafted plants
may point to an increased sink activity in roots, as many tomato
rootstocks form a more vigorous root system than self-rooted
plants (Rouphael et al., 2017). Oleic acid is one of the three
fatty acids (along with palmitic and linoleic acid) present, as
free fatty acids in tomato fruits, melons, and cucumbers and
are strongly responsible for the flavor of many vegetables, as
they act as precursors in the biosynthesis of most straight-chain
esters in aromatic volatile compounds (Hao et al., 2018). Having
a profile different than that of fruits, tomato leaf fatty acids are
responsible for leaf flavor, producing aroma volatiles through
the lipoxygenase/hydroperoxide lyase enzyme pathway. Thus,
changes in fatty acid composition in tomato leaves can lead to
altered composition of lipid-derived flavor compounds (Wang
et al., 2001). The results obtained from the current study do not
reveal how the genotypic difference between root and leaves in
grafted plants mediates a change in the level of oleic acid in
tomato leaves. Furthermore, the current study does not show if
the levels of fatty acids associated with flavor were influenced also
in fruit of grafted tomato. However, Hao et al. (2018) reported
that the levels of free fatty acids in fruit of grafted melons
were lower than in fruits from non-grafted plants, and this was
associated with reduced fruit aroma. Further research is required
to test the fatty acid profile in fruit of grafted tomato and relate it

to possible changes in volatile compounds and concomitantly in
fruit flavor.

CONCLUSION

The improved vegetative growth of plants inoculated with all
PGPR strains tested in this study, but especially with E. mori
strain C3.1, corroborates previous studies, which showed that
application of appropriate PGPR strains may improve tomato
growth. On the other hand, the lack of any beneficial effect
of PGPR on fruit yield, but also on the vegetative growth at
the end of the crop under combined stress conditions, indicate
that a single PGPR inoculation at crop establishment may
be not sufficient, especially under stress conditions. Selection
of appropriate PGPR strains, tolerant to multiple stress, and
repetition of PGPR application during the cropping period, are
key factors to obtain benefits from PGPR application, especially
under stress conditions.

The improved growth and yield of non-stressed tomato plants
grafted onto ‘M82,’ compared with non-grafted plants and the
absence of any yield benefit from grafting onto this rootstock
under stress conditions, corroborate previous reports suggesting
that grafting onto suitable rootstocks enhances tomato fruit yield.
However, on the other hand, the results of the current study
show that ‘M82’ is not a suitable rootstock for plants grown
under conditions of restricted water supply and points to the
need to screen for tolerant rootstock genotypes to water and
nutrient limitations.

The metabolomics analysis showed that water/nutrient stress
and PGPR inoculation have a strong impact of the leaf
metabolism, whereas grafting has a weaker but non-negligible
impact. Combined nutrient and water stress enhanced by 10%
or more the biosynthesis of L-lactic acid, ethyl phosphoric acid,
phosphoric acid, glycine, malate, oleic acid, and α-α-trehalose,
while it reduced by 10% or more the levels of succinic
acid, glyceric acid, citric acid, D-fructose, myo-inositol, stearic
acid, and 1-monopalmitin. Similarly, the application of PGPR
enhanced by 10% or more D-fructose and α-α-trehalose, while
it reduced by 10% or more the biosynthesis of ethanolamine,
glycerol, L-serine, malate, myo-inositol, and 1-monopalmitin.
Finally, grafting onto M82 enhanced by 10% or more the
biosynthesis of oleic acid, while reducing by 10% or more the
biosynthesis of malate, D-fructose, and myo-inositol compared
with self-grafting.

As a general conclusion, this study showed that both PGPR
and grafting are promising tools for improvement of tomato
performance. However, to obtain a benefit under combined
stress conditions, selection of appropriate PGPR strains and
rootstock genotypes, and establishment of suitable protocols
regarding method, time, and number of PGPR applications are
crucial factors for success. The current study contributes to a
better understanding of changes imposed to plant metabolism by
combined water/nutrient stress, PGPR, and grafting. This new
insight concerning metabolites influenced by stress, PGPR, and
grafting can be useful in rapid screening of PGPR strains and
rootstock genotypes with resilience to multiple stress conditions,
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which may increasingly appear in commercial tomato crops in
view of the climate change.
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The promotion and application of transgenic Bt crops provides an approach for

the prevention and control of target lepidopteran pests and effectively relieves the

environmental pressure caused by the massive usage of chemical pesticides in fields.

However, studies have shown that Bt crops will face a new risk due to a decrease

in exogenous toxin content under elevated carbon dioxide (CO2) concentration, thus

negatively affecting the ecological sustainability of Bt crops. Arbuscular mycorrhizal

fungi (AMF) are important beneficial microorganisms that can effectively improve the

nutrient status of host plants and are expected to relieve the ecological risk of Bt crops

under increasing CO2 due to global climate change. In this study, the Bt maize and its

parental line of non-transgenic Bt maize were selected and inoculated with a species

of AMF (Funneliformis caledonium, synonyms: Glomus caledonium), in order to study

the secondary defensive chemicals and yield of maize, and to explore the effects of

F. caledonium inoculation on the growth, development, and reproduction of the pest

Mythimna separata fed on Bt maize and non-Bt maize under ambient carbon dioxide

concentration (aCO2) and elevated carbon dioxide concentration (eCO2). The results

showed that eCO2 increased the AM fungal colonization, maize yield, and foliar contents

of jasmonic acid (JA) and salicylic acid (SA), but decreased foliar Bt toxin content and

Bt gene expression in Bt maize leaves. F. caledonium inoculation increased maize yield,

foliar JA, SA contents, Bt toxin contents, and Bt gene expression in Btmaize leaves, and

positively improved the growth, development, reproduction, and food utilization of theM.

separata fed on non-Bt maize. However, F. caledonium inoculation was unfavorable for

the fitness ofM. separata fed on Btmaize, and the effect was intensified when combined

with eCO2. It is indicated that F. caledonium inoculation had adverse effects on the

production of non-Bt maize due to the high potential risk of population occurrence of M.

separata, while it was just the opposite for Bt maize. Therefore, this study confirms that

the AMF can increase the yield and promote the expression levels of its endogenous (JA,
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SA) and exogenous (Bt toxin) secondary defense substances of Bt maize under eCO2,

and finally can enhance the insect resistance capacity of Bt crops, which will help ensure

the sustainable utilization and safety of Bt crops under climate change.

Keywords: elevated CO2, transgenic Bt maize, arbuscular mycorrhizal fungi, Mythimna separata, control

efficiency, yield

INTRODUCTION

In recent years, many transgenic Bt crops, such as Bt maize and
Bt cotton, have been grown around the world and have shown
high resistance to specific target pests, mainly Lepidoptera insects
(Wu et al., 2008; Liu et al., 2016). As a result, Bt crops have
been used to control a wider range of pests, such as Helicoverpa
armigera (Hübner), Heliothis virescens, and Mythimna separata
(Riddick et al., 1998; Chen F. J. et al., 2011; Chang et al., 2013).
Meanwhile, human activities, specifically fossil fuel burning and
land-use change, are rapidly increasing the level of carbon
dioxide (CO2) in the atmosphere (Yu and Chen, 2019; Yao et al.,
2020). Specifically, it has been reported that the atmospheric CO2

concentration increased from 288 to 405 ppm from 1800 to 2018
(www.esrl.noaa.gov/gmd/ccgg/trends/). With the acceleration of
industrialization, it is estimated that the concentration of CO2 in
the atmosphere will increase from 800 to 1,000 ppm by the end
of the twenty-first century (Pachauri and Reisinger, 2014).

Plant productivity is fundamentally tied to atmospheric
CO2 by photosynthesis, and the increase in atmospheric CO2

concentration can improve the photosynthetic capacity of plants
and undoubtedly affect the plant physiology with profound
impacts on all aspects, including the increase in photosynthetic
rate, biomass, and seed production (Dietterich et al., 2015;
Johnson and Hartley, 2018; Zhu et al., 2018). Most studies
reported that elevated CO2 (eCO2) increased the C/N ratio
in plant tissues; thus, the content of carbohydrates in plant
tissues increased and the content of N-containing compounds
decreased (Chen et al., 2005a; Xu et al., 2015; Dai et al., 2018).
All these changes in turn affect the production of plant secondary
metabolites (Stiling and Cornelissen, 2007). Elevated CO2 may
enhance or weaken plant defense against herbivorous insects,
at least partly due to the changes in C- and N-based defensive
metabolites, as well as plant nutrients, especially protein content
(Kretzschmar et al., 2009). Some studies have shown that
jasmonic acid (JA), ethylene (ET), and salicylic acid (SA) are
secondary defense substances of plants against aphids under
eCO2 (Sun et al., 2013; Guo et al., 2014), and reported that eCO2

caused a significant reduction of N-based compounds (i.e., Bt
toxin proteins) in Bt crops (Chen et al., 2005b; Wu et al., 2011a;
Liu et al., 2019). Hence, it is speculated that under the condition
of climate change, transgenic Bt crops will face a new risk that the
effective control of the target pests will be reduced.

Arbuscular mycorrhizal fungi (AMF) can form associations
with the roots of about 80% of terrestrial plant species (Smith
and Read, 2008) and exchange soil-derived nutrients (Marschner
andDell, 1994) for plant-derived hexoses and lipids (Helber et al.,
2011; Keymer and Lankau, 2017). AMF improve the supply of
inorganic nutrients, especially phosphate (Rillig and Mummey,

2006). However, since AMF can also enhance the nitrogen uptake
and utilization of plants (Hawkins et al., 2000) and improve their
resistance to external biotic and abiotic stresses (Jung et al., 2012;
Frew and Price, 2019), we hypothesize that they can be used to
alleviate the problems of Bt toxin protein decline under eCO2,
and reduce the risk of Bt crops under future climate change. In
order to test this hypothesis, we inoculated Bt maize with AMF
(Funneliformis caledonium) under elevated CO2 concentration to
explore the interaction between eCO2 and AM fungal inoculation
on plant growth and secondary defense metabolites of Bt maize,
and the effects on the growth and development and food
utilization of the main maize pest armyworm from 2017 to 2018.
We further hypothesize that F. caledonium inoculation under
eCO2 could (a) increase the biomass and yield of maize; (b)
promote the expression of endogenous (JA, SA) and exogenous
(Bt toxin) secondary defense substances in Bt maize leaves; and
(c) decrease indices of growth, development, and reproduction
ofM. separata.

MATERIALS AND METHODS

CO2 Setting
A 2-year experiment (2017–2018) was conducted in six open-
top chambers (OTCs) in Ningjin County, Shandong Province
of China (37.64◦ N, 116.8◦ E). OTCs are 2.5m in height ×

3.2m in diameter. Two concentration levels of CO2 are applied
successively, namely, the ambient level (aCO2, 375 µl/l) and
the elevated level (eCO2, 750 µl/l). Each CO2 treatment uses
three OTCs. During the experiment, OTCs were continuously
filled with CO2. The average CO2 concentration is shown in
Supplementary Table 1.

Arbuscular Mycorrhizal Fungi and Bt Maize
Funneliformis caledonium (strain number 90036, referred to as
FC, synonyms: Glomus caledonium) was provided by the State
Key Laboratory of Soil & Sustainable Agriculture, Institute of
Soil Science, the Chinese Academy of Sciences. The inoculum
consisted of spores, mycelium, maize root fragments, and soil
(storage: under normal temperature, keep in dry, cool place). The
Bt maize cultivar (line IE09S034 with Cry1Ie, namely, Bt) and
the parental line of non-transgenic Bt maize (cv. Xianyu 335,
namely, Xy) were provided by The Institute of Crop Sciences of
the Chinese Academy of Agricultural Science. Bt maize and non-
Bt maize were planted in plastic barrels (the height of 45 cm and
the diameter of 30 cm) filled with 20 kg soils and 10 g compound
fertilizer (N: P: K = 18: 15: 12), respectively. Soil pH was 7.2,
organic carbon 11.7 g/kg, total nitrogen 2.27 g/kg, and total
phosphorus 0.56 g/kg. On June 10 of each sampling year, 100 g
inoculum of F. caledonium (namely, FC in figure) and 100 g

Frontiers in Plant Science | www.frontiersin.org 2 June 2021 | Volume 12 | Article 655060178

http://www.esrl.noaa.gov/gmd/ccgg/trends/
https://www.frontiersin.org/journals/plant-science
https://www.frontiersin.org
https://www.frontiersin.org/journals/plant-science#articles


Wang et al. AMF Enhance Insect Resistance Capacity

sterilized strain (namely, CK in figure) were evenly spread at 4 cm
under maize seed as control; three maize seeds were sown in each
barrel with a sowing depth of 2 cm, and two maize were reserved
after emergence. Maize were irrigated every two to three days to
ensure the water demand for maize growth.

There were eight treatments [two CO2 concentration (aCO2

and eCO2), two maize treatments (Bt and Xy), and two AMF
inoculations (F. caledonium and CK)]. Each treatment included
three OTCs; each OTC included four planting patterns (Bt +
AMF, Bt + CK, Xy+ AMF, and Xy+ CK); each planting pattern
included five repeats; that is, each treatment contained a total of
15 repeats.

Arbuscular Mycorrhizal Fungi Colonization
and AMF Phospholipid Fatty Acid (PLFA)
Content
In two sampling years, AMF colonization was determined
on heading stage (BBCH-59), and it was determined by the
method of trypan blue staining and grid counting (Phillips
and Hayman, 1970). The fresh plant roots were washed with
distilled water and then blotted dry with absorbent paper.
One hundred one centimeter roots were randomly cut and
placed in a 10% KOH solution at 30◦C for 30min, and then,
the KOH was discarded and rinsed with distilled water. After
acidification in 2% HCl for 60min, the HCl was discarded,
rinsed with distilled water, and stained in 5% trypan blue dye
solution (w/v, lactic acid: glycerol: water = 1: 1: 1). Then, the
dye solution was discarded, and the roots were rinsed with
distilled water and transferred to a square with a grid at the
bottom.We observed the number of infected and uninfected root
segments under the microscope. Colonization (%) = number
of infected root segments/total root segments (Mcgonigle et al.,
1990). The improved Bligh-Dyer method was used to extract
microbial PLFA from soil (Bossio and Scow, 1998; Ruess and
Chamberlain, 2010). About 8.0 g of the freeze-dried soil sample
was weighed into a Teflon tube, and the lipids from soil were
extracted by multiple oscillation centrifugation with a Bligh-
Dyer mixed extract prepared in a ratio of 1: 2: 0.8 with
chloroform: methanol: citrate buffer. The aqueous phase and
the organic phase were separated by keeping away from light
overnight, and the lower organic-phase supernatant containing
the phospholipid was taken up and then dried with nitrogen
in a water bath. The sample was dissolved and dried with a
small amount of chloroform and acetone several times and
passed through a SPE silica gel column to remove neutral lipids
and glycolipids from the sample, followed by separation and
purification with methanol to collect PLFA, and dried with
nitrogen again. The separated PLFA is methylated by a liquid
(methanol: toluene 1:1 mixture) and a liquid of KOH–methanol
solution, and then the reaction was terminated with acetic acid.
Finally, it was extracted with n-hexane and dried with nitrogen to
obtain PLFA methyl ester. With C19: 0 as the internal standard,
the content of methyl ester of characteristic fatty acids was
analyzed by MIDI identification system, and the soil PLFA
content was expressed in nmol/g through peak area and internal
standard curve.

Foliar Bt Toxin Content and Bt Gene
Expression in the Leaves of Bt Maize
During the heading stage (BBCH-59) of maize, the foliar content
of Bt toxin protein was measured by using plant Bt-Cry1Ie
protein ELISA Kit (mlbio, China). Moreover, the real-time
quantitative reverse transcription PCR was performed on a 7500
real-time PCR system (Applied Biosystems Inc.) for Bt gene
expression analysis. Total RNA was extracted from the leaf
tissues by using TRIzol R© reagent (Invitrogen). The concentration
and quality of samples were determined by NanoDropTM

spectrophotometer (Thermo Scientific) and 1.5% agarose gel
electrophoresis. The cDNA synthesis was carried out with 100
ng of total RNA by using PrimeScriptTM RT reagent Kit with
gDNA Eraser (Takara, Japan). Reverse transcriptase reactions
were performed in a reaction volume of 20 µl. Quantitative real-
time PCR was performed with a 7500 real-time PCR detection
system (Applied Biosystems) using 1× SYBR R© Premix Ex TaqTM

(TaKaRa, Japan), 2 µl cDNA products (diluted from 20 to 200 µl
with RNase-free water), and 0.2µM primers in a final volume of
20µl. Reaction conditions are 95◦C, 30 s pre-denaturation; 95◦C,
5 s, 60◦C, 34 s, 40 cycles. The cDNA was amplified by PCR using
the primers shown in Supplementary Table 2. Quantification of
the transcript levels of target genes was conducted by following
the 2−11Ct normalization method. The relative expression
level was represented as the fold change by comparing three
treatments (aCO2 + AMF, aCO2 +CK, and eCO2 +AMF)
and the treatment of eCO2 + CK, respectively. Three technical
replicates were performed on each sample of cDNA.

Jasmonic Acid and Salicylic Acid Contents
in Maize Leaves
During the heading stage (BBCH-59) of maize, the foliar contents
of JA and SA were measured in our laboratory by using plant JA
ELISA Kit (YaJi Biological, China) and plant SA ELISA Kit (YaJi
Biological, China).

Insect Development and Food Utilization
The colony of armyworm, M. separata, was collected in maize
fields in Kangbao County, Hebei (China), and continuously
reared on artificial diet for more than 15 generations in growth
chamber (GDN-400D-4; Ningbo Southeast Instrument CO.,
LTD, Ningbo, China) (Song et al., 2020). The third-instar larvae
with uniform size were randomly selected and were individually
fed on fresh maize leaves, which were selected from each
treatment at the heading stage (BBCH-59). The feeding trials
were conducted in a plastic dish (6 cm in diameter) in 2017 and
2018. Each treatment consisted of five replicates (a total of 20
larvae per replicate).

The initial weights of third-instar larvae were individually
measured with an electronic balance (AL104; METTLER-
TOLEDO, Greifensee). Larvae feces, pupal weight, and the
remaining parts of leaves were also carefully weighed. At the same
time, dry weight of larvae and maize leaves was calculated during
the experiment. Moreover, the food utilization indices, including
relative consumption rate (RCR), relative growth rate (RGR),
efficiency of conversion of digested food (ECD), and efficiency
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of conversion of ingested food (ECI), were measured (Chen et al.,
2005b).

RCR = I/(B*T); RGR = G/(B*T);

ECD (%) = G/(I-F)*100%; ECI (%) =G/I*100%

where I is the feeding amount (the weight of maize leaves before
feeding minus the weight of maize leaves before feeding and after
feeding); B is the average larval weight during the experiment
(the average larval weight before feeding and after feeding); T is
the experiment time (d); G is the added larval weight (the larval
weight after feeding minus the larval weight before feeding); and
F is the weight of total feces.

The larval lifespan, pupation rate/duration, and emergence of
M. separata fed on leaves of Bt and non-Btmaize inoculated with
and without F. caledonium were recorded every 12 h. Pairs of
novel moths, including female: male ratio of 1: 1, were transferred
to metal screen cages for oviposition and fed on 10% honey. The
survivorship and fecundity of M. separata were observed every
day until death.

Data Analysis
Data were analyzed using IBM-SPSS v.20.0 software (IBM,
Armonk, NY). Three-way ANOVAs were used to test the effects
of sampling years (2017 vs. 2018), CO2 levels (elevated vs.
ambient), AMF inoculation (F. caledonium vs. CK), transgenic
treatment (Bt maize vs. non-Bt maize), and their interactions
on the indices of Bt toxin and Bt gene expression in the leaves
of Bt maize. Four-way ANOVAs were used to test the effects of
sampling years (2017 vs. 2018), CO2 levels (elevated vs. ambient),
AMF inoculation (F. caledonium vs. CK), transgenic treatment
(Btmaize vs. non-Btmaize), and their interactions on the indices
of AMF colonization and AMF-PLFA content, foliar contents of
JA and SA, and growth, development, and reproduction of M.
separata. Significant differences between or among treatments
were analyzed by Tukey’s test at P < 0.05.

RESULTS

Arbuscular Mycorrhizal Fungi Colonization
and AMF-PLFA Content of Bt and Non-Bt
Maize Influenced by CO2 Levels and F.

caledonium Inoculation
Four-way ANOVAs showed that AMF inoculation, CO2 level,
and sampling years, and the interactions between AMF
inoculation and CO2 level (F ≥ 4.47, P ≤ 0.042 < 0.05)
significantly affected the AMF colonization on Bt and non-Bt
maize (Supplementary Table 3). Compared with control, AMF
inoculation significantly increased the AMF colonization of Bt
and non-Bt maize in two sample years no matter under aCO2 or
eCO2 (Figures 1A,C). Compared with aCO2, eCO2 significantly
increased the AMF colonization of non-Btmaize inoculated with
F. caledonium in 2017 and 2018, that of Bt maize inoculated with
F. caledonium in 2017, and that of Bt maize not inoculated in
2018 (P < 0.05; Figures 1A,C).

Moreover, four-way ANOVAs also showed that AMF
inoculation (F = 3385.14, P < 0.001), CO2 level (F = 52.68,
P < 0.001), and sampling years (F = 17.27, P < 0.001)
significantly affected the AMF-PLFA content of Bt and non-Bt
maize (Supplementary Table 3). Compared with control, AMF
inoculation significantly increased the AMF-PLFA content of Bt
and non-Bt maize in two sample years no matter under aCO2 or
eCO2 (Figures 1B,D). Compared with aCO2, eCO2 significantly
increased the AMF-PLFA content of Bt maize inoculated with F.
caledonium in 2017 and 2018, and also significantly increased
the AMF-PLFA content of non-Bt maize inoculated with F.
caledonium in 2018 and non-Bt maize not inoculated in 2017
(P < 0.05; Figures 1B,D).

Foliar Bt Protein Content and Bt Gene
Relative Expression Level in Leaves of Bt
Maize Influenced by CO2 Levels and F.

caledonium Inoculation
Three-way ANOVAs showed that AMF inoculation (F ≥ 275.07,
P < 0.001), CO2 level (F ≥ 5.89, P ≤ 0.027), and their interaction
(F ≥ 18.88, P < 0.001) significantly affected the foliar Bt protein
content and Bt gene relative expression level in the leaves of Bt
maize (Supplementary Table 4).

For the foliar Bt protein content, compared with aCO2, eCO2

significantly decreased the foliar Bt protein content of Bt maize
without F. caledonium inoculation, but significantly increased
the foliar Bt protein content of Bt maize inoculated with
F. caledonium (Figures 2A,C). Compared with control, AMF
inoculation significantly increased the foliar Bt protein content
of Bt maize under aCO2 and eCO2 (P < 0.05; Figures 2A,C).

For the Bt gene relative expression level, compared with aCO2,
eCO2 significantly decreased the Bt gene relative expression level
in the leaves of Bt maize without F. caledonium inoculation
(Figures 2B,D). Compared with control, AMF inoculation
significantly increased the Bt gene relative expression level of Bt
maize under aCO2 and eCO2 (P < 0.05; Figures 2B,D).

Foliar JA and SA Contents in Leaves of Bt
and Non-Bt Maize Influenced by CO2

Levels and F. caledonium Inoculation
Four-way ANOVAs showed that AMF inoculation (F ≥ 216.16,
P < 0.001) and CO2 level (F ≥ 99.02, P < 0.001) significantly
affected the foliar JA and SA contents of Bt and non-Bt maize
(Supplementary Table 4).

For the foliar JA content, compared with control, AMF
inoculation significantly increased the foliar JA content of
Bt and non-Bt maize in two sample years no matter under
aCO2 or eCO2 (Figures 3A,C). Compared with aCO2, eCO2

significantly increased the foliar JA content of Bt and non-Bt
maize without F. caledonium inoculation in 2017 and 2018, and
Btmaize inoculated with F. caledonium in 2017 and non-Btmaize
inoculated with F. caledonium in 2018 (P < 0.05; Figures 3A,C).

For the foliar SA content, compared with control, AMF
inoculation significantly increased the foliar SA content of Bt
and non-Bt maize in two sample years no matter under aCO2 or
eCO2 (Figures 3B,D). Compared with aCO2, eCO2 significantly
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FIGURE 1 | Effects of the inoculation with arbuscular mycorrhizal fungi (AMF), F. caledonium, on the AMF colonization and AMF-PLFA content of Bt maize (Bt) and its

parental line of non-Bt maize (Xy) under ambient CO2 (aCO2) and elevated CO2 (eCO2) at the heading stage (BBCH-59) in 2017 (A,B) and 2018 (C,D). (FC, F.

caledonium inoculation; CK, the control without F. caledonium inoculation; aCO2-Bt, Bt maize under aCO2; aCO2-Xy, non-Bt maize under aCO2; eCO2-Bt, Bt maize

under eCO2; eCO2-Xy, non-Bt maize under eCO2; different uppercase, lowercase letters, and * indicate significant difference between Bt maize and non-Bt maize,

between F. caledonium inoculation and non-inoculation of F. caledonium, and between aCO2 and eCO2 under the same other conditions as revealed by Tukey’s test)

(P < 0.05; n = 15).

increased the foliar SA content of Bt and non-Bt maize in two
sample years regardless of F. caledonium inoculation or not
(Figures 3B,D).

Food Utilization of M. separata Larvae Fed
on Bt and Non-Bt Maize Influenced by CO2

Levels and F. caledonium Inoculation
Four-way ANOVAs showed that AMF inoculation (F ≥ 4.20,
P ≤ 0.048), CO2 level (F ≥ 4.24, P ≤ 0.047), transgenic
treatment (F ≥ 36.98, P < 0.001), and their interactions (F ≥

12.19, P < 0.0014) significantly affected all the food utilization
indices of M. separata larvae, except for the interaction between
CO2 level and AMF inoculation on RGR (F = 0.72, P =

0.40 > 0.05; Supplementary Table 5). Moreover, the interaction
between CO2 level, AMF inoculation, and transgenic treatment
also significantly affected the ECD (F = 32.63, P < 0.001)
and ECI (F = 9.78, P = 0.004 < 0.01) of M. separata larvae
(Supplementary Table 5).

Compared with non-Bt maize, the ECD of M. separata larvae
fed on Bt maize inoculated with and without F. caledonium

was significantly decreased in two sample years no matter
under aCO2 or eCO2. Compared with control, AMF inoculation
significantly increased the ECD of M. separata larvae fed on
non-Bt maize under eCO2 in 2017 and 2018. Compared with
aCO2, eCO2 significantly decreased the ECD of M. separata
larvae fed on Btmaize inoculated with and without F. caledonium
in two sample years, while significantly increased the ECD of
M. separata larvae fed on non-Bt maize inoculated with F.
caledonium in 2017 and 2018, and significantly decreased the
ECD of M. separata larvae fed on non-Bt maize without F.
caledonium inoculation in 2018 (P < 0.05; Figures 4A,E).

Compared with non-Bt maize, the ECI of M. separata larvae
fed on Bt maize inoculated with and without F. caledonium
was significantly decreased in two sample years no matter
under aCO2 or eCO2. Compared with control, AMF inoculation
significantly increased the ECI ofM. separata larvae fed on non-
Bt maize under aCO2 and eCO2 in two sample years, while
significantly decreased the ECI of M. separata larvae fed on Bt
maize under aCO2 in 2017 and 2018. Compared with aCO2,
eCO2 significantly decreased the ECI ofM. separata larvae fed on
Bt and non-Bt maize without F. caledonium inoculation in 2017
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FIGURE 2 | Effects of the inoculation with arbuscular mycorrhizal fungi (AMF), F. caledonium, on foliar Bt protein content and Bt gene relative expression level in leaves

of Bt maize under ambient CO2 (aCO2) and elevated CO2 (eCO2) at the heading stage (BBCH-59) in 2017 (A,B) and 2018 (C,D). (Note: Different uppercase and

lowercase letters indicate a significant difference between aCO2 and eCO2, and between F. caledonium inoculation and non-inoculation of F. caledonium under the

same other conditions as revealed by Tukey’s test) (P < 0.05; n = 15).

and 2018, while significantly increased the ECI of M. separata
larvae fed on non-Bt maize with F. caledonium inoculation in
2017 and significantly decreased the ECI of M. separata larvae
fed on Btmaize with F. caledonium inoculation in 2018 (P< 0.05;
Figures 4B,F).

Compared with non-Bt maize, the RGR of M. separata larvae
fed on Bt maize inoculated with and without F. caledonium
was significantly decreased in two sample years no matter
under aCO2 or eCO2. Compared with control, AMF inoculation
significantly increased the RGR of M. separata larvae fed on
non-Bt maize under aCO2 and eCO2 in 2017 and 2018, while
significantly decreased the RGR of M. separata larvae fed on Bt
maize under aCO2 and eCO2 in two sample years. Compared
with aCO2, eCO2 significantly decreased the RGR ofM. separata
larvae fed on non-Bt maize without F. caledonium inoculation
in 2017 and 2018, and that of M. separata larvae fed on non-
Bt maize with F. caledonium inoculation in 2017 (P < 0.05;
Figures 4C,G).

Compared with non-Bt maize, the RCR of M. separata larvae
fed on Bt maize inoculated with and without F. caledonium was
significantly decreased under aCO2 in 2017 and 2018, while the
RCR ofM. separata larvae fed on Btmaize without F. caledonium

inoculation significantly increased under eCO2 in two sample
years. Compared with control, AMF inoculation significantly
decreased the RCR of M. separata larvae fed on Bt maize in two
sample years no matter under aCO2 or eCO2, while significantly
increased the RCR of M. separata larvae fed on non-Bt maize
under aCO2 in 2017 and 2018. Compared with aCO2, eCO2

significantly decreased the RCR ofM. separata larvae fed on non-
Bt maize inoculated with F. caledonium in 2017 and 2018, while
significantly increased the RCR of M. separata larvae fed on Bt
maize without F. caledonium inoculation in two sample years (P
< 0.05; Figures 4D,H).

Growth, Development, and Reproduction
of M. separata Fed on Bt and Non-Bt
Maize Influenced by CO2 Levels and F.

caledonium Inoculation
Four-way ANOVAs showed that sampling year (F ≥ 7.97,
P ≤ 0.008), CO2 level (F ≥ 24.20, P < 0.001), transgenic
treatment (F ≥ 164.88, P < 0.001), and the interaction between
transgenic treatment and AMF inoculation (F ≥ 4.23, P ≤

0.047) significantly affected all measured indices of M. separata,
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FIGURE 3 | Effects of the inoculation with arbuscular mycorrhizal fungi (AMF), F. caledonium, on the foliar JA and SA contents of Bt maize (Bt) and its parental line of

non-Bt maize (Xy) under ambient CO2 (aCO2) and elevated CO2 (eCO2) at the heading stage (BBCH-59) in 2017 (A,B) and 2018 (C,D). (Note: FC, F. caledonium

inoculation; CK, the control without F. caledonium inoculation; aCO2-Bt, Bt maize under aCO2; aCO2-Xy, non-Bt maize under aCO2; eCO2-Bt, Bt maize under eCO2;

eCO2-Xy, non-Bt maize under eCO2; Different uppercase, lowercase letters and * indicate significant difference between Bt maize and non-Bt maize, between F.

caledonium inoculation and non-inoculation of F. caledonium, and between aCO2 and eCO2 under the same other conditions as revealed by Tukey’s test, the same in

the following figures) (P < 0.05; n = 15).

except the interaction between transgenic treatment and AMF
inoculation on pupation rate of M. separata (F = 0.23, P
= 0.63; Supplementary Table 6). Moreover, AMF inoculation
significantly affected pupal weight and pupal duration of M.
separata (F ≥ 15.07, P < 0.001), the interaction between
CO2 level and transgenic treatment significantly affected
larval lifespan of M. separata (F = 89.64, P < 0.001), and
the interactions between CO2 level and AMF inoculation
affected fecundity of M. separata (F = 12.65, P = 0.001)
(Supplementary Table 6).

Compared with non-Bt maize, the larval lifespan of M.
separata larvae fed on Bt maize inoculated with and without
F. caledonium was significantly extended in two sample years
no matter under aCO2 or eCO2. Compared with control, AMF
inoculation significantly shortened the larval lifespan of M.
separata fed on non-Bt maize under aCO2 and eCO2 in 2017
and 2018, while significantly prolonged the larval lifespan of
M. separata fed on Bt maize under aCO2 and eCO2 in 2017
and 2018. Compared with aCO2, eCO2 significantly extended
the larval lifespan of M. separata larvae fed on Bt maize

inoculated with and without F. caledonium in two sample years
(P < 0.05; Figures 5A,E).

Compared with non-Bt maize, the pupation rate of
M. separata fed on Bt maize inoculated with and without
F. caledonium was significantly decreased under aCO2

in two sample years no matter under aCO2 or eCO2

(P < 0.05; Figures 5B,F).
Compared with non-Bt maize, the pupal weight of M.

separata fed on Bt maize inoculated with and without
F. caledonium was significantly decreased in two sample
years no matter under aCO2 or eCO2. Compared with
control, AMF inoculation significantly increased the pupal
weight of M. separata fed on non-Bt maize under aCO2

and eCO2 in 2017 and 2018, while significantly decreased
the pupal weight of M. separata fed on Bt maize under
aCO2 and eCO2 in two sample years. Compared with
aCO2, eCO2 significantly decreased the pupal weight of M.
separata fed on Bt and non-Bt maize in two sample years
regardless of F. caledonium inoculation or not (P < 0.05;
Figures 5C,G), respectively.
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FIGURE 4 | Effects of the inoculation with arbuscular mycorrhizal fungi (AMF), F. caledonium, on the food utilization of M. separata larvae fed on Bt maize (Bt) and its

parental line of non-Bt maize (Xy) under ambient CO2 (aCO2) and elevated CO2 (eCO2) at the heading stage (BBCH-59) in 2017 (A–D) and 2018 (E–H). (Note: the

same as Figure 3) (P < 0.05; n = 5).
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FIGURE 5 | Effects of the inoculation with arbuscular mycorrhizal fungi (AMF), F. caledonium, on the growth and development of M. separata larvae fed on Bt maize

(Bt) and its parental line of non-Bt maize (Xy) under ambient CO2 (aCO2) and elevated CO2 (eCO2) at the heading stage (BBCH-59) in 2017 (A–D) and 2018 (E–H).

(Note: the same as Figure 3) (P < 0.05; n = 5).
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FIGURE 6 | Effects of the inoculation with arbuscular mycorrhizal fungi (AMF), F. caledonium, on the growth and development of M. separata adults fed on Bt maize

(Bt) and its parental line of non-Bt maize (Xy) under ambient CO2 (aCO2) and elevated CO2 (eCO2) at the heading stage (BBCH-59) in 2017 (A–C) and 2018 (D–F).

(Note: the same as Figure 3) (P < 0.05; n = 5).

Compared with non-Bt maize, the pupal duration of M.
separata fed on Bt maize inoculated with and without F.
caledonium was significantly extended in two sample years no
matter under aCO2 or eCO2. Compared with control, AMF
inoculation significantly shortened the pupal duration of M.
separata fed on non-Bt maize under aCO2 and eCO2 in 2017
and 2018, while significantly extended the pupal duration of M.
separata fed on Bt maize under aCO2 and eCO2 in two sample
years. Compared with aCO2, eCO2 significantly extended the
pupal duration ofM. separata fed on Bt and non-Bt maize in two

sample years regardless of F. caledonium inoculation or not (P <

0.05; Figures 5D,H).
Compared with non-Btmaize, the eclosion rate ofM. separata

fed on Bt maize inoculated with and without F. caledonium was
significantly decreased in two sample years no matter under
aCO2 or eCO2 (P < 0.05; Figures 6A,D).

Compared with non-Bt maize, the fecundity of M. separata
fed on Bt maize inoculated with and without F. caledonium
was significantly decreased in two sample years no matter
under aCO2 or eCO2. Compared with control, AMF inoculation
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significantly increased the fecundity of M. separata fed on non-
Bt maize under aCO2 and eCO2 in 2017 and 2018, while
significantly decreased the fecundity of M. separata fed on Bt
maize under aCO2 and eCO2 in two sample years. Compared
with aCO2, eCO2 significantly decreased the fecundity of M.
separata fed on Bt and non-Bt maize in two sample years
regardless of F. caledonium inoculation or not (P < 0.05;
Figures 6B,E).

Compared with non-Bt maize, the adult longevity of M.
separata fed on Bt maize inoculated with and without F.
caledonium was significantly shortened in two sample years no
matter under aCO2 or eCO2. Compared with control, AMF
inoculation significantly extended the adult longevity of M.
separata fed on non-Bt maize under aCO2 and eCO2 in 2017
and 2018, while significantly shortened the adult longevity of M.
separata fed on Bt maize under aCO2 and eCO2 in two sample
years. Compared with aCO2, eCO2 significantly shortened the
adult longevity ofM. separata fed on Bt and non-Bt maize in two
sample years regardless of F. caledonium inoculation or not (P <

0.05; Figures 6C,F).

Yield of Bt and Non-Bt Maize Influenced by
CO2 Levels and F. caledonium Inoculation
Four-way ANOVAs showed that AMF inoculation significantly
affected all indices of maize yield (F ≥ 10.23, P ≤ 0.003), CO2

level significantly affected ear weight per plant and grain weight
per ear (CO2 level: F ≥ 45.24, P < 0.001), transgenic treatment
significantly affected ear weight per plant (F = 10.89, P = 0.002),
and the interaction between CO2 level and AMF inoculation
significantly affected the grain weight per ear (F= 4.48, P= 0.042
< 0.05) (Supplementary Table 3).

Compared with non-Bt maize, the dry ear weight per plant
of Bt maize without F. caledonium inoculation was significantly
enhanced under eCO2 in 2017, and that with F. caledonium
inoculation was significantly increased under aCO2 in 2018.
Compared with control, AMF inoculation significantly increased
the dry ear weight per plant of Bt and non-Bt maize in
two sample years no matter under aCO2 or eCO2. Compared
with aCO2, eCO2 significantly increased the dry ear weight
per plant of Bt and non-Bt maize in two sample years
regardless of F. caledonium inoculation or not (P < 0.05;
Figures 7A,D).

Compared with control, AMF inoculation significantly
increased the grain weight per ear of Bt and non-Bt maize in two
sample years no matter under aCO2 or eCO2. Compared with
aCO2, eCO2 significantly increased the grain weight per ear of Bt
and non-Bt maize inoculated with F. caledonium in two sample
years, and significantly increased that of Bt maize without F.
caledonium inoculation in 2017 and that of non-Btmaize without
F. caledonium inoculation in 2018 (P < 0.05; Figures 7B,E).
Compared with control, AMF inoculation significantly increased
the 100-grain weight of non-Bt maize under aCO2 in 2017, and
that of Bt and non-Bt maize under eCO2 in 2018 (P < 0.05;
Figures 7C,F).

DISCUSSION

The values of AMF colonization and AMF-PLFA content
indicate the colonization efficiency of AMF on maize. In this
experiment, F. caledonium inoculation significantly increased
the AMF colonization and AMF-PLFA content no matter what
maize variety or CO2 level, and this ensured the validity of the
following research work. Meanwhile, elevated CO2 can increase
photosynthesis of plants, improve plant growth, and promote the
transfer of carbon source substances from host plants to the root-
symbiotic AMF, which is beneficial for AMF colonization and
growth (Diaz et al., 1993; Cheng et al., 2012). The colonization
was increased by ∼10% in Medicago truncatula and by as
much as 50% in Brachypodium distachyon (Jakobsen et al.,
2016). Treseder (2004) also reported that the AMF colonization
reflected an increased colonization speed under eCO2. Alberton
et al. (2005) found that mycorrhizal fungi and mycorrhizal plants
to elevated CO2 were significantly positive, and the response
ratio for AM fungi was 1.21 (an increase of 21%), indicating a
significantly different response, and AM colonization percentage
also had a certain degree of improvement. In this study, the
AMF colonization and the AMF-PLFA content of Bt and non-Bt
maize under eCO2 were generally higher than those under aCO2;
therefore, it is presumed that elevated CO2 did have a positive
facilitation on the colonization of F. caledonium on maize (Diaz
et al., 1993; Drigo et al., 2013; Becklin et al., 2016). Besides, there
were no differences in the AMF colonization and AMF-PLFA
content between Bt maize and its parental line of non-Bt maize;
the results showed that the presence of the cry1Ie protein inmaize
did not affect the colonization of the AMF community, and it is
consistent with the research report of Cheeke et al.; Cheeke et al.
(2014; 2015; Zeng et al., 2018).

Overall, the plant biomass and grain yield increased with the
increasing level (200–400 ppm) of atmospheric CO2 for most
crops (Chen M. et al., 2011; Wang et al., 2018). In this study, the
results showed that eCO2 significantly increasedmaize ear weight
per plant and grain weight per ear, while it did not significantly
affect the 100-grain weight. It is mainly because eCO2 can
enhance photosynthesis and in turn, has a positive effect on
crop biomass and production (Guo et al., 2016; Liu et al., 2019).
Although the maize yield was improved, the comprehensive
nutritional quality of maize grain (100-grain weight) could not be
improved; it may be due to the decreased nitrogen content at high
CO2 levels. Moreover, F. caledonium inoculation significantly
increased all the yield indices (ear weight per plant, grain weight
per ear, and 100-grain weight). The main function of AMF is to
enhance the uptake of nutrient elements (e.g., N, P, K, Ca,Mg, Zn,
and Fe) by host plants, improve the nutrient metabolism capacity
and nutrient level of plant tissues, and then promote the growth
and fruiting of plants (Sharifi et al., 2007; Terrer et al., 2016;
Turrini et al., 2017). In addition, under the combined effects of
eCO2 and F. caledonium inoculation, the ear weight per plant
and grain weight per ear of Bt and non-Btmaize showed a further
significant increase, which benefit from the improvement of AMF
colonization under eCO2.

Insects are sensitive to environmental variations, and
environmental stresses can cause changes in their growth,
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FIGURE 7 | Effects of the inoculation with arbuscular mycorrhizal fungi (AMF), F. caledonium, on the yield of Bt maize (Bt) and its parental line of non-Bt maize (Xy)

under ambient CO2 (aCO2) and elevated CO2 (eCO2) in 2017 (A–C) and 2018 (D–F). (Note: the same as Figure 3) (P < 0.05; n = 15).

development, fecundity, food utilization, and the occurrence
and distribution of populations as a result of metabolic rate
fluctuation (Bloom et al., 2010). Usually, endogenously secondary
defensive chemicals (e.g., JA and SA) and nutrient components
(e.g., C, N, P, and K) are the two main factors that affect
the population fitness of pests; the balance between secondary
defensive chemicals and nutrient components determines the
development trend of pests after feeding. If the pests feed
on transgenic Bt plants, in addition to the above-mentioned
two influencing factors, the Bt toxin protein will also have a
significant adverse effect on the growth and food utilization

of pests and occupy the dominant position among the three.
Prutz and Dettner (2005) reported that the transgenic Bt maize
decreased the growth rate and increased the mortality of Chilo
partellus, which might be attributed to the termination of
larval metamorphosis fed on Bt maize. Most studies showed
adverse effects of Cry proteins on lifetable parameters of different
herbivores (Lawo et al., 2010), which might be due to the
interaction of feeding inhibitors and growth inhibitors. In this
study, we found that Bt maize obviously decreased almost all
measured indices of food utilization (ECD, ECI, and RGR),
and it showed that the ability of food digestion and absorption
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FIGURE 8 | A schematic model that AMF inoculation can enhance the yield of transgenic Bt maize and its control efficiency against M. separata under elevated CO2.

of pests has caused serious damage by Bt toxin. Meanwhile,
lifetable parameters (growth, development, and reproduction of
M. separata larvae; pupation rate, pupal weight, eclosion rate,
and fecundity of M. separata adult) markedly decreased feeding
on Bt maize, and Bt toxin also prolonged the larval lifespan and
shortened the adult longevity of M. separata regardless of the
CO2 level and F. caledonium inoculation or not in 2017 and 2018.
These results showed that Btmaize obviously retarded the growth
and development of M. separata and were similar to those of
previous studies.

Previous studies have examined that in most plants, elevated
CO2 tends to promote plant photosynthesis and also leads to
a decrease in foliar nitrogen content and an increase in C: N
ratio (Johns et al., 2003; Li et al., 2018). Meanwhile, nitrogen
is the main component of exogenous Bt protein in Bt crops.
Plant nitrogen uptake, nitrogen-level status, and C: N ratio could
affect the production of exogenous Bt toxins for Bt crops (Gao
et al., 2009; Jiang et al., 2013). Numerous studies have shown
that eCO2 can significantly reduce the exogenous Bt protein
content of Bt cotton and Bt rice, while increasing their yield
(Coviella et al., 2000, 2002; Chen et al., 2005b;Wu et al., 2011a,b),
and also found the “dilution effect” on exogenous Bt protein
or inhibition on Bt-transgene expression (Chen F. J. et al.,
2011; Jiang et al., 2017; Liu et al., 2019). Moreover, elevated
CO2 also affected the production of primary and secondary

metabolites, and the defense mechanisms of crop plants (e.g.,
JA and SA) (Stiling and Cornelissen, 2007; Sun et al., 2016). In
this study, eCO2 significantly decreased the ECI and RGR of
M. separata larvae fed on non-Bt maize without F. caledonium
inoculation, and was almost adverse to all the measured indices
of growth and development of M. separata; it is mainly due
to the increased secondary defense substances (i.e., JA and SA)
in plants and the declined food nutrient level (e.g., fewer N)
under elevated CO2 (Armstrong et al., 1995; Coviella et al.,
2002; Liu et al., 2019). Many studies found that elevated CO2

had adverse effects on the developmental duration, pupation,
and eclosion of cotton bollworm, H. armigera (Akbar et al.,
2016), and reduced the oviposition number of borers and
semilooper (Stange, 1997; Rao et al., 2013). On the other hand,
elevated CO2 decreased the RGR of the Spodoptera litura and
H. armigera (Hattenschwiler and Schafellner, 2004), and also
significantly reduced the ECD and ECI of H. armigera (Yin
et al., 2010). Meanwhile, eCO2 also significantly reduced the
ECD, ECI, pupal weight, fecundity, and adult longevity, and
significantly extended the development duration of M. separata
fed on Bt maize with and without F. caledonium inoculation.
This shows that despite the decrease in exogenous Bt toxin
content, the increase in secondary defense substances and the
decline in nutrient quality can alsomake a relatively adverse effect
onM. separata.
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The effect of F. caledonium inoculation on M. separata fed
on Bt maize and non-Bt maize was just the opposite; that is,
F. caledonium inoculation significantly reduced the ECI, RGR,
and RCR of M. separata larvae fed on Bt maize under aCO2

and eCO2, while significantly increased the ECI and RGR of M.
separata larvae fed non-Bt maize under aCO2 and eCO2, and
RCR of M. separata larvae fed on non-Bt maize under aCO2,
and ECD ofM. separata larvae fed on non-Bt maize under eCO2.
In addition, F. caledonium inoculation and transgenic treatment
had a significant interaction on the growth, development, and
reproduction of M. separata. Specifically, as fed on Bt maize, F.
caledonium inoculation significantly extended the developmental
duration of larvae and pupae of M. separata under aCO2 and
eCO2, significantly reduced the pupal weight and fecundity, and
significantly shortened the adult longevity of M. separata. On
the contrary, as fed on non-Bt maize, F. caledonium inoculation
significantly shortened the developmental duration of larvae and
pupae of M. separata under aCO2 and eCO2, and significantly
increased the pupal weight of M. separata under aCO2 and
eCO2. Thus, it was observed that F. caledonium inoculation
had diametrically opposite effects on the growth, development,
and food utilization of M. separata fed on Bt maize and non-
Bt maize; that is, F. caledonium inoculation reduced the food
utilization efficiency and had adverse effects on the growth,
development, and reproduction of M. separata fed on Bt maize,
while it improved the food utilization efficiency and had positive
effects on the growth, development, and reproduction of M.
separata fed on non-Bt maize. This is mainly due to the
promotion of the absorption and utilization of soil nutrients
in maize plants by F. caledonium inoculation, thus improving
the nutrient level of maize plant tissues (Sharifi et al., 2007;
Rodriguez and Sanders, 2015). So it is concluded thatM. separata
larvae can get more plant nutrition when fed on non-Bt maize
inoculated with F. caledonium. When fed on Bt maize inoculated
with F. caledonium, M. separata larvae not only obtained more
plant nutrients, but also ingested more doses of exogenous Bt
toxin, which improved the target resistance ability of Bt crops
based on the exogenous Bt toxin, and further reduced the food
utilization efficiency, growth, development, and reproduction
of M. separata, and at the same time, the promotion of AMF
colonization by eCO2 further enhanced the target resistance level
of Bt maize toM. separata.

Overall, our research showed that eCO2 was beneficial for
AMF colonization on roots, and maize yield, but it had negative
effects on the growth, development, reproduction, and food
utilization ofM. separata. F. caledonium inoculation was positive
for maize yield and nutrient quality, and in favor of the
growth, development, reproduction, and food utilization of the
M. separata fed on non-Bt maize. However, F. caledonium

inoculation was unfavorable for the population fitness of M.
separata fed on Bt maize. Namely, regardless of the CO2 level,
inoculation of F. caledonium had a detrimental effect on the
production of non-Bt maize as the result of a high potential
risk of M. separata production hazard, while its effects on Bt
maize were just the opposite; that is, F. caledonium inoculation
had positive effects on the production of Bt maize especially
under eCO2 due to the lower potential risk of population
occurrence of M. separata. Ultimately, the results proved that
all of our hypotheses were confirmed: It showed that the AMF
inoculation of F. caledonium under eCO2 was more effective in
improving the control efficiency of Bt maize on the target insect
pest, M. separata, promoted the expression of endogenous (JA,
SA) and exogenous (Bt toxin) secondary defense substances in
Bt maize leaves, and also increased the biomass and yield of
maize (Figure 8). We have reason to expect this friendly and
effective biological way serving for mitigating the ecological risk
of Bt maize and improving its ecological sustainable utilization
capacity under global climate change.
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The modern agricultural sector faces the challenge of addressing the needs of

the fast-growing global population. This process should be both high-yielding and

sustainable, without creating risks for the environment and human health. Therefore,

natural products are gaining attention in the production of safe and nutritious food. In

a systematic effort to develop affordable and effective biostimulants, we examined the

impact of botanical extracts on the growth and physiological parameters of radish plants

under field conditions. Ultrasound-assisted extraction, mechanical homogenization,

and water were used for the production of potential plant-based biostimulants. Foliar

applications of the bio-products, developed and used in our study, have led to an increase

in the examined parameters (total yield, dry weight, photosynthetic pigments, vitamin C,

nitrates, and micro- and macroelements). A decrease in the total phenolic compounds

content was also noted, as well as a varied impact on the steam volatile compounds,

fatty acids, sterol, and glucosinolates composition. The most beneficial effects on radish,

in terms of physiological and biochemical properties, were found in groups treated

with extracts based on the common dandelion, valerian, and giant goldenrod. This

innovative approach presented in our study could provide a valuable tool for sustainable

horticultural production.

Keywords: higher plants, extraction, bioactive compounds, radish, yield, nutritional quality, sustainable food

production

INTRODUCTION

Globally, agriculture and horticulture constitute a multitrillion dollar industry. This sector provides
a wide variety of crops for food, feed, and ornamental purposes (Zulfiqar et al., 2019). Due to the
exponentially growing population, limited available farmland, genetic potential of crops, depletion
of natural resources, and climate change, agribusiness is facing the challenge of devising more
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effective and sustainable solutions to facilitate the reduction
of malnutrition, poverty, starvation, and energy and water
usage while concurrently increasing the yield and the quality
of crops (Campos et al., 2019; Pereira et al., 2019; Szparaga
et al., 2019; Zulfiqar et al., 2019; Kamble et al., 2020). The
Green Revolution implemented in the 1960s was characterized
by large increases in crop yields due to the extensive use of
pesticides and fertilizers (Pereira et al., 2019; Rose et al., 2019).
The long-standing excess usage of these products has led to
serious threats to human health and the environment worldwide
(e.g., ground water and air pollution, water eutrophication,
and soil quality degradation) (Ertani et al., 2014; Vejan et al.,
2016; Campos et al., 2019; Costa et al., 2019; Ekin, 2019;
Pereira et al., 2019; Shang et al., 2019; Shukla et al., 2019;
Zulfiqar et al., 2019). On the other hand, these products
have been necessary to satisfy the growing human demand
for food. Furthermore, the overuse of fertilizers has increased
the cost of production and reduced the profit margins for
farmers (Zulfiqar et al., 2019). Climate change and unfavorable
growing conditions can increase plant susceptibility to pathogens
(Shukla et al., 2019). Consequently, the establishment of
sustainable principles, strategies, technological advancements,
and innovations (Pereira et al., 2019; Shang et al., 2019) is
crucial to enhance the effectiveness of fertilizers, to meet the
requirements of environmentally friendly crop management
practices, and to cope with high productivity demands (Bulgari
et al., 2015; Paradiković et al., 2018; Ekin, 2019; Shang et al.,
2019; Shukla et al., 2019). Crop resistance to diseases, soil salinity,
drought, heavy metals, as well as their increased nutritional value
are getting highly desirable (Vejan et al., 2016; Bulgari et al.,
2019).

Bio-based products (including crop residues, plants, and
seaweed), applied at low doses, may be a promising solution
to diminish fertilizer rates and simultaneously exert beneficial
effects on plant growth (Ertani et al., 2014). Biostimulants have
become more popular in sustainable agriculture in recent years
because of their beneficial properties. They stimulate various
physiological processes that promote nutrient acquisition and
utilization by plants; enhance the root development (the length
and number of root hairs), shoot development, yield, and
nutritional quality of plants; counteract the effects of biotic
and abiotic stresses; improve the activity of soil microbiota;
and reduce the use of fertilizers and the content of undesirable
compounds (e.g., nitrates and heavy metals) in cultivated plants
(Ertani et al., 2014; Bulgari et al., 2015; Paradiković et al., 2018;
Rouphael et al., 2018; Szparaga et al., 2018; Carillo et al., 2019a,b;
Ekin, 2019; Shukla et al., 2019; Cozzolino et al., 2020). The
effects of biostimulants may differ, depending on the plant species
(e.g., different leaf permeability levels), cultivar, physiological
stages, type of product, dose, concentration, time, and application
method (e.g., foliar, soil drench, or seed treatment), as well
as environmental conditions (Ertani et al., 2014; Bulgari et al.,
2015; Paradiković et al., 2018; Szparaga et al., 2018). In the
European Union, the countries of France, Italy, and Spain
are the primary producers of biostimulants. As reported by
Grand View Research, Inc., the market size of these products
is projected to be worth approximately USD 4.14 billion by
2025 (Bulgari et al., 2019). According to the new European

Union Regulation, 2019/1009, plant biostimulants are defined
on the basis of their agricultural impacts on crops. They
may contain protein hydrolysates, humic substances, algal and
botanical extracts, inorganic compounds (e.g., Si), growth-
promoting bacteria, mycorrhizal fungi (D’Addabbo et al., 2019;
Cozzolino et al., 2020), amino acids, chitin, chitosan, vitamins,
and poly- and oligosaccharides (Bulgari et al., 2015). The
beneficial effects of biostimulants are not associated with their
macro– and micronutrient composition but rather with their
content of activating compounds, like endogenous hormones,
small peptides, free amino acids, phenolics, and triacontanol
(Ertani et al., 2014; Yakhin et al., 2017), which may affect
plant metabolisms by triggering glycolysis enzyme activities,
the Krebs cycle, and nitrate assimilation (Ertani et al., 2009;
Colla et al., 2015, 2017; Yakhin et al., 2017; Palumbo et al.,
2018; Sandhu et al., 2018; Alfosea-Simón et al., 2020; Cozzolino
et al., 2020; Francesca et al., 2020). On the other hand, if their
biological activity depends on the presence of natural plant
hormones, they ought to be classified as plant growth regulators
(Bulgari et al., 2015). The hormonal activity of plants can alter
the electrochemical gradient of protons formed across the cell
membrane through proton pumpmodulation (Paradiković et al.,
2018). By virtue of the complexity of biostimulants’ composition,
it is difficult to assign their beneficial effects on plants to
a particular compound, especially when that compound may
interact with other molecules in a synergistic way (Bulgari et al.,
2015, 2019). Hence, their mechanism of action is still not well-
understood, and these types of products should be categorized
based on the physiological responses of plants (Bulgari et al.,
2015).

In recent years, numerous reports have highlighted the
beneficial effects of biostimulants applications in the worldwide
cultivation of various crops, especially for achieving higher
yields. New research should focus not only on short-term
studies of young seedlings but also on real field conditions
with mature plants (Ertani et al., 2014). Nevertheless, the
impact of the application of bio-products on the nutritional
value and health-promoting potential of plants is not well-
documented but has been observed in several crops (Kocira,
2019; Cocetta and Ferrante, 2020). Many of these compounds
exhibit a favorable impact on the health-related characteristics of
vegetables and fruits (Cocetta and Ferrante, 2020)—for example,
the presence of antioxidants imparts nutraceutical properties to
plant products (Kocira, 2019). Presently, fruits, vegetables, and
edible flowers rich in phytonutrients (plant-derived substances;
neither vitamins nor minerals) are gaining more attention
both among scientists and consumers. These are usually plant
secondary metabolites (synthesized from primary metabolites)
and are involved in various mechanisms, e.g., in plant interaction
with the environment, defense responses to stresses (by serving
as phytoalexins, antioxidants, and signal molecules), as well as
to deter animals or, conversely, to attract them to spread seeds
or pollinate flowers (due to their anthocyanin content). These
compounds often function as antioxidants; they increase the
antioxidant potential of fruits, vegetables, and flowers, and they
obstruct oxidative reactions under stress conditions (Bulgari
et al., 2015). A diet low in fruits and vegetables is associated with
an increased risk of various debilitating nutritional diseases. As
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reported by the Global Burden of Disease Study, a low intake of
fruits can be attributed to 3.4 million deaths, while low vegetable
consumption was estimated to cause 1.8 million demises globally
(Bulgari et al., 2019). Presently, healthy lifestyles and high-
quality foods are piquing a growing interest among consumers.
Therefore, there is a need to develop new, cheaper products
for use in organic agriculture to enable greater access to more
affordable and eco-friendly food (Kowalski and Kaniszewski,
2017).

Radish (Raphanus sativus var. sativus) was chosen as a model
plant in the present study. There are numerous radish cultivars
differing in shape (round, oval, icicle, half long, long, conical,
cylindrical, spindle), color (white, pink, red, purple, black), flavor,
and growing conditions (Paul et al., 2016; Dhaliwal, 2017). Radish
is widely cultivated due to its taste and low content of calories
but high nutrients (e.g., K, Fe, Ca, Na, Zn, Mn, P, vitamins
C and B, folic acid, fiber) (Paul et al., 2016; Banihani, 2017;
Dhaliwal, 2017; Kowalski and Kaniszewski, 2017). This root
vegetable is valued for the presence of phytochemicals, especially
glucosinolates, which are hydrolyzed into bioactive compounds
(e.g., isothiocyanates, nitriles, thiocyanates, epithionitriles, and
oxazolidinethiones) that are of use to plants (e.g., for defense)
and human health. The consumption of radish has been
shown to lower the risk of different types of cancers (e.g.,
breast, colon, lung, stomach, prostate, pancreas, and rectal
cancer), as well as supports the prevention of constipation,
stone formation, and jaundice (Paul et al., 2016; Banihani,
2017; Dhaliwal, 2017; Manivannan et al., 2019). Radish also
exhibits antimicrobial, anticancer, antioxidant, and anxiety-
reducing properties (Manivannan et al., 2019). In Poland, the
cultivation area of radish is estimated at 700 ha and field
cultivation accounts for one-third of the whole area (Chohura
and Kołota, 2011). Due to the low light in the autumn–spring
period, the overaccumulation of nitrates in plant tissues may
sometimes be a problem (Kowalski and Kaniszewski, 2017).

Hence, our current study aimed to determine the possibility
of transforming higher plants that are widely found in Europe
(herbs of St. John’s wort, leaves of giant goldenrod, flowers and
leaves of common dandelion, flowers of red clover, leaves of
nettle, and roots of valerian) into low-cost products that are
rich in bioactive compounds for use in modern horticulture
to achieve higher yield, quality, and profitability. Ultrasound-
assisted extraction (UAE) and mechanical homogenization
(MH) were used for the production of potential water-based
biostimulants. The selected raw materials were not previously
used for these purposes.

MATERIALS AND METHODS

All analyses were carried out according to the methodology
provided by Godlewska et al. (2020b). Brief descriptions of our
methodology are presented below.

Raw Materials for the Botanical Extract
Production
This study assessed the potential of using higher plants for the
production of plant-based extracts. The raw materials collection

date depended on the plant part used for the extraction and
the plant developmental stage. They were collected/purchased
once in 2017 in the amount needed to carry out all planned
research. The extraction of biologically active compounds from
St. John’s wort (Hypericum perforatum L.; herb) (marked as:
Hp H), giant goldenrod (Solidago gigantean Ait.; leaf) (Sg L),
common dandelion (Taraxacum officinale (L.) Weber ex F.H.
Wigg; flower, leaf) (To F, To L), red clover (Trifolium pretense L.;
flower) (Tp F), nettle (Urtica dioica L.; leaf) (Ur L), and valerian
(Valeriana officinalis L.; root) (Vo R) was performed using
ultrasound-assisted extraction (UAE) and mechanical shearing
combined with sonic energy (MH). For the first method, the
dried and ground biomass was mixed with deionized water
(1:20 w/v), soaked (30min), subsequently sonicated (30min),
and then centrifuged (10min, 4,500 rpm). For the secondmethod
(MH), the mixture was homogenized (1min, 28,000 rpm) and
centrifuged (10min, 4,500 rpm). The final bioactive formulations
were composed of an active ingredient (extract, 0.5% w/v), an
antioxidant agent (L-ascorbic acid, 0.15% w/v), an adjuvant
(Protector, 0.02% w/v), a preservative (potassium sorbate, 0.1%
w/v), and water (up to 100%).

The Field Trials
The radish (Raphanus sativus var. sativus) was grown in the field
under a temperate climate in Poland (Supplementary Figure 1).
Hydrocomplex Yara Mila (250 kg·ha−1) and ammonium
saltpetre (330 kg·ha−1) were used for the fertilization of the fine
clay soil (pH 7.05, EC 144.3 µS·cm−1, 1.8% humus, 35.1mg
P, 89.5mg K, and 44mg Mg in 1 dm3). The experiments
were performed in randomized complete blocks. Seeds (cultivar
“Carmen,” PlantiCo) were sown on August 20, 2018, with
spacing of 20 cm × 4 cm (plot size: 1 m2; 125 plants per
plot; 3 plots per treatment). The spraying, at a dose of 300
L·ha−1, was performed three times in the morning on sunny
and windless days (September 5, September 12, and September
19, 2018). Plants were harvested on September 24, 2018.
During the growing season, regular mechanical weeding and
irrigation were conducted. Moreover, the insecticide (Karate
Zeon 050 CS) was applied in accordance with the manufacturer’s
recommendations. Plant samples were collected twice: 7 days
after the second spraying (the first term of leaves of rosette
collection) and after harvesting (the second term of leaves of
rosette and root collection) to perform chemical analyses. As
the control groups, we used plants sprayed with water (C), a
formulation with water without an active ingredient (CF), and
a commercial biostimulant (CB).

Chemicals
Acetone, calcium carbonate, ethanol, potassium persulphate,
sodium acetate, and sodium carbonate were purchased from
IDALIA (Radom, Poland); azino-bis-3-ethylbenzthiazoline-
6-sulphonic acid (ABTS), diphenyl-2-picrylhydrazyl (DPPH),
ferric-reducing antioxidant power (FRAP), Folin–Ciocalteu’s
phenol reagent, gallic acid, tripyridyl-S-triazine (TPTZ),
and Trolox were purchased from Archem (Łany, Poland);
acetic acid, activated carbon, ammonium metavanadate,
ammonium molybdate tetrahydrate, ascorbic acid, barium
chloride dihydrate, cyclohexane, magnesium nitrate, 65% nitric
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acid, oxalic acid, sodium bicarbonate, and sodium sulfate were
purchased from CHEMPUR (Piekary Śląskie, Poland); 2,6-
dichlorophenolindophenol sodium salt hydrate was purchased
from ACROS ORGANICS (ARGENTA; Poznań, Poland);
chloroform, hydrochloric acid (38%), and methanol were
purchased from STANLAB (Lublin, Poland); standard solutions
and Tween TM 80 were purchased from Merck (Darmnstadt,
Germany); 2-undecanone and BF3/MeOH were purchased from
Sigma-Aldrich (Saint Louis, MO, USA); hexane and sodium
bicarbonate were purchased from UQF (Wrocław, Poland);
n-hexane (99%) was purchased from POCH Basic (Gliwice,
Poland); helium was purchased from Air Products (Warsaw,
Poland); and potassium hydroxide was purchased from Avantor
(Gliwice, Poland).

The Photosynthetic Pigments, Greenness
Index of the Leaves, and Leaf Color
The contents of chlorophyll a + b and carotenoids were
determined in fresh leaves. Samples (0.4 g) were disintegrated,
using a mortar and a pestle with the addition of a few drops
of acetone (80%), a pinch of sand, and calcium carbonate. The
obtained mixture was filtered, transferred to a volumetric flask
(50ml) and filled with acetone. The absorbances were measured
in four replicates at 663, 645, and 470 nm with the use of
a spectrophotometer (HACH DR1900, Berlin, Germany). The
greenness indexes of the leaves were evaluated, using an SPAD
502 Plus Chlorophyll Meter (Konica Minolta, Osaka, Japan), and
the colors of the leaves were measured, using MiniScan (Hunter
Lab EZ, Reston, Virginia, USA) (in 10 replicates).

Vitamin C
For determination of the vitamin C content, the fresh leaves
(∼10 g) and roots (∼15 g) were homogenized in oxalic acid
(200ml, 2%) and filtrated. Solutions (10ml) were titrated (in four
replicates) with Tillmans’ reagent as long as a light pinkish color
appeared and was maintained for at least 30 s.

Total Phenolic Compounds
The total phenolic compound (TPC) content was evaluated in
fresh, comminuted shoots and roots (∼2 g). The biomasses were
placed in tubes, mixed with aqueous methanol (20ml, 80%),
sonicated (15min), and centrifuged (10min, 4,500 rpm). To
the obtained supernatants (0.1ml), the Folin–Ciocalteu’s phenol
reagent (0.2ml) and distilled water (2ml) were added, and the
mixtures were kept in the dark (3min). Next, sodium carbonate
(1ml, 20%) was added to the reaction mixtures and left in the
dark for 1 h. The absorbance (765 nm) was then assessed (in
four replicates).

The Antioxidant Activity (DPPH, ABTS, and
FRAP Assays)
The antioxidant activities were assessed in ten-fold diluted
supernatants prepared for TPC analyses. The absorbance
measurements were made in four replicates.

For the DPPH assay, supernatants (0.5ml), ethanol (1.5ml),
and DPPH solution (0.5ml) were mixed and incubated at room

temperature without access to light (10min). The radical stock
solution of DPPH was freshly prepared by dissolving in ethanol.

For the ABTS assay, a diluted ABTS solution (3ml) was added
to the supernatants (30 µl) and kept in the dark (6min). The
ABTS•+solution was prepared by the reaction of aqueous ABTS
solution (5 ml, 7mM) with potassium persulfate solution (88 µl,
140mM). The mixture was incubated in the dark at 29◦C for
more than 14 h.

For the FRAP assay, supernatants (1ml) and FRAP reagent
(3ml) were left to react (10min). The FRAP reagent was prepared
by mixing the acetate buffer (300mM), TPTZ (10ml in 40mM
HCl) and FeCl3·6H2O (20mM) in a ratio of 10:1:1.

For the DPPH assay, the absorbance was measured at 517 nm;
for the ABTS assay, the absorbance was measured at 734 nm; and
for the FRAP assay, the absorbance was measured at 593 nm.

Nitrates
For the assessment of nitrates, the dried and ground samples
(0.4 g) were mixed with acetic acid (100ml, 2%) and activated
carbon (0.5–1 g), shaken (30min, 150 rpm), and filtrated (the first
drops were not collected). An ionometer (Thermo 5 Star Orion,
Beverly, MA, USA) with an ion-selective electrode was used for
the measurements.

Macroelements, Microelements, and
Heavy Metals
For the macroelement (Ca, K, Mg, P), microelement (Cu, Fe,
Mn, Zn), and heavy metal (Ni, Cd, Pb) content evaluations,
the dried and ground samples were mineralized (450◦C, 8 h)
in the oven (CZYLOK, Jastrzębie-Zdrój, Poland); then, the ash
was digested (65% HNO3) and evaporated on a heating plate
(110◦C, 6 h), dissolved (1M HNO3), and transferred to a flask.
The phosphorus content of P was determined colorimetrically
at 400 nm after a reaction with molybdate and ammonium
metavanadate (Cecil CE 2011 photometer; Cambridge, UK).
Atomic absorption spectrophotometry (ASA) (Varian Spectra
AA 220/FS, Mulgrave, Australia) was used for the determination
of the K, Ca, Mg, Mn, Fe, Cu, Zn, Cd, Pb, and Ni content. The S
content was examined according to the oxidation of sulfur-based
on the turbidity of the solution of sulfate content precipitating as
barium sulfate (Cecil CE 2011 photometer; Cambridge, UK). The
N content was examined by the Kjeldahl method. The samples
were mineralized in concentrated H2SO4 with the addition of
Se and H2O2. The cooled solution was mixed with a strong
base solution, and the emitted ammonia was distilled into a
saturated boric acids solution with the addition of a mixed
indicator (methyl red and bromocresol green). The solution
of ammonia in boric acid was determined by titration with a
standard hydrochloric acid solution (0.01M) until an initial color
was obtained.

Steam Volatile Compounds
For the steam volatile compounds analyses (the amount of a
single component calculated as a percentage (%) of the whole
GC-MS chromatogram area), the frozen leaves (30 g) were
placed in flasks and boiled with distilled water (100ml) in a

Frontiers in Plant Science | www.frontiersin.org 4 June 2021 | Volume 12 | Article 651152196

https://www.frontiersin.org/journals/plant-science
https://www.frontiersin.org
https://www.frontiersin.org/journals/plant-science#articles


Godlewska et al. Botanical Extracts: Effects on Radish

heating mantle. The cyclohexane (1ml), containing 1mg of 2-
undecanone, was used as an internal standard. A distillation
process (50min) was performed, using a Deryng apparatus
(Szczepanik et al., 2018). The chromatographic analyses (GCMS
QP 2020, Shimadzu, Kyoto, Japan) were carried out in
three replicates.

Fatty Acids
For the preparation of the lipid fraction (the amount of a
single component calculated as a percentage (%) of the whole
GC-MS chromatogram area), the dried roots (350mg) were
macerated with chloroform (5ml), filtered, and evaporated. The
extracted non-polar lipid fraction (25mg) was saponified (5min
at 65◦C) with 0.5M KOH/MeOH solution (2ml), and subjected
to methylation (10min at 65◦C) by adding 14% (v/v) BF3/MeOH
(2ml). In the next step, distilled water (5ml) was added, and the
methyl esters of fatty acids were extracted with hexane (10ml).
The mixture was then washed with 10% sodium bicarbonate
(10ml) and dried over anhydrous sodium sulfate. The organic
phase was evaporated under reduced pressure and dissolved in
hexane (200 µl). The gas chromatograph coupled with a mass
spectrometer (Shimadzu GCMS QP 2020) was used to analyze
the profiles of fatty acid methyl esters (in three replicates).

Sterols
A dried radish root (300mg) was macerated with chloroform
(5ml). The sterol profile was evaluated, using the method of
derivatization with N, O-Bis(trimethylsilyl)trifluoroacetamide
(BSTFA) silylation via GC-MS (Shimadzu QP 2020, Shimadzu,
Kyoto, Japan). The solution was filtered and then evaporated on a
vacuum evaporator under reduced pressure. Next, pyridine (500
µl) and BSTFA (50 µl) were added to the sample. The mixture
was then transferred to a vial and heated for 15min at 70◦C.
Separation was achieved using a Zebron ZB-5 capillary column
(30m, 0.25mm, 0.25µm; Phenomenex, Torrance, CA, USA).
The parameters of the GC-MS analysis were as follows: a scan
mode with a mass range from 40 to 1,050 m/z in the electronic
impact (EI) mode at 70 eV with the 10 scan s−1 mode. Helium
was used as a carrier gas at a flow rate of 1 ml·min−1 in a split
ratio of 1:20, along with the following program: (a) 100◦C for
1min; (b) a rate of 2◦C min−1 from 100 to 190◦C; and (c) a rate
of 5◦C min−1 from 190 to 300◦C. The injector was maintained
at 280◦C. Identification of the compounds was performed, using
two different analytical methods to compare the retention times
with those of authentic chemicals (Supelco C7–C40 Saturated
Alkanes Standard), and the mass spectra were obtained with the
available library data (Willey NIST 17, match index > 90%).

Glucosinolates
Freeze-dried samples of radish roots (0.5 g) were extracted with
90% methanol (10ml, 30min, 70◦C, shaken every 5min). After
this process, the samples were filtered and centrifuged (10min,
15,000 rpm). The supernatants were separated; methanol
was evaporated from the mixtures. Then, the samples were
dissolved in water (1ml), and the LC-MS analyses were
carried out by means of reversed-phase high-performance liquid
chromatography (HPLC Shimadzu Prominence-i LC-2030C,

Kyoto, Japan), equipped with a PDA detector coupled to a
triple quadrupole mass spectrometer (Shimadzu LCMS-8045).
Glucosinolates present in the radish roots were semi-quantified,
using the LC-MS-tq apparatus in the MRMsmode (Table 1). The
separation of the desired compounds was performed, using the
following mobile phase: water with 0.1% TFA (eluent A) and
acetonitrile with 0.1% TFA (eluent B). The flow rate was set at
0.25 ml·min−1, and the gradient was as follows: starting at 1%
solvent B for 3min, then reaching 20% up to 20min, 30% up to
23min, and 0.1% B at 35min. The Kinetex C18 100A column
(100 × 3mm, 2.6µm particle size, Phenomenex, Germany) was
used. Singrin was used as an external standard (Ciska et al., 2000;
Ediage et al., 2011; Maldini et al., 2017).

Statistical Analyses
The STATISTICA program ver. 13.3 (TIBCO Software Inc.,
Tulsa, OK, USA) was used for the statistical analyses of the
results. The normality of the distribution was assessed, using the
Shapiro–Wilk test and homogeneity of variances by the Brown–
Forsythe test. For the normal distribution and homogeneity of
variances, differences were evaluated, using the Tukey’s Honest
Significant Difference (HSD) test. The data were significantly
different for p < 0.05. For distributions other than normal,
the Kruskal–Wallis test was used. An “a” was used to indicate
statistically significant differences between the botanical extracts
and water (C), “b” indicates a significant difference between the
botanical extracts and the formulation (CF), and “c” indicates
a significant difference between the botanical extracts and the
commercial biostimulant (CB).

RESULTS

Total Yield, Fresh, and Dry Weight of
Leaves of Rosette and Roots
In our experimental design, the first control group contained
plants that were sprayed with water (C), the second one included
plants sprayed with the formulation in water (without an active
ingredient—extract) (CF), and the third one included plants
sprayed with the commercial biostimulant (CB).

The application of all botanical extracts significantly increased
the total yield of radish (Table 2). The highest root yield was
achieved in the groups treated with To L MH and Sg L MH (81.2
and 80.6% more than in C and 24.9 and 24.5% more than in CB,
respectively), while the lowest yield was found with Ur LMH and
Ur L UAE (44 and 44.2% more than in C; 0.7 and 0.6% less than
in CB). The largest yield of leaves of rosette was observed after
the application of Sg L MH and Hp HMH (31.3 and 27.6% more
than in C; 15.4 and 12.2% more than in CB), and the smallest
was found for To F UAE and Ur L MH (2.7 and 7.2% more than
in C; 9.7 and 5.4% less than in CB). Bio-products also promoted
the growth of radish roots with diameters>4 cm (e.g., Tp F UAE:
10.2% more than in CB), as well as the aboveground parts (e.g.,
Hp HMH and Sg L UAE: 32.8 and 34% more than in CB). There
were no plants of the aforementioned size in the control group
(C). The least stimulating activity in this root range was noted
after the use of Hp H UAE for roots (35.7% less than in CB)
and Vo R UAE for leaves of rosette (8.2% less than in CB). The
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TABLE 1 | A list of multiple reaction monitoring (MRM) transitions and mass spectrometric conditions used for the identification of glucosinolates in radish roots.

RT, min MRM transition m/z

(Q1 → Q3)

Q1, V CE, V Q3, V

Glucoerucin 3.84 420.3 → 357.1 20.0 12.0 25.0

420.3 → 330.0 20.0 17.0 15.0

420.3 → 258.0 20.0 25.0 26.0

Gluconapin 4.27 372.3 → 354.1 18.0 14.0 24.0

372.3 → 130.1 18.0 25.0 25.0

372.3 → 127.9 18.0 22.0 24.0

Progoitrin 10.73 388.3 → 342.3 19.0 12.0 22.0

388.3 → 128.5 19.0 22.0 25.0

388.3 → 62.0 18.0 14.0 14.0

Glucoraphenin 11.76 434.3 → 388.2 15.0 11.0 26.0

434.3 → 371.1 20.0 13.0 27.0

434.3 → 344.0 21.0 18.0 24.0

4-metoxyglucobrassicin 15.56 476.5 → 386.2 23.0 18.0 26.0

476.5 → 325.1 16.0 14.0 11.0

476.5 → 313.9 23.0 25.0 21.0

Glucobrassicin 17.16 446.5 → 400.2 12.0 12.0 18.0

446.5 → 428.2 21.0 13.0 15.0

446.5 → 358.0 12.0 20.0 24.0

Glucoraphanin 18.25 435.5 → 399.2 21.0 13.0 27.0

435.5 → 372.1 15.0 12.0 18.0

435.5 → 273.2 15.0 24.0 17.0

Gluconasturtiin 18.41 421.6 → 358.1 20.0 12.0 24.0

421.6 → 277.5 11.0 14.0 29.0

421.6 → 146.1 19.0 30.0 28.0

Glucobrassicanapin 28.25 385.6 → 349.1 14.0 15.0 23.0

385.6 → 233.1 18.0 21.0 22.0

385.6 → 327.2 10.0 19.0 21.0

RT, retention time; Q1, parent ion; Q3, fragment ion; CE, collision energy.

heaviest average root weight with a diameter between 2 and 4 cm
was found in the groups treated with To L MH (50.7 and 24.4%
more than in C and CB) and Sg L MH (42.7 and 17.9% more
than in C and CB), and the heaviest leaves were found for Hp H
MH (35 and 14.9% more than in C and CB), Sg L MH (34.6 and
14.5% more than in C and CB), and Vo R MH (31.4 and 11.8%
more than in C and CB). Decreased fresh weight was observed
only in the leaves of rosette after the application of To F UAE (4.3
and 18.5% less than in C and CB). The highest average weight
of the root with a diameter smaller than 2 cm was observed after
spraying radish with Vo RMH (4.8% less than in C and 67%more
than in CB) and Sg LMH (8.8% less than in C and 60%more than
in CB), while the lowest was found with Ur L UAE (40.5% less
than in C and 4.4% more than in CB). The heaviest weight of the
aboveground parts within this root diameter was achieved after
radish treatment with To F UAE (2.4% less than in C and 20.4%
more than in CB) and Vo R MH (3.9% less than in C and 18.5%
more than in CB), and the lowest was found with To L MH (30.4
and 14.1% less than in C and CB) and Ur L UAE (29.4 and 13%
less than in C and CB). The application of Ur L UAE increased
the dry weight of leaves of rosette (Table 2) in both the first and
the second terms of the plant collection (7.5 and 8.3% more than

in C; 17.2 and 10.9%more than in CB), while To LMH decreased
the examined parameter (12.7 and 13.9% less than in C; 4.8 and
11.9% less than in CB). In the case of roots (Table 2), Ur L UAE
increased the dry weight the most (37.9 and 51.8% more than in
C and CB), and Sg LMH increased dry weight the least (7.3% less
than in C and 2.1% more than in CB).

Photosynthetic Pigments, Greenness Index
of the Leaves, and Leaf Color
An increase in the content of photosynthetic pigments in the
cultivated plants treated with botanical extracts was observed in
the first term of the sample collection but showed varying impacts
in the second term. In the first term, the bio-product Vo R UAE
particularly increased the chlorophyll content (Table 3) (31.5 and
26.3% more than in C and CB), whereas To L MH decreased its
content (16.4 and 19.7% less than in C and CB). In the second
term (Table 3), the application of Vo R UAE, Sg L MH, and Ur
L MH resulted in a slightly higher amount of a green pigment
in leaves (4.5, 4.5, and 3% more than in C; 16.7, 16.7, and 15%
more than in CB). The use of To L UAE, To F MH, and Sg L
UAE caused a significant reduction in its content (19.4, 19.4, and
17.9% less than in C; 10, 10, and 8.3% less than in CB). In the first
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TABLE 2 | Effect of the foliar application of the botanical extracts on the fresh weight of leaves of rosette and root (after harvest), the total yield of radish (N = 3*, mean ± SD), and dry weight of radish leaves of rosette

(after second spraying and after harvest) and root (after harvest) (N = 3, mean ± SD).

Group Root diameter <2 cm Root diameter 2–4 cm Root diameter >4 cm Total yield Total yield minus

non-marketable yield

Dry weight

Leaves of

rosette

Root Leaves of rosette Root Leaves of rosette Root Leaves of rosette Root Leaves of

rosette after

2nd spraying

Leaves of

rosette

Roots

g t·ha−1 % %

C 8.46 ± 0.88b,c 7.93 ± 1.52b,c 9.14 ± 1.12c 17.67 ± 1.70b,c 0b,c 0b,c 11.04 ± 0.99c 15.76 ± 2.59b,c 97.64 8.55 ± 0.34 8.54 ± 0.41 3.72 ± 0.37

CF 6.52 ± 0.54a 5.59 ± 0.47a,c 10.57 ± 1.14 22.91 ± 3.10a 29.5 ± 03.27a,c 53.00 ± 5.72a,c 12.24 ± 1.34 24.35 ± 3.22a 98.51 8.37 ± 0.31 8.04 ± 0.25 3.87 ± 0.30

CB 6.86 ± 0.54a 4.52 ± 0.52a,b 10.74 ± 0.49a 21.40 ± 1.52a 17.39 ± 2.56a,b 61.54 ± 8.83a,b 12.56 ± 1.49a 22.86 ± 3.22a 94.93 7.84 ± 0.19 8.34 ± 0.39 3.38 ± 0.40

Hp H UAE 6.30 ± 0.85a 7.09 ± 1.60b,c 11.42 ± 0.51a 24.87 ± 1.00a,c 19.15 ± 2.00a,b 39.60 ± 6.52a,b,c 12.41 ± 1.27a 24.24 ± 3.05a 95.10 8.25 ± 0.29 8.72 ± 0.40 4.06 ± 0.07

Hp H MH 7.18 ± 1.53a 5.68 ± 0.36a,c 12.34 ± 2.41a,b,c 24.16 ± 3.35a,c 23.10 ± 2.20a,b,c 55.40 ± 2.78a,c 14.09 ± 1.93a,b,c 25.28 ± 2.80a 98.26 8.59 ± 0.18 8.06 ± 0.46 4.10 ± 0.38

Sg L UAE 6.76 ± 0.98a 5.53 ± 0.68a,c 10.96 ± 1.63a 22.19 ± 1.72a 23.30 ± 3.92a,b,c 60.45 ± 8.61a,b 12.74 ± 1.87a 23.96 ± 3.03a 98.06 7.72 ± 0.10 8.86 ± 0.43 3.64 ± 0.14

Sg L MH 7.85 ± 1.69b,c 7.23 ± 1.70b,c 12.30 ± 2.97a,b,c 25.22 ± 2.68a,c 18.94 ± 3.74a,b 59.35 ± 2.20a,b 14.49 ± 2.75a,b,c 28.46 ± 4.15a,b,c 97.70 7.88 ± 0.18 8.30 ± 0.33 3.45 ± 0.32

To F UAE 8.26 ± 1.14b,c 6.28 ± 1.29a,c 8.75 ± 1.43b,c 21.58 ± 3.37a 16.26 ± 0.71a,b 47.43 ± 5.55a,b,c 11.34 ± 1.63 23.58 ± 3.93a 98.38 8.27 ± 0.22 7.68 ± 0.49 4.25 ± 0.35

To F MH 7.83 ± 0.19b,c 6.72 ± 1.48a,b,c 11.76 ± 0.54a 23.39 ± 2.81a 20.65 ± 4.67a,b,c 47.63 ± 8.95a,b,c 13.84 ± 1.70a,b 25.31 ± 4.90a 94.89 8.36 ± 0.28 8.26 ± 0.26 3.83 ± 0.05

To L UAE 7.20 ± 0.79a 5.38 ± 0.30a 11.72 ± 0.68a 23.49 ± 2.98a 20.75 ± 2.25a,b,c 58.25 ± 5.19a,b 13.65 ± 1.25a,b 25.77 ± 2.93a,c 95.58 8.07 ± 0.22 8.85 ± 0.28 3.75 ± 0.23

To L MH 5.89 ± 0.69a,c 4.97 ± 0.49a 11.35 ± 2.37a 26.63 ± 5.39a,b,c 19.10 ± 2.78a,b 53.57 ± 5.25a,c 13.09 ± 1.83a 28.55 ± 4.11a,b,c 94.59 7.46 ± 0.38a 7.35 ± 0.32 3.62 ± 0.13

Tp F UAE 7.01 ± 1.33a 5.35 ± 0.87a 11.84 ± 1.46a 23.48 ± 2.73a 22.05 ± 2.90a,b,c 67.80 ± 4.74a,b,c 13.22 ± 1.80a 23.65 ± 3.60a 97.80 7.88 ± 0.40 8.56 ± 0.43 4.13 ± 0.33

Tp F MH 6.66 ± 1.23a 6.10 ± 0.16a,c 11.42 ± 1.31a 23.31 ± 1.96a 19.29 ± 4.91a,b 51.10 ± 0.99a,c 13.30 ± 2.21a 25.45 ± 1.58a,c 98.17 8.31 ± 0.25 8.38 ± 0.23 3.90 ± 0.19

Ur L UAE 5.97 ± 1.03a 4.72 ± 1.09a 10.55 ± 1.60 20.36 ± 1.42a,b 19.72 ± 3.57a,b 54.17 ± 2.43a,c 12.09 ± 1.91 22.73 ± 2.98a 94.47 9.19 ± 0.16 c 9.25 ± 0.36 5.13 ± 0.33a,b,c

Ur L MH 6.29 ± 0.78a 5.19 ± 0.62a 10.04 ± 0.07 20.60 ± 1.77a 20.26 ± 3.79a,b,c 54.06 ± 7.59a,c 11.84 ± 1.22 22.69 ± 2.59a 96.52 8.58 ± 0.27 8.68 ± 0.44 3.57 ± 0.40

Vo R UAE 6.36 ± 0.94a 5.31 ± 0.53a 11.35 ± 1.37a 24.61 ± 2.95a,c 15.97 ± 2.22a,b 57.63 ± 5.41a 12.69 ± 1.39a 25.48 ± 3.31a,c 97.44 8.43 ± 0.13 7.99 ± 0.39 4.02 ± 0.22

Vo R MH 8.13 ± 1.46b,c 7.55 ± 1.43b,c 12.01 ± 2.29a,b 23.83 ± 2.51a 17.23 ± 3.37a,b 48.57 ± 3.13a,c 13.97 ± 2.38a,b,c 26.35 ± 3.42a,c 95.52 8.23 ± 0.19 8.04 ± 0.40 4.42 ± 0.30

(a) Statistically significant differences (p < 0.05) between the control group (C) and the botanical extracts. (b) Statistically significant differences (p < 0.05) between the formulation (CF) and the botanical extracts. (c) Statistically significant

differences (p < 0.05) between commercial biostimulant (CB) and the botanical extracts. UAE, ultrasound-assisted extraction; MH, mechanical homogenization; Hp H, Hypericum perforatum L. (St. John’s wort, herb); Sg L, Solidago

gigantea Ait. (giant goldenrod, leaf); To F, To L, Taraxacum officinale (L.) Weber ex F.H. Wigg (common dandelion, flower, leaf); Tp F, Trifolium pratense L. (red clover, flower); Ur L, Urtica dioica L. (nettle, leaf); Vo R, Valeriana officinalis L.

(valerian, root). *Three replications (plots)—each consisted of 125 plants.
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TABLE 3 | Effect of the foliar application of the botanical extracts on the chlorophyll a + b content (N = 4, mean ± SD), the carotenoids content (N = 4, mean ± SD), the L, a, b values (N = 10, mean ± SD), and the

SPAD values (N = 10, mean ± SD) of radish leaves of rosette (after second spraying and after harvest).

Group Chlorophyll a + b Carotenoids Color Greenness indexes

After 2nd

spraying

After harvest After 2nd

spraying

After harvest After 2nd spraying After harvest After 2nd

spraying

After harvest

mg·g–1 FW µg·g–1 FW L a b L a b SPAD values

C 0.73 ± 0.06 1.34 ± 0.03 16.94 ± 1.15 28.47 ± 1.19 42.05 ± 2.71 −9.36 ± 0.65 21.04 ± 2.01 42.23 ± 0.49 −8.66 ± 0.25 18.25 ± 0.76 36.53 ± 1.28 34.72 ± 1.23

CF 0.82 ± 0.03 1.23 ± 0.04 20.01 ± 1.31 25.33 ± 0.69 43.77 ± 0.79 −8.40 ± 0.34 19.12 ± 0.50 41.18 ± 1.10 −8.78 ± 0.23 18.25 ± 0.87 35.95 ± 1.80 35.72 ± 1.53

CB 0.76 ± 0.02 1.20 ± 0.05 18.55 ± 0.92 25.20 ± 0.71 43.53 ± 0.77 −9.18 ± 0.44 21.72 ± 0.91 43.17 ± 0.19 −8.01 ± 0.43 15.87 ± 1.45 35.60 ± 1.08 36.63 ± 0.56

Hp H UAE 0.83 ± 0.06 1.22 ± 0.04 19.04 ± 0.88 25.09 ± 0.59 41.74 ± 0.10 −7.99 ± 0.18a,c 17.82 ± 0.43a,c 41.58 ± 0.61 −8.27 ± 0.17 16.85 ± 0.23 40.82 ± 1.42a,b,c 41.25 ± 2.22a,b,c

Hp H MH 0.75 ± 0.04 1.21 ± 0.05 18.89 ± 0.93 26.74 ± 1.10 41.38 ± 0.73 −8.15 ± 0.04a,c 15.26 ± 0.13a,b,c 40.88 ± 0.26 c −8.64 ± 0.01 17.38 ± 0.18 45.48 ± 2.02a,b,c 39.65 ± 1.44a,b

Sg L UAE 0.83 ± 0.06 1.10 ± 0.03a 18.05 ± 0.67 24.02 ± 0.98a 40.51 ± 0.38 −8.35 ± 0.03a 17.06 ± 0.27a,c 40.16 ± 0.56 c −8.52 ± 0.05 18.25 ± 0.35 40.73 ± 2.11a,b,c 40.45 ± 0.63a,b

Sg L MH 0.84 ± 0.08 1.40 ± 0.07 16.58 ± 0.88b 27.95 ± 0.63 41.77 ± 0.34 −9.33 ± 0.05 19.45 ± 0.28 43.01 ± 0.22 −8.91 ± 0.15 17.38 ± 0.43 40.13 ± 1.30a,b,c 39.43 ± 0.79a

To F UAE 0.74 ± 0.04 1.24 ± 0.05 19.67 ± 0.56 26.75 ± 0.85 39.95 ± 1.68 −7.80 ± 0.22a,c 18.80 ± 0.47 c 42.24 ± 0.25 −8.65 ± 0.11 18.85 ± 0.59 38.72 ± 1.12 39.58 ± 1.45a,b

To F MH 0.81 ± 0.04 1.08 ± 0.02a 20.72 ± 0.85a 22.85 ± 1.13a 42.65 ± 0.10 −8.47 ± 0.24 17.34 ± 0.38a,c 40.48 ± 0.51 c −8.27 ± 0.49 15.43 ± 0.68 41.12 ± 1.21a,b,c 43.72 ± 2.33a,b,c

To L UAE 0.90 ± 0.03 1.08 ± 0.06 19.71 ± 0.75 23.39 ± 0.64a 42.89 ± 0.95 −8.89 ± 0.17 18.62 ± 0.19 c 43.91 ± 0.92b −8.77 ± 0.54 19.42 ± 1.18 c 39.33 ± 1.88 c 38.85 ± 1.66a

To L MH 0.61 ± 0.05b 1.25 ± 0.07 12.07 ± 0.34a,b,c 24.96 ± 0.90a 40.50 ± 0.84 −9.39 ± 0.14b 19.42 ± 0.34 42.58 ± 0.30 −8.03 ± 0.13 17.54 ± 0.09 40.28 ± 1.15a,b,c 40.18 ± 0.95a,b

Tp F UAE 0.78 ± 0.04 1.36 ± 0.08 17.36 ± 0.75 28.40 ± 1.18 41.24 ± 0.41 −9.14 ± 0.28 19.95 ± 0.56 43.30 ± 0.57 −7.87 ± 0.53 17.03 ± 0.77 38.67 ± 1.03 44.12 ± 2.01a,b,c

Tp F MH 0.82 ± 0.06 1.28 ± 0.05 19.62 ± 1.15 26.42 ± 0.68 40.57 ± 0.53 −9.51 ± 0.10b 19.67 ± 0.52 42.29 ± 0.74 −7.05 ± 0.21a,b 15.94 ± 0.20 38.35 ± 1.69 41.82 ± 2.24a,b,c

Ur L UAE 0.80 ± 0.03 1.16 ± 0.07 19.35 ± 0.72 23.36 ± 0.88a 39.76 ± 0.13b −7.50 ± 0.07a,c 15.72 ± 0.29a,b,c 40.47 ± 1.13 c −8.05 ± 0.36 17.31 ± 1.12 41.13 ± 2.22a,b,c 43.60 ± 2.57a,b,c

Ur L MH 0.71 ± 0.03 1.38 ± 0.08 16.98 ± 1.00 28.74 ± 1.15c 40.95 ± 0.46 −8.30 ± 0.20a 19.63 ± 1.26 40.10 ± 0.09 c −8.77 ± 0.12 17.61 ± 0.09 38.70 ± 0.93 39.35 ± 1.94a

Vo R UAE 0.96 ± 0.04a,c 1.40 ± 0.09 22.25 ± 0.96a,c 28.82 ± 1.11c 42.67 ± 2.06 −8.83 ± 0.28 18.84 ± 1.10 c 39.52 ± 0.17a,c −6.56 ± 0.16a,b,c 13.94 ± 0.25a,b 39.23 ± 0.62 c 44.47 ± 2.09a,b,c

Vo R MH 0.67 ± 0.04 1.32 ± 0.06 14.10 ± 0.85b,c 26.86 ± 1.16 42.10 ± 0.29 −9.55 ± 0.05b 20.05 ± 0.17 41.26 ± 0.25 −7.86 ± 0.75 16.80 ± 1.70 38.88 ± 1.53 41.08 ± 1.44b,c

(a) Statistically significant differences (p < 0.05) between the control group (C) and the botanical extracts. (b) Statistically significant differences (p < 0.05) between the formulation (CF) and the botanical extracts. (c) Statistically significant

differences (p < 0.05) between commercial biostimulant (CB) and the botanical extracts. UAE, ultrasound-assisted extraction; MH, mechanical homogenization; Hp H, Hypericum perforatum L. (St. John’s wort, herb); Sg L, Solidago

gigantea Ait. (giant goldenrod, leaf); To F, To L, Taraxacum officinale (L.) Weber ex F.H. Wigg (common dandelion, flower, leaf); Tp F, Trifolium pratense L. (red clover, flower); Ur L, Urtica dioica L. (nettle, leaf); Vo R, Valeriana officinalis L.

(valerian, root). * Three replications (plots)—each consisted of 125 plants.
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term, the highest content of carotenoids (Table 3) was observed
after the application of Vo R UAE (31.3 and 19.9% more than in
C and CB), like in the case of chlorophyll content. In the second
term, this extract showed the most stimulating activity, but the
difference was nonsignificant in comparison to the control group
(1.2 and 14.4% more than in C and CB). The lowest carotenoid
content was observed for To L MH (in the first term: 28.7 and
34.9% less than in C and CB) and for To F MH (in the second
term: 19.7 and 9.3% less than in C and CB).

Most bio-products did not significantly increase the leaf
color, expressed as the L, a, b values presented in Table 3. The
level of light or dark is described by the L value, redness or
greenness is indicated by the a value, and yellowness or blueness
is represented by the b value. These values are necessary to depict
the leaf color.

The SPAD measurements demonstrated that all obtained bio-
products increased the greenness index of the leaves (Table 3).
In the first term, the greatest enhancement of the SPAD index
was noted in the group treated with Hp H MH (24.5 and 27.8%
more than in C and CB), while the smallest was found for Tp F
MH (5 and 7.7%more than in C and CB). In the second term, the
highest stimulating activity was observed for Vo RUAE (28.1 and
21.4% more than in C and CB), which corresponds to the results
obtained for chlorophyll, with the lowest observed for To L UAE
(11.9 and 6.1% more than in C and CB).

Vitamin C
In the majority of cases, the novel extracts raised the level of
vitamin C in the leaves of rosette and in the roots (Table 4).
For instance, in both terms of the samples collection, Vo R MH
increased its content (in the first term: 29.9 and 10.5% more than
in C and CB; in the second term: 116 and 44.4% more than in
C and CB), while To L MH decreased its content (in the first
term: 6.9 and 20.7% less than in C and CB; in the second term:
25.8% more than in C and 15.7% less than in CB). However, for
the roots, Tp F MH increased the content of vitamin C (46.3 and
33.8% more than in C and CB), while Vo R MH reduced it (10.5
and 18.2% less than in C and CB).

Total Phenolic Compounds and Antioxidant
Activity (DPPH, ABTS, and FRAP Assays)
In general, the content of total phenolic compounds (TPC)
in radish (Table 4) was not intensified by the application of
botanical extracts in relation to the control groups. The largest
amount of TPC in the leaves of rosette, in both terms, was
observed in the groups treated with Sg L MH (in the first term:
1.1% less than in C but 23.8% more than in CB; in the second
term: 10.7 and 2.9% more than in C and CB) and To F UAE (in
the first term: 0.1 and 25.3%more than in C andCB; in the second
term: 7.2%more than in C and 0.4% less than in CB). In the roots
(Table 4), the most elevated amount of TPC was noted after the
application of To FMH (13.2 and 50.5%more than in C and CB),
and the lowest was observed for Tp F UAE (37.2 and 16.5% less
than in C and CB).

The DPPH assay revealed that the bio-products mainly
lowered the antioxidant activity in the leaves but increased it
in the roots (Table 5). The natural preparations based on To F

(UAE) and Vo R (MH) increased the activity by 76.5 and 79.8%
in comparison to C and by 147 and 152% in comparison to CB
in the leaves collected during the first term. The lowest activity
was caused by the application of To L MH and Tp F MH (35.3
and 33.6% less than in C and 9.4 and 7.1% less than in CB). In the
leaves from the second term of the plant collection, the extract Sg
L UAE enhanced the activity by 28.6 and 51.8% in comparison to
C and CB, while To F MH and Ur L MH diminished this activity
by 40.8 and 39.8% when compared with C and by 30.1 and 28.9%
when compared with CB. The antioxidant activity assessed in the
roots was mostly increased after the foliar spraying with To FMH
(158 and 170% more than in C and CB) but decreased with Sg L
UAE (26.7 and 23.3% less than in C and CB) and To L UAE (33.3
and 30.2% less than in C and CB).

The antioxidant activity measured with the ABTS assay in the
aboveground parts (in both terms) was not increased after the
application of all examined bio-products, whereas, in the roots,
in all cases, the activity was significantly higher with reference
to the control group (Table 5). In the leaves collected in the first
term, the most elevated activity was found after the use of Vo R
MH (25% less than in C and 104%more than in CB), and the least
was found for To F MH (65.9 and 7% less than in C and CB) and
Sg L UAE (65.7 and 6.5% less than in C and CB). In the second
term of the samples collection, the highest level was noted for Tp
F UAE (21.8% less than in C and 228%more than in CB), and the
lowest was found for Ur L UAE (73.4% less than in C and 11.5%
more than in CB). The foliar spraying with To L UAE increased
the antioxidant activity the most (178 and 10.7% more than in C
and CB), while Tp F MH showed the least impact (24.1% more
than in C and 36.8% less than in CB).

The opposite trend was observed in the case of antioxidant
activity measured with the FRAP assay. In general, this activity
was increased in leaves of rosette but decreased in the roots
(Table 5). For example, the highest activity was noted in the
group treated with Sg L MH (53.4 and 20.2% more than in C and
CB), and the lowest was observed for Hp H UAE (5.7 and 26.1%
less than in C and CB) and Vo R UAE (6.1 and 26.4% less than in
C and CB) in the leaves from the first collection, whereas for the
aboveground parts from the second term, Sg L UAE enhanced the
activity (73.8 and 76.8% more than in C and CB), while Sg L MH
reduced it (18.9 and 17.5% less than in C and CB). In the roots,
the formulation based on Sg L (UAE) increased the activity (4.2
and 16.2%more than in C and CB), while the one based on Hp H
(MH) decreased it (43.6 and 37.2% less than in C and CB).

Nitrates
In most instances, the application of the obtained bio-products
resulted in a higher content of nitrates in all parts of the model
plant (Table 6). The foliar spraying with Vo R MH increased the
amount of examined ions in the leaves of rosette collected in the
first term (57.5 and 39% more than in C and CB), while Vo R
UAE and Ur L UAE (21.9 and 31.1% less than in C and CB for
both extracts) decreased its content. In the harvested leaves of
rosette and roots, the highest amount was observed in the groups
treated with Ur L UAE (in leaves: 52.7 and 51.1% more than
in C and CB; in the roots: 73.7 and 125% more than in C and
CB), and the lowest was found for Vo R UAE and To F UAE
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TABLE 4 | The effect of the foliar application of the botanical extracts on the vitamin C content (N = 4, mean ± SD) and the total phenolic compounds content (N = 4,

mean ± SD) of radish leaves (after second spraying and after harvest) and roots (after harvest).

Group Vitamin C Total phenolic compounds

Leaves of rosette

after 2nd spraying

Leaves of rosette

after harvest

Roots after harvest Leaves of rosette

after 2nd spraying

Leaves of rosette

after harvest

Roots after harvest

mg·100 g−1 FW mg GAE·100 g−1 FW

C 105.33 ± 3.76b,c 52.23 ± 1.31b,c 26.33 ± 1.25b 105.24 ± 4.28c 131.89 ± 3.86 36.73 ± 1.11c

CF 124.70 ± 4.94a 78.53 ± 1.72a 35.53 ± 1.88a,c 108.85 ± 4.60c 129.92 ± 4.31 35.37 ± 1.93c

CB 123.77 ± 5.36a 77.97 ± 2.67a 28.80 ± 1.02b 84.07 ± 3.14a,b 141.91 ± 4.68 27.63 ± 0.87a,b

Hp H UAE 126.77 ± 2.86a 94.47 ± 2.68aa,b,c 29.83 ± 1.08b 76.54 ± 4.67a,b 109.01 ± 3.11a,b,c 23.99 ± 1.18a,b

Hp H MH 99.00 ± 2.16b,c 75.53 ± 2.62a 35.23 ± 0.84a,c 90.03 ± 3.56a,b 125.60 ± 3.69c 24.12 ± 0.86a,b

Sg L UAE 125.77 ± 4.34a 90.53 ± 2.70a 30.37 ± 1.21b 82.02 ± 3.27a,b 117.92 ± 3.77c 38.34 ± 1.46c

Sg L MH 133.27 ± 3.68a 110.73 ± 4.45a,b,c 26.13 ± 1.18b 104.07 ± 3.77c 145.99 ± 3.02b 29.67 ± 0.93a,b

To F UAE 123.93 ± 3.91a 79.80 ± 2.53a 30.37 ± 1.62b 105.33 ± 3.08c 141.37 ± 5.91 28.73 ± 1.39a,b

To F MH 112.83 ± 2.45 81.70 ± 3.85a 31.97 ± 0.66a 92.06 ± 3.19b 129.02 ± 4.18 41.57 ± 1.52b,c

To L UAE 109.60 ± 4.91 92.30 ± 4.66a,b,c 27.73 ± 1.11b 83.99 ± 3.77a,b 128.29 ± 4.49 33.70 ± 2.00c

To L MH 98.10 ± 2.50b,c 65.73 ± 2.93a 27.33 ± 0.91b 95.43 ± 4.91 136.28 ± 3.30 23.76 ± 1.13a,b

Tp F UAE 99.67 ± 4.13b,c 93.73 ± 3.62a,b,c 37.10 ± 1.70a,c 91.80 ± 4.13b 115.56 ± 4.27a,c 23.08 ± 0.55a,b

Tp F MH 130.30 ± 4.21a 98.03 ± 4.11a,b,c 38.53 ± 1.75a,c 81.32 ± 2.76a,b 133.77 ± 3.15 31.18 ± 0.95a

Ur L UAE 115.70 ± 4.65 86.40 ± 3.51a 34.13 ± 1.36a,c 91.76 ± 4.69b 124.78 ± 4.53c 27.78 ± 0.92a,b

Ur L MH 121.10 ± 3.31a 81.27 ± 1.81a 33.53 ± 1.63a 86.63 ± 2.52a,b 131.07 ± 3.17 33.50 ± 1.71c

Vo R UAE 126.60 ± 4.56a 112.20 ± 5.23a,b,c 37.50 ± 1.06a,c 95.63 ± 2.45 111.30 ± 3.15a,b,c 26.90 ± 1.31a,b

Vo R MH 136.80 ± 6.78a 112.57 ± 5.33a,b,c 23.57 ± 1.07b,c 88.81 ± 3.83a,b 114.26 ± 4.84a,b,c 34.19 ± 1.79c

(a) Statistically significant differences (p < 0.05) between the control group (C) and the botanical extracts. (b) Statistically significant differences (p < 0.05) between the formulation (CF)

and the botanical extracts. (c) Statistically significant differences (p < 0.05) between commercial biostimulant (CB) and the botanical extracts. UAE, ultrasound-assisted extraction; MH,

mechanical homogenization; Hp H, Hypericum perforatum L. (St. John’s wort, herb); Sg L, Solidago gigantea Ait. (giant goldenrod, leaf); To F, To L, Taraxacum officinale (L.) Weber ex

F.H. Wigg (common dandelion, flower, leaf); Tp F, Trifolium pratense L. (red clover, flower); Ur L, Urtica dioica L. (nettle, leaf); Vo R, Valeriana officinalis L. (valerian, root).

in both leaves (20.3 and 21.1% less than in C and CB for both
extracts) and roots (20.2% less than in C and 3.2% more than in
CB; 17.5% less than in C and 6.8% more than in CB). Notably,
the amount of nitrates in radish was lower than the maximum
allowable levels established for vegetables, e.g., fresh spinach
(3,500 mg·kg−1), lettuce (3,000–5,000 mg·kg−1), iceberg lettuce
(2,000–2,500 mg·kg−1), and wild rocket (6,000–7,000 mg·kg−1)
(European Communities, 2006).

Macroelements, Microelements, and
Heavy Metals
In the case of radish leaves, generally, P, K, Mg, and S were
increased in the biomass, and N and Ca decreased. The highest
content of P was observed in the group treated with To F MH
and Vo R MH (higher by 25.8% than in the control group–C),
and the highest content of K was observed in the groups treated
with Ur L UAE (higher by 29.7% than in C), Vo R MH (higher
by 27.2% than in C), and Hp H UAE (higher by 24.5% than in
C). The greatest amount of Mg was found in the group treated
with Sg L UAE (higher by only 3.1% than in C), and Vo R MH
(higher by only 1.5% than in C), and the highest content of S was
found in the groups treated with To LMH (higher by 18.4% than
in C), Vo R UAE (higher by 13.2% than in C), and Ur L UAE
(higher by 11.4% than in C). The extracts produced from nettle
(Urtica dioica L.) and valerian (Valeriana officinalis L.) ensured
an increase in the content of macronutrients. The amount of

nitrogen was comparable in all tested groups, but, for botanical
extracts, it was slightly lower than in the control group (C), from
2.7% for Ur L UAE to 8.1% for Sg L UAE. The same was observed
for the content of Ca in the leaves. In all experimental groups, this
content was lower than in the control group (from 18.5% for Tp
F UAE to 2.5% for To L MH) (Table 7A).

The results showed that the tested macroelements were
better accumulated in the roots, as more statistically significant
differences were demonstrated (Table 7A). The content of N was
highest in the groups treated with Hp H UAE (by 5.7% higher
than in C), P for Ur L UAE (by 20.4% higher), K for Vo R
MH (by 6.8% higher), Ca for Vo R MH (by 25.4% higher), and
Mg for Vo R MH (by 75.1% higher). The content of S was
comparable in all experimental groups but was slightly lower than
that in the control group. This analysis showed that the extract
from valerian (Valeriana officinalis L.) was the most effective in
increasing the macronutrient content in the roots. In most cases,
the production method did not affect the macronutrient content
in the tested biomass.

The examined botanical extracts, applied foliarly, increased
the level of some microelements (Table 7B), especially Zn in
the leaves (in all experimental groups). In other cases, the
micronutrient composition of the leaves was comparable to that
in the control group. Higher contents of the examined elements
were reported for Fe (for To L UAE, higher by 24.3% than in the
control group) and Zn (for Sg L UAE, higher by 24.8% than in
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TABLE 5 | The effect of the foliar application of the botanical extracts on the antioxidant activities (DPPH assay, ABTS assay, FRAP assay) (N = 4, mean ± SD) of radish leaves (after second spraying and after harvest)

and roots (after harvest).

Group DPPH assay ABTS assay FRAP assay

Leaves of rosette

after 2nd spraying

Leaves of rosette

after harvest

Roots after harvest Leaves of rosette

after 2nd spraying

Leaves of rosette

after harvest

Roots after harvest Leaves of rosette

after 2nd spraying

Leaves of rosette

after harvest

Roots after harvest

µM Trolox·g–1 FW

C 1.19 ± 0.04c 0.98 ± 0.08b 0.45 ± 0.04 10.44 ± 0.49b,c 17.90 ± 0.74b,c 2.32 ± 0.21b,c 2.64 ± 0.12b 3.55 ± 0.18 3.30 ± 0.32

CF 1.09 ± 0.10c 0.61 ± 0.07a,c 0.46 ± 0.07 8.02 ± 0.40a,c 4.97 ± 0.34a 4.81 ± 0.48a 4.23 ± 0.46a,c 3.18 ± 0.19 2.94 ± 0.16

CB 0.85 ± 0.07a,b 0.83 ± 0.05 b 0.43 ± 0.10 3.83 ± 0.27a,b 4.27 ± 0.19a 4.56 ± 0.29a 3.37 ± 0.22 b 3.49 ± 0.19 2.96 ± 0.21

Hp H UAE 0.95 ± 0.02a 0.63 ± 0.06a 0.69 ± 0.04a,b,c 4.59 ± 0.27a,b 9.99 ± 0.48a,b,c 4.05 ± 0.38a 2.49 ± 0.22 b,c 3.72 ± 0.20 2.82 ± 0.24

Hp H MH 0.93 ± 0.04a 0.61 ± 0.05a,c 0.76 ± 0.05a,b,c 4.56 ± 0.32a,b 9.78 ± 0.54a,b,c 3.08 ± 0.31 b 3.13 ± 0.22 b 3.93 ± 0.37 b 1.86 ± 0.16a,b,c

Sg L UAE 0.91 ± 0.04a 1.26 ± 0.05a,b,c 0.33 ± 0.02 3.58 ± 0.22a,b 12.92 ± 0.80a,b,c 4.68 ± 0.50a 2.64 ± 0.26 b 6.17 ± 0.38a,b,c 3.44 ± 0.28

Sg L MH 1.68 ± 0.10a,b,c 0.93 ± 0.10 b 0.80 ± 0.04a,b,c 3.80 ± 0.43a,b 7.25 ± 0.31a,b,c 3.48 ± 0.49 4.05 ± 0.35a 2.88 ± 0.18 2.80 ± 0.19

To F UAE 2.10 ± 0.07a,b,c 0.85 ± 0.04 b 0.80 ± 0.09a,b,c 4.43 ± 0.31a,b 8.02 ± 0.35a,b,c 2.90 ± 0.20a,c 3.58 ± 0.25a 2.96 ± 0.20 3.04 ± 0.31

To F MH 0.98 ± 0.06 0.58 ± 0.06a,c 1.16 ± 0.08a,b,c 3.56 ± 0.34a,b 6.14 ± 0.40a 4.46 ± 0.45a 3.53 ± 0.20a 3.03 ± 0.23 3.07 ± 0.15

To L UAE 1.06 ± 0.10 1.07 ± 0.09 b,c 0.30 ± 0.09 4.53 ± 0.48a,b 8.91 ± 0.45a,b,c 5.05 ± 0.48a 2.66 ± 0.16 b 3.74 ± 0.21 2.78 ± 0.22

To L MH 0.77 ± 0.09a,b 0.98 ± 0.08 b 0.90 ± 0.07a,b,c 5.67 ± 0.46a,b,c 11.30 ± 0.48a,b,c 2.98 ± 0.42 b,c 2.84 ± 0.14 b 4.23 ± 0.23 b,c 2.40 ± 0.13a

Tp F UAE 1.01 ± 0.09 1.11 ± 0.09 b,c 0.56 ± 0.07 6.46 ± 0.51a,b,c 14.00 ± 0.86a,b,c 3.10 ± 0.43 b 2.98 ± 0.28 b 3.19 ± 0.15 2.85 ± 0.30

Tp F MH 0.79 ± 0.06a,b 0.70 ± 0.05a 1.04 ± 0.06a,b,c 6.83 ± 0.40a,c 5.85 ± 0.46a 2.88 ± 0.42 b,c 2.63 ± 0.19 b 3.81 ± 0.27 2.65 ± 0.23

Ur L UAE 1.78 ± 0.04a,b,c 0.64 ± 0.07a 0.53 ± 0.06 5.37 ± 0.46a,b,c 4.76 ± 0.42a 4.66 ± 0.29a 3.19 ± 0.26 b 3.39 ± 0.19 2.39 ± 0.16a

Ur L MH 0.83 ± 0.08a,b 0.59 ± 0.07a,c 1.00 ± 0.09a,b,c 5.07 ± 0.67a,b 5.51 ± 0.49a 4.21 ± 0.32a 3.13 ± 0.19 b 4.45 ± 0.23a,b,c 2.33 ± 0.14a

Vo R UAE 1.07 ± 0.07c 0.94 ± 0.08 b 0.64 ± 0.04c 6.08 ± 0.31a,b,c 13.16 ± 0.71a,b,c 3.55 ± 0.49 2.48 ± 0.19 b,c 3.80 ± 0.23 2.48 ± 0.21

Vo R MH 2.14 ± 0.09a,b,c 0.76 ± 0.08a 0.37 ± 0.06 7.83 ± 0.44a,c 5.96 ± 0.36a 3.89 ± 0.37a 3.40 ± 0.31a,c 4.56 ± 0.24a,b,c 3.22 ± 0.32

(a) Statistically significant differences (p < 0.05) between the control group (C) and the botanical extracts. (b) Statistically significant differences (p < 0.05) between the formulation (CF) and the botanical extracts. (c) Statistically significant

differences (p < 0.05) between commercial biostimulant (CB) and the botanical extracts. UAE, ultrasound-assisted extraction; MH, mechanical homogenization; Hp H, Hypericum perforatum L. (St. John’s wort, herb); Sg L, Solidago

gigantea Ait. (giant goldenrod, leaf); To F, To L, Taraxacum officinale (L.) Weber ex F.H. Wigg (common dandelion, flower, leaf); Tp F, Trifolium pratense L. (red clover, flower); Ur L, Urtica dioica L. (nettle, leaf); Vo R, Valeriana officinalis L.

(valerian, root).
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TABLE 6 | The effect of the foliar application of the botanical extracts on the nitrates content (N = 3, mean ± SD) of leaves of rosette (after second spraying and after

harvest) and roots (after harvest).

Group Leaves of rosette after 2nd spraying Leaves of rosette after harvest Roots after harvest

mg·kg–1 FW

C 1,177.15 ± 190.05 1,746.36 ± 139.59 414.11 ± 44.66

CF 664.27 ± 85.93c 1,181.64 ± 180.38 315.39 ± 23.00

CB 1,334.60 ± 106.97b 1,763.92 ± 197.94 319.99 ± 30.41

Hp H UAE 1,510.87 ± 186.91b 2,236.21 ± 165.57b 424.66 ± 32.47

Hp H MH 1,507.07 ± 233.45b 2,132.94 ± 270.27b 533.84 ± 54.92b,c

Sg L UAE 1,255.07 ± 111.46 1,594.48 ± 173.79 413.09 ± 46.42

Sg L MH 1,704.77 ± 168.77b 1,562.54 ± 239.96 366.48 ± 38.78

To F UAE 1,510.21 ± 119.35b 1,391.79 ± 175.11 341.82 ± 43.19

To F MH 1,471.21 ± 167.65b 2,046.52 ± 245.82b 505.01 ± 66.71b,c

To L UAE 1,268.90 ± 166.77 2,096.39 ± 307.57b 502.94 ± 43.35b,c

To L MH 1,744.36 ± 166.43b 1,572.90 ± 160.38 434.47 ± 43.31

Tp F UAE 1,625.58 ± 199.79b 2,653.45 ± 193.48a,b,c 410.24 ± 30.35

Tp F MH 1,674.76 ± 243.29b 2,202.20 ± 180.58b 455.91 ± 43.67

Ur L UAE 919.44 ± 85.57 2,666.06 ± 336.20a,b,c 719.16 ± 75.47a,b,c

Ur L MH 1,502.30 ± 134.73b 2,043.16 ± 243.12b 386.01 ± 44.79

Vo R UAE 919.02 ± 86.86 1,391.77 ± 108.09 330.25 ± 26.94

Vo R MH 1,854.43 ± 289.14a,b 1,455.10 ± 120.74 429.47 ± 40.77

(a) Statistically significant differences (p < 0.05) between the control group (C) and the botanical extracts. (b) Statistically significant differences (p < 0.05) between the formulation (CF)

and the botanical extracts. (c) Statistically significant differences (p < 0.05) between commercial biostimulant (CB) and the botanical extracts. UAE, ultrasound-assisted extraction; MH,

mechanical homogenization; Hp H, Hypericum perforatum L. (St. John’s wort, herb); Sg L, Solidago gigantea Ait. (giant goldenrod, leaf); To F, To L, Taraxacum officinale (L.) Weber ex

F.H. Wigg (common dandelion, flower, leaf); Tp F, Trifolium pratense L. (red clover, flower); Ur L, Urtica dioica L. (nettle, leaf); Vo R, Valeriana officinalis L. (valerian, root).

the control group). As with macronutrients, the micronutrients
(Fe, Cu, Zn, Mn) were more strongly accumulated in the roots
(Table 7B). Again, the most significant results were obtained
for the extract from valerian, whose Fe, Cu, and Mn contents
were, respectively, 27.9, 45.5, and 29.3% higher than those in the
control group.

The content of heavy metals (Ni, Cd, and Pb) was generally
lower in the leaves and roots of radish in the experimental
groups compared with the control, with the exception of the
Ni content in the roots, which was higher than in the control
group (Table 7B). The obtained levels of Cd and Pb were
comparable with the results presented in other studies, where
the content of Cd was at a level between 1 and 2.8 mg·kg−1,
and Pb was found at 6.4–10.98 mg·kg−1 (Varalakshmi and
Ganeshamurthy, 2008; Veissi et al., 2015; Rolli et al., 2016). The
tolerable levels in agricultural crops are 3 mg·kg−1 for Cd and
10 mg·kg−1 for Pb (Rolli et al., 2016), whereas, according to the
EC Commission Regulations, the threshold content is 0.05–0.2
and 0.1–0.3 mg·kg−1, respectively [(EC) Commission Regulation
No. 2006.364.5 of 19 December 2006, setting maximum levels for
certain contaminants in foodstuffs].

Steam Volatile Compounds
GC–MS analyses of the distilled essential oil from the radish
leaves revealed 38 peaks, which were found to represent
steam volatile compounds (SVCs) (Supplementary Table 1). The
following components constituted the main parts of the SVCs:

limonene, myrcene, phytol, and cis-β-ocimene. However, p-
Cymene, β-pinene, ionone epoxide, nonanal, hexahydrofarnesyl
acetone, and hex-(2E)-enal were present in smaller quantities. In
most cases, the examined extracts did not increase the content of
limonene, except for Vo R UAE (11.3 and 9.5% more than in C
and CB), To L UAE (4.8 and 3.1% more than in C and CB), and
Hp H UAE (3.2 and 1.5% more than in C and CB). The lowest
increment was observed after treatment with Tp F MH (25.4 and
26.6% less than in C and CB). The amount of myrcene wasmostly
lower than that in the control group (C), but an increase was
noted after the application of the aforementioned bio-products,
Vo R UAE (7.4 and 25.9% more than in C and CB), To L UAE
(2.3 and 19.9% more than in C and CB), and Hp H UAE (1.1 and
18.5%more than in C and CB). The foliar spraying with Tp FMH
decreased the content of myrcene (33.4 and 21.9% less than in
C and CB). A great diversity was observed among the examined
groups in terms of phytol content. Extracts based on e.g., Tp F
MH significantly increased the phytol amount (329 and 468%
more than in C and CB), along with Sg L UAE (175 and 234%
more than in C and CB), To L MH (132 and 207% more than in
C and CB), Sg L MH (120 and 192% more than in C and CB),
and To F UAE (110 and 178% more than in C and CB). On the
other hand, extracts obtained from Vo R UAE (64.4 and 52.9%
less than in C and CB) and To L UAE (56.9 and 42.9% less than
in C and CB) significantly reduced the phytol amount. In most
cases, the content of cis-β-ocimene was also decreased compared
with the control group (C). The highest increment was noted in
the groups sprayed with Hp H UAE (7.3 and 21% more than in
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TABLE 7A | The effect of the foliar application of the botanical extracts on the content of macroelements (N = 3, mean ± SD) in radish leaves of rosette and roots (after harvest).

Group N P K Ca Mg S

Leaves Roots Leaves Roots Leaves Roots Leaves Roots Leaves Roots Leaves Roots

g·kg−1 DW

C 37.00 ± 1.85 32.75 ± 1.64 1.94 ± 0.10 4.41 ± 0.22 32.22 ± 1.61b,c 80.44 ± 4.02 11.13 ± 0.56 9.63 ± 0.48b,c 2.59 ± 0.13 2.13 ± 0.11 7.19 ± 0.36 7.05 ± 0.35

CF 34.50 ± 1.73 31.75 ± 1.59 2.19 ± 0.11 4.47 ± 0.22c 41.47 ± 2.07a 71.58 ± 3.58 10.08 ± 0.50 7.68 ± 0.38a 2.56 ± 0.13 1.86 ± 0.09 8.30 ± 0.42 6.15 ± 0.31

CB 35.00 ± 1.75 33.25 ± 1.66 2.16 ± 0.11 3.72 ± 0.19b 38.39 ± 1.92a 77.05 ± 3.85 10.49 ± 0.52 7.71 ± 0.39a 2.71 ± 0.14 1.90 ± 0.10 7.98 ± 0.40 6.20 ± 0.31

Hp H UAE 35.75 ± 1.79 34.63 ± 1.73 2.13 ± 0.11 5.16 ± 0.26a,c 40.10 ± 2.01a 81.83 ± 4.09 10.44 ± 0.52 7.55 ± 0.38a 2.61 ± 0.13 1.84 ± 0.09 8.00 ± 0.40 7.08 ± 0.35

Hp H MH 35.25 ± 1.76 34.00 ± 1.70 1.88 ± 0.09 5.16 ± 0.26a,c 36.72 ± 1.84 79.36 ± 3.97 10.60 ± 0.53 8.29 ± 0.41a 2.58 ± 0.13 2.09 ± 0.10 7.29 ± 0.36 6.58 ± 0.33

Sg L UAE 34.00 ± 1.70 32.13 ± 1.61 2.06 ± 0.10 5.28 ± 0.26a,b,c 37.76 ± 1.89 83.34 ± 4.17b 9.88 ± 0.49 7.87 ± 0.39a 2.67 ± 0.13 2.02 ± 0.10 7.53 ± 0.38 7.04 ± 0.35

Sg L MH 34.75 ± 1.74 33.50 ± 1.68 1.97 ± 0.10 4.59 ± 0.23c 35.06 ± 1.75b 74.92 ± 3.75 10.77 ± 0.54 7.59 ± 0.38a 2.58 ± 0.13 1.82 ± 0.09 7.61 ± 0.38 6.33 ± 0.32

To F UAE 35.25 ± 1.76 33.75 ± 1.69 2.16 ± 0.11 5.25 ± 0.26a,b,c 38.26 ± 1.91a 80.14 ± 4.01 9.70 ± 0.48 8.30 ± 0.42a 2.45 ± 0.12 2.16 ± 0.11 7.06 ± 0.35b 6.50 ± 0.33

To F MH 34.75 ± 1.74 33.75 ± 1.69 2.44 ± 0.12a 4.72 ± 0.24c 33.69 ± 1.68b 78.30 ± 3.91 10.22 ± 0.51 7.91 ± 0.40a 2.48 ± 0.12 1.95 ± 0.10 7.13 ± 0.36b 6.50 ± 0.33

To L UAE 35.00 ± 1.75 32.88 ± 1.64 2.09 ± 0.10 4.75 ± 0.24c 36.69 ± 1.83 84.30 ± 4.21b 10.22 ± 0.51 7.63 ± 0.38a 2.65 ± 0.13 1.85 ± 0.09 7.24 ± 0.36 7.03 ± 0.35

To L MH 35.25 ± 1.76 33.50 ± 1.68 1.28 ± 0.06a,b,c 4.75 ± 0.24c 37.78 ± 1.89 81.63 ± 4.08 10.85 ± 0.54 8.40 ± 0.42 2.52 ± 0.13 2.02 ± 0.10 8.51 ± 0.43a 6.68 ± 0.33

Tp F UAE 35.75 ± 1.79 34.00 ± 1.70 2.13 ± 0.11 5.09 ± 0.25c 39.16 ± 1.96a 82.03 ± 4.10 9.02 ± 0.45a 8.04 ± 0.40a 2.58 ± 0.13 2.01 ± 0.10 7.50 ± 0.38 6.86 ± 0.34

Tp F MH 35.50 ± 1.78 34.00 ± 1.70 2.00 ± 0.10 2.13 ± 0.11a,b,c 39.46 ± 1.97a 37.24 ± 1.86a,b,c 10.70 ± 0.54 10.09 ± 0.50b,c 2.56 ± 0.13 2.48 ± 0.12a,b,c 7.40 ± 0.37 6.71 ± 0.34

Ur L UAE 36.00 ± 1.80 33.50 ± 1.68 2.03 ± 0.10 5.31 ± 0.27a,b,c 41.78 ± 2.09a 82.45 ± 4.12 10.01 ± 0.50 7.96 ± 0.40a 2.52 ± 0.13 2.01 ± 0.10 8.01 ± 0.40 6.70 ± 0.34

Ur L MH 35.00 ± 1.75 33.75 ± 1.69 2.03 ± 0.10 2.06 ± 0.10a,b,c 37.43 ± 1.87 34.40 ± 1.72a,b,c 10.32 ± 0.52 10.40 ± 0.52b,c 2.53 ± 0.13 2.48 ± 0.12a,b,c 7.41 ± 0.37 6.74 ± 0.34

Vo R UAE 34.50 ± 1.73 32.75 ± 1.64 2.16 ± 0.11 5.06 ± 0.25c 37.65 ± 1.88 83.81 ± 4.19b 10.15 ± 0.51 8.26 ± 0.41a 2.34 ± 0.12 1.98 ± 0.10 8.14 ± 0.41 6.90 ± 0.35

Vo R MH 34.75 ± 1.74 34.25 ± 1.71 2.44 ± 0.12a 5.16 ± 0.26a,c 40.98 ± 2.05a 85.91 ± 4.30b 10.49 ± 0.52 12.08 ± 0.60a,b,c 2.63 ± 0.13 3.73 ± 0.19a,b,c 7.09 ± 0.35b 6.81 ± 0.34

(a)Statistically significant differences (p < 0.05) between the control group (C) and the botanical extracts. (b) Statistically significant differences (p < 0.05) between the formulation (CF) and the botanical extracts. (c) Statistically significant

differences (p < 0.05) between commercial biostimulant (CB) and the botanical extracts. UAE, ultrasound-assisted extraction; MH, mechanical homogenization; Hp H, Hypericum perforatum L. (St. John’s wort, herb); Sg L, Solidago

gigantea Ait. (giant goldenrod, leaf); To F, To L, Taraxacum officinale (L.) Weber ex F.H. Wigg (common dandelion, flower, leaf); Tp F, Trifolium pratense L. (red clover, flower); Ur L, Urtica dioica L. (nettle, leaf); Vo R, Valeriana officinalis L.

(valerian, root).
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TABLE 7B | The effect of the foliar application of the botanical extracts on the content of microelements and toxic elements (N = 3, mean ± SD) in radish leaves of rosette and roots (after harvest).

Group Fe Cu Zn Mn Ni Cd Pb

Leaves Roots Leaves Roots Leaves Roots Leaves Roots Leaves Roots Leaves Roots Leaves Roots

mg·kg−1 DW

C 1,503.75

± 75.19b

426.75 ±

21.34b

5.68 ±

0.28

1.54 ±

0.08b

37.49 ±

1.87

45.16 ±

2.26b

85.13 ±

4.26b

25.63 ±

1.28c

10.44 ±

0.52c

5.33 ±

0.27b

1.66 ±

0.08

0.66 ±

0.03b,c

10.05 ±

0.50

5.49 ±

0.27b,c

CF 1,100.00

± 55.00a,c

337.88 ±

16.89a

6.08 ±

0.30

1.95 ±

0.10a,c

41.71 ±

2.09

30.19 ±

1.51a,c

72.00 ±

3.60a

28.00 ±

1.40

10.05 ±

0.50

3.94 ±

0.20a,c

1.58 ±

0.08

0.51 ±

0.03a

9.17 ±

0.46

3.21 ±

0.16a

CB 1,412.50

± 70.63b

380.88 ±

19.04

6.26 ±

0.31

1.41 ±

0.07b

41.03 ±

2.05

43.34 ±

2.17b

83.00 ±

4.15

30.50 ±

1.53a

8.76 ±

0.44a

5.63 ±

0.28b

1.61 ±

0.08

0.50 ±

0.03a

9.55 ±

0.48

3.61 ±

0.18a

Hp H UAE 1,631.25

±

81.56b,c

446.63 ±

22.33b

4.46 ±

0.22a,b,c

1.53 ±

0.08b

43.95 ±

2.20a

43.93 ±

2.20b

83.75 ±

4.19

23.25 ±

1.16b,c

8.40 ±

0.42a,b

6.41 ±

0.32a,b

1.60 ±

0.08

0.65 ±

0.03b,c

10.66 ±

0.53b

5.04 ±

0.25b,c

Hp H MH 1,298.75

± 64.94

519.00 ±

25.95a,b,c

4.50 ±

0.23a,b,c

1.61 ±

0.08b

43.20 ±

2.16

43.54 ±

2.18b

79.13 ±

3.96

33.50 ±

1.68a,b

8.69 ±

0.43a

7.33 ±

0.37a,b,c

1.68 ±

0.08

0.58 ±

0.03

9.28 ±

0.46

4.39 ±

0.22a,b,c

Sg L UAE 1,567.50

± 78.38b

420.38 ±

21.02b

5.50 ±

0.28

1.69 ±

0.08b,c

46.80 ±

2.34a

45.98 ±

2.30b

86.50 ±

4.33b

22.25 ±

1.11b,c

11.11 ±

0.56c

5.03 ±

0.25b

1.54 ±

0.08

0.66 ±

0.03b,c

9.93 ±

0.50

5.03 ±

0.25b,c

Sg L MH 1,107.50

± 55.38a,c

313.88 ±

15.69a

5.26 ±

0.26b,c

1.81 ±

0.09a,c

40.55 ±

2.03

39.84 ±

1.99b

77.25 ±

3.86

26.75 ±

1.34

8.59 ±

0.43a,b

5.00 ±

0.25b

1.68 ±

0.08

0.53 ±

0.03a

9.34 ±

0.47

3.79 ±

0.19a

To F UAE 1380.00 ±

69.00b

494.38 ±

24.72b,c

4.95 ±

0.25b,c

1.89 ±

0.09a,c

40.01 ±

2.00

46.60 ±

2.33b

86.50 ±

4.33b

32.25 ±

1.61a

10.24 ±

0.51c

5.78 ±

0.29b

1.55 ±

0.08

0.68 ±

0.03b,c

9.51 ±

0.48

5.14 ±

0.26b,c

To F MH 1,496.25

± 74.81b

462.38 ±

23.12b,c

5.29 ±

0.26c

1.70 ±

0.09c

37.74 ±

1.89

41.86 ±

2.09b

81.88 ±

4.09

31.25 ±

1.56a

10.40 ±

0.52c

11.04 ±

0.55a,b,c

1.59 ±

0.08

0.58 ±

0.03

9.41 ±

0.47

3.68 ±

0.18a

To L UAE 1,868.75

±

93.44a,b,c

543.25 ±

27.16a,b,c

5.93 ±

0.30

1.45 ±

0.07b

41.98 ±

2.10

43.61 ±

2.18b

86.75 ±

4.34b

23.88 ±

1.19c

9.19 ±

0.46

6.00 ±

0.30b

1.54 ±

0.08

0.65 ±

0.03b,c

10.42 ±

0.52

5.10 ±

0.26b,c

To L MH 1,162.50

± 58.13a,c

379.38 ±

18.97

4.88 ±

0.24a,b,c

1.54 ±

0.08b

43.00 ±

2.15

42.10 ±

2.11b

88.38 ±

4.42b

31.25 ±

1.56a

8.51 ±

0.43a,b

6.84 ±

0.34a,b,c

1.65 ±

0.08

0.59 ±

0.03

9.93 ±

0.50

4.06 ±

0.20a,b

Tp F UAE 1,318.75

± 65.94b

433.00 ±

21.65b

4.66 ±

0.23a,b,c

1.38 ±

0.07b

39.18 ±

1.96

42.35 ±

2.12b

82.00 ±

4.10

24.00 ±

1.20c

8.49 ±

0.42a,b

5.54 ±

0.28b

1.63 ±

0.08

0.68 ±

0.03b,c

9.85 ±

0.49

4.84 ±

0.24b,c

Tp F MH 1,360.00

± 68.00b

365.88 ±

18.29

4.51 ±

0.23a,b,c

1.65 ±

0.08b

40.55 ±

2.03

40.68 ±

2.03b

84.38 ±

4.22

29.13 ±

1.46

8.03 ±

0.40a,b

5.73 ±

0.29b

1.68 ±

0.08

0.55 ±

0.03a

9.58 ±

0.48

3.95 ±

0.20a,b

Ur L UAE 1,185.00

± 59.25a,c

517.13 ±

25.86a,b,c

4.85 ±

0.24a,b,c

1.50 ±

0.08b

38.38 ±

1.92

44.41 ±

2.22b

74.50 ±

3.73

30.63 ±

1.53a

8.81 ±

0.44a

6.44 ±

0.32a,b

1.58 ±

0.08

0.63 ±

0.03b,c

9.46 ±

0.47

5.11 ±

0.26b,c

Ur L MH 1,156.25

± 57.81a,c

390.38 ±

19.52

4.69 ±

0.23a,b,c

1.54 ±

0.08b

37.71 ±

1.89

41.95 ±

2.10b

72.63 ±

3.63a

29.75 ±

1.49

8.63 ±

0.43a,b

9.34 ±

0.47a,b,c

1.61 ±

0.08

0.54 ±

0.03a

8.61 ±

0.43

4.39 ±

0.22a,b,c

Vo R UAE 1,582.50

± 79.13b

541.75 ±

27.09a,b,c

5.73 ±

0.29

1.81 ±

0.09a,c

41.88 ±

2.09

45.41 ±

2.27b

81.75 ±

4.09

27.75 ±

1.39

9.76 ±

0.49

5.65 ±

0.28b

1.50 ±

0.08

0.71 ±

0.04b,c

9.84 ±

0.49

5.60 ±

0.28b,c

Vo R MH 1,201.25

± 60.06a

545.88 ±

27.29a,b,c

4.35 ±

0.22a,b,c

2.24 ±

0.11a,b,c

41.55 ±

2.08

46.11 ±

2.31b

82.63 ±

4.13

33.13 ±

1.66a,b

8.09 ±

0.40a,b

7.24 ±

0.36a,b,c

1.61 ±

0.08

0.64 ±

0.03b,c

9.31 ±

0.47

4.11 ±

0.21a,b

(a) Statistically significant differences (p < 0.05) between the control group (C) and the botanical extracts. (b) Statistically significant differences (p < 0.05) between the formulation (CF) and the botanical extracts. (c) Statistically significant

differences (p < 0.05) between commercial biostimulant (CB) and the botanical extracts. UAE, ultrasound-assisted extraction; MH, mechanical homogenization; Hp H, Hypericum perforatum L. (St. John’s wort, herb); Sg L, Solidago

gigantea Ait. (giant goldenrod, leaf); To F, To L, Taraxacum officinale (L.) Weber ex F.H. Wigg (common dandelion, flower, leaf); Tp F, Trifolium pratense L. (red clover, flower); Ur L, Urtica dioica L. (nettle, leaf); Vo R, Valeriana officinalis L.

(valerian, root).
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C and CB) and Vo R UAE (3.4 and 16.6% more than in C and
CB), and the lowest was found with Tp F MH (31.4 and 22.6%
less than in C and CB).

Fatty Acids
The largest percentage share of fatty acids
(Supplementary Table 2) accounted for linolenic acid (methyl
ester) and hexadecanoic acid (methyl ester), followed by
9,12-hexadecadienoic acid (methyl ester), 9Z-9-octadecenoic
acid (ethyl ester), 11-octadecenoic acid (methyl ester), and
octadecanoic acid (methyl ester). The content of linolenic acid
was the highest in the groups treated with Ur L UAE (14.7 and
19.3% more than in C and CB) and Sg L MH (14.3 and 18.8%
more than in C and CB) and the lowest after the application
of Ur L MH (27.2 and 24.3% less than in C and CB) and Tp
F MH (24.8 and 21.8% less than in C and CB). The tested
botanical extracts did not increase the amount of the second
acid in comparison with the control group. The highest value
was achieved for Sg L MH (13.2% less than in C and 9% more
than in CB), and the lowest was achieved for To F MH (34.7
and 18% less than in C and CB). The application of Sg L MH
resulted in the highest amount of 9,12-hexadecadienoic acid (6.4
and 23.7% more than in C and CB) and 11-octadecenoic acid
(1% less than in C and 19.3% more than in CB) in comparison
to the other examined extracts, while the lowest was observed in
groups treated with Ur L MH: 38.7 and 28.7% less than in C and
CB for 9,12-hexadecadienoic acid and 35.1 and 21.8% less than
in C and CB for 11-octadecenoic acid, respectively. On the other
hand, the largest percentage share of 9Z-9-octadecenoic acid was
noted after the foliar spraying with Ur L UAE (29.5 and 16% less
than in C and CB). The greatest stimulation of octadecanoic acid
content was observed in the group treated with To F UAE (39.3%
less than in C and 10% more than in CB). The application of To
F MH caused the smallest increase in 9Z-9-octadecenoic acid (53
and 43.9% less than in C and CB) and octadecanoic acid (53.3
and 15.4% less than in C and CB) content. It can be seen that,
of all used extracts, To F UAE increased to the greatest extent
the content of tetradecanoic acid (ethyl ester) (no change in the
control group and 225% more than in CB), tetradecanoic acid
(12-methyl-, methyl ester) (8.4 and 177% more than in C and
CB), and pentadecanoic acid (14-methyl-, methyl ester) (4.1 and
181% more than in C and CB), while Tp F UAE had the greatest
content of Z-9-Hexadecenoic acid (methyl ester) (3.4 and 29.5%
more than in C and CB). The treatment with Tp F MH decreased
the amount of tetradecanoic acid (ethyl ester) (65% less than
in C and 13.7% more than in CB) and pentadecanoic acid
(14-methyl-, methyl ester) (63.2 and 0.8% less than in C and CB).
The lowest content of tetradecanoic acid (12-methyl-, methyl
ester) was observed for Hp H MH (59% less than in C and 4.6%
more than in CB), while the lowest content of Z-9-hexadecenoic
acid (methyl ester) was observed for To L UAE (62.1 and 52.6%
less than in C and CB).

Sterols
Only two sterols were observed in the dried radish roots
(Table 8). It can be seen that the botanical extracts mostly
lowered the content of β-sitosterol (TMS derivative), for instance,
after treatment with To L MH (8.9 and 8.4% less than in C and

TABLE 8 | The effect of the foliar application of the botanical extracts on the

sterols composition [the amount of a single component calculated as a

percentage (%) of the whole GC-MS chromatogram area] (N = 3, mean ± SD) of

radish roots (after harvest).

Campesterol, TMS derivative β-Sitosterol, TMS derivative

RT, min 26.592 27.975

RI_exp 2,683 2,784

RI_lit 2,689 2,789

C 36.17 ± 0.23 63.83 ± 0.23

CF 36.37 ± 0.07 63.63 ± 0.07

CB 36.56 ± 0.09 63.44 ± 0.09

Hp H UAE 36.93 ± 0.06a,b 63.07 ± 0.06a,b

Hp H MH 37.96 ± 0.08a,b,c 62.04 ± 0.08a,b,c

Sg L UAE 36.09 ± 0.10c 63.91 ± 0.10c

Sg L MH 36.26 ± 0.08 63.74 ± 0.08

To F UAE 36.34 ± 0.07 63.66 ± 0.07

To F MH 36.82 ± 0.10a 63.18 ± 0.10a

To L UAE 39.00 ± 0.04a,b,c 61.00 ± 0.04a,b,c

To L MH 41.86 ± 0.10a,b,c 58.14 ± 0.10a,b,c

Tp F UAE 34.97 ± 0.05a,b,c 65.03 ± 0.05a,b,c

Tp F MH 36.42 ± 0.15 63.58 ± 0.15

Ur L UAE 39.87 ± 0.11a,b,c 60.13 ± 0.11a,b,c

Ur L MH 37.82 ± 0.15a,b,c 62.18 ± 0.15a,b,c

Vo R UAE 37.93 ± 0.15a,b,c 62.07 ± 0.15a,b,c

Vo R MH 37.55 ± 0.23a,b,c 62.45 ± 0.23a,b,c

(a) Statistically significant differences (p < 0.05) between the control group (C) and

the botanical extracts. (b) Statistically significant differences (p < 0.05) between the

formulation (CF) and the botanical extracts. (c) Statistically significant differences (p <

0.05) between commercial biostimulant (CB) and the botanical extracts. RT, retention time;

RI, retention indices; RI_lit, retention indices according to NIST (The NIST Mass Spectral

Search Program for the NIST/EPA/NIH EI and NIST Tandem Spectral Library, 2017);

RI_exp, retention indices based on experiments; UAE, ultrasound-assisted extraction;

MH, mechanical homogenization; Hp H, Hypericum perforatum L. (St. John’s wort, herb);

Sg L, Solidago gigantea Ait. (giant goldenrod, leaf); To F, To L, Taraxacum officinale

(L.) Weber ex F.H. Wigg (common dandelion, flower, leaf); Tp F, Trifolium pratense L.

(red clover, flower); Ur L, Urtica dioica L. (nettle, leaf); Vo R, Valeriana officinalis L.

(valerian, root).

CB). Only the foliar application of Tp F UAE (1.9 and 2.5% more
than in C and CB) and Sg L UAE (0.1 and 0.7% more than in C
and CB) led to an increase of the previously mentioned content.
The opposite trend was observed in the amount of campesterol
(TMS derivative); inmost of the cases, this content was enhanced,
e.g., in the group sprayed with To L MH (15.7 and 14.5% more
than in C and CB), while only two bio-products diminished it:
Tp F UAE (3.3 and 4.3% less than in C and CB) and Sg L UAE
(0.2 and 1.3% less than in C and CB).

Glucosinolates
The detected glucosinolates in the radish roots are presented
in Table 9. It can be noted that the foliar treatment with
the botanical extracts had a statistically significant impact on
the glucosinolates composition. The chromatographic analyses
revealed that the roots consisted mostly of glucoerucin and
glucobrassicanapin, followed by gluconasturtiin, and then
gluconapin. The content of glucoerucin was the most increased
in the groups treated with Sg L UAE (9.8 and 8.5% more than in
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C and CB), HpHUAE (7.2 and 5.9%more than in C and CB), Hp
H MH (6.6 and 5.3% more than in C and CB), and the least with
Vo R MH (8.6 and 9.8% less than in C and CB), To F UAE (8.3
and 9.4% less than in C and CB), and Ur L UAE (8.2 and 9.3% less
than in C and CB). In the case of glucobrassicanapin, the highest
amounts were observed in the groups treated with To L UAE (7
and 8.5% more than in C and CB) and Ur L MH (5.9 and 7.4%
more than in C and CB), while the lowest with HpHMH (1% less
than in C and 0.3%more than in CB), Sg LMH (0.5% less than in
C and 0.8%more than in CB), andHpHUAE (0.5% less than in C
and 0.9%more than in CB). The concentration of gluconasturtiin
was the most increased after the treatment with Sg LMH (2.9 and
10.6% more than in C and CB), Vo R MH (2.2 and 9.8% more
than in C and CB), and Tp F UAE (1.1 and 8.7% more than in
C and CB), while the most decreased with To L UAE (10.6 and
4% less than in C and CB), Ur L MH (10.1 and 3.4% less than in
C and CB), and Sg L UAE (9.8 and 3.1% less than in C and CB).
The content of gluconapin was the most elevated in the groups
sprayed with Sg L MH (39.2 and 18.7% more than in C and CB)
and Vo R MH (38.4 and 18% more than in C and CB), whereas
the utilization of To F MH (0.4 and 15.1% less than in C and CB)
and Tp F MH (2.3% more than in C and 12.8% less than in CB)
led to the lowest values this parameter.

DISCUSSION

About 33% of global organic farming is located in Europe, and
6.4% of this farming is situated in Poland, where the interest in
sustainable agricultural techniques and technologies is constantly
growing and has been especially strong in the recent years of
1999–2013. During this period, the number of Polish producers
of organic food increased from 27 to 26,499, and the crop area
increased from 300 to 674,694 ha (Pylak et al., 2019). Thus,
there is clearly a need to develop new, sustainable products to
provide high-quality yields and support the future of organic
farming (Röös et al., 2018). The lower yield (by 5–32%) in
organic horticulture, in relation to conventional farming, is
mostly caused by nutrient availability (mainly N and P) but is also
linked to fungal or bacteria pathogens (Fess and Benedito, 2018;
Pylak et al., 2019). Therefore, the application of biostimulants
to increase crop productivity, soil nutrient availability, water use
efficiency, plant nutrient uptake, and assimilation has emerged
as a promising eco-friendly approach. These factors could
contribute to a decrease in the use of fertilizers (in particular,
rich in nitrogen) and an increase in crop tolerance to abiotic
and biotic stresses (Bulgari et al., 2015, 2019; Paradiković et al.,
2018; Drobek et al., 2019; Pylak et al., 2019; Rouphael and Colla,
2020). The broad modes of action of biostimulants range from
triggering N metabolism or P release from soil to stimulating
root growth and improving plant establishment (Madende and
Hayes, 2020), which are advantageous activities from both an
economic and environmental perspective (Rouphael and Colla,
2020). Furthermore, these products have not shown negative
or harmful impacts on people and animals. The positive effects
resulting from their use are influenced bymany factors, including
the type of bio-product, the dose, the applicationmethod, and the
plant cultivar (Drobek et al., 2019).

The types of raw materials, solvents, and extraction methods
have a significant influence on the final composition of
biostimulants of plant growth (Pylak et al., 2019; Madende and
Hayes, 2020). For biostimulant production, fresh (when unstable
compounds are present) or dry materials, grounded into small
particles, can be used. Water is the most popular solvent, but the
use of organic ones (e.g., ethanol, methanol) allows to extract
more substances (aromatic or saturated organic compounds),
exhibiting better activity (e.g., antimicrobial) (Pylak et al., 2019).
Biostimulants consist of various bioactive compounds, such
as amino acids, peptides, proteins, nucleotides, nucleosides,
lipids, phenols, phenolic acids, quinones, flavones, flavonoids,
flavonols, tannins and coumarins, terpenoids/isoprenoids,
alkaloids, glucosinolates, plant hormones (abscisic acid, auxins,
cytokinins, gibberellins, ethylene), plant growth regulators
(brassinosteroids), betaines, sugars (carbohydrates, oligo-,
and polysaccharides), aminopolysaccharides, vitamins, humic
substances, beneficial elements, furostanol glycosides, and
sterols (Baghel et al., 2019; Pylak et al., 2019; Madende and
Hayes, 2020). Because these chemical substances exhibit diverse
effects, the modes of their action remain mostly unidentified
(Paradiković et al., 2018; Bulgari et al., 2019; Caradonia
et al., 2019; Drobek et al., 2019; Kim et al., 2019; Madende
and Hayes, 2020). Furthermore, the composition of various
biostimulants has still not been fully characterized (Pylak et al.,
2019; Madende and Hayes, 2020), and biostimulants usually
consist of complex multicomponents whose activities depend
on the synergistic action of different bioactive molecules rather
than individual compounds (Bulgari et al., 2019; Caradonia
et al., 2019). Transcriptome analyses will allow us to scrutinize
gene expression and thus provide greater knowledge of the
biostimulant targets in plants, the affected physiological
pathways, and the activated receptors. This information will
improve our understanding of the effects and functions of their
components (identified and unidentified) and may be used
in the classification of new products and assessment of their
effectiveness (Bulgari et al., 2015).

The current state of knowledge shows that different
mechanisms may participate in the stimulating properties of
biostimulants. Their positive effects on the yield and the quality
of crops may result from the use of a single bio-product, as well
as a combination of several products, allowing them to provide
even better results. It is still necessary to undertake detailed wide-
scale research on the impact of specific biostimulants on various
species, treatments (e.g., doses and application methods), growth
stages, etc. (Paradiković et al., 2018). We have conducted a series
of experiments on various plant species, including radish (present
study, field conditions), celeriac (field conditions) (Godlewska
et al., 2020b), cabbage seedlings (laboratory tests) (Godlewska
et al., 2019, 2020a), and white head cabbage (field conditions)
(Godlewska et al., 2021), using botanical extracts (produced from
St. John’s wort, giant goldenrod, common dandelion, red clover,
nettle, and valerian). Significant differences were observed in the
plant responses to these bioproducts. The plant-based extracts
that exerted the highest (↑) and lowest (↓) biostimulating activity
of the examined parameters are summarized in Tables 10A,B.
This comparison indicates the importance of precise planning
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TABLE 9 | The effect of the foliar application of the botanical extracts on the glucosinolates content (µg·g−1) (N = 3, mean ± SD) of radish roots (after harvest).

Group Glucoerucin Gluconapin Progoitrin Glucoraphenin 4-metoxyglucobrassicin Glucobrassicin Glucoraphanin Gluconasturtiin Glucobrassicanapin

C 241.29 ± 15.27 48.69 ± 5.59 7.73 ± 0.90 21.38 ± 1.53 26.45 ± 0.79 17.39 ± 0.90 8.82 ± 0.49 135.73 ± 3.49c 218.58 ± 4.17b

CF 245.59 ± 0.81 43.28 ± 2.41c 9.00 ± 0.16 21.51 ± 0.42 25.06 ± 0.58c 17.53 ± 0.20 8.68 ± 0.33 130.81 ± 0.38 227.91 ± 0.80a,c

CB 244.30 ± 7.34 57.12 ± 2.55b 7.47 ± 0.26 22.47 ± 0.30 28.17 ± 0.38b 16.94 ± 0.40 8.47 ± 0.17 126.27 ± 0.90a 215.61 ± 0.88b

Hp H UAE 258.70 ± 4.76 60.51 ± 0.86a,c 7.61 ± 0.50 25.20 ± 0.57a,b 29.46 ± 0.49a,b 17.65 ± 0.65 8.69 ± 0.23 135.75 ± 1.80c 217.55 ± 1.08b

Hp H MH 257.29 ± 7.61 55.02 ± 2.54b 8.53 ± 0.61 20.82 ± 0.61 27.85 ± 0.17b 17.98 ± 0.29 10.80 ± 0.32a,b,c 124.66 ± 0.22a,b 216.35 ± 0.49b

Sg L UAE 265.00 ± 8.20 62.58 ± 2.81a,b 7.96 ± 0.33 22.69 ± 0.85 25.39 ± 0.41c 17.05 ± 0.47 10.29 ± 0.35a,b,c 122.40 ± 3.25a,b 227.69 ± 1.81a,c

Sg L MH 238.56 ± 3.11 67.78 ± 1.29a,b 7.37 ± 0.42 23.30 ± 0.53 25.45 ± 0.78c 17.87 ± 0.53 9.40 ± 0.50 139.62 ± 0.61b,c 217.40 ± 1.19b

To F UAE 221.23 ± 1.34 64.79 ± 1.59a,b 7.75 ± 0.39 23.13 ± 1.43 28.97 ± 0.67a,b 18.24 ± 0.85 8.95 ± 0.65 132.77 ± 0.61c 228.17 ± 1.47a,c

To F MH 234.64 ± 3.79 48.47 ± 4.62 8.43 ± 0.24 19.36 ± 0.35 26.27 ± 0.75 17.75 ± 0.85 9.74 ± 0.41 130.73 ± 0.07 218.49 ± 0.88b

To L UAE 235.09 ± 5.09 63.24 ± 3.72a,b 7.59 ± 0.31 24.12 ± 1.98 28.67 ± 0.74b 17.11 ± 0.31 9.02 ± 0.32 121.28 ± 1.41a,b 233.98 ± 3.08a,c

To L MH 249.64 ± 2.97 55.02 ± 4.85b 7.09 ± 0.63b 21.60 ± 0.20 24.37 ± 0.48c 16.66 ± 0.25 8.82 ± 0.11 129.65 ± 1.59a 224.23 ± 0.44c

Tp F UAE 239.82 ± 4.13 61.56 ± 0.88a,b 7.86 ± 0.45 22.45 ± 0.46 28.91 ± 0.64a,b 17.93 ± 0.69 9.10 ± 0.26 137.21 ± 1.05b,c 220.62 ± 1.09b

Tp F MH 231.04 ± 2.72 49.79 ± 2.01 6.89 ± 0.51b 20.66 ± 1.48 25.61 ± 0.27c 18.75 ± 0.38 9.69 ± 0.24 128.14 ± 0.38a 218.46 ± 0.26b

Ur L UAE 221.61 ± 1.23 61.99 ± 1.45a,b 8.02 ± 0.28 23.27 ± 0.48 28.44 ± 1.03b 17.60 ± 0.47 8.90 ± 0.33 132.36 ± 1.78c 224.03 ± 1.33c

Ur L MH 243.87 ± 9.45 56.67 ± 2.47b 8.03 ± 0.50 21.77 ± 0.99 25.91 ± 0.78 16.75 ± 0.31 11.06 ± 0.19a,b,c 121.96 ± 0.82a,b 231.58 ± 0.32a,c

Vo R UAE 247.13 ± 18.65 62.21 ± 2.54a,b 7.87 ± 0.48 21.46 ± 1.01 25.91 ± 0.67 17.08 ± 0.90 9.27 ± 0.24 132.03 ± 2.25 223.87 ± 2.24c

Vo R MH 220.44 ± 1.74 67.40 ± 0.92a,b 7.51 ± 0.40 22.95 ± 0.67 27.52 ± 0.34b 17.91 ± 0.47 9.67 ± 0.44 138.66 ± 0.95b,c 224.97 ± 1.35a,c

(a) Statistically significant differences (p < 0.05) between the control group (C) and the botanical extracts. (b) Statistically significant differences (p < 0.05) between the formulation (CF) and the botanical extracts. (c) Statistically significant

differences (p < 0.05) between commercial biostimulant (CB) and the botanical extracts. UAE, ultrasound-assisted extraction; MH, mechanical homogenization; Hp H, Hypericum perforatum L. (St. John’s wort, herb); Sg L, Solidago

gigantea Ait. (giant goldenrod, leaf); To F, To L, Taraxacum officinale (L.) Weber ex F.H. Wigg (common dandelion, flower, leaf); Tp F, Trifolium pratense L. (red clover, flower); Ur L, Urtica dioica L. (nettle, leaf); Vo R, Valeriana officinalis L.

(valerian, root).
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of research, as well as studying the impact of the obtained
products on various plant species. In general, extracts based on
the common dandelion, valerian, nettle, and giant goldenrod
could be considered in the cultivation of cabbage; those based
on St. John’s wort, common dandelion, and giant goldenrod
could be used to cultivate celeriac; and those based on the
common dandelion, valerian, giant goldenrod could be used for
growing radish.

The application of plant-derived biostimulants has continued
to rise by virtue of their favorable impact on the growth, yield,
vigor, quality, and shelf life of some horticultural plants (e.g.,
due to the content of bioactive peptides that activate signaling
pathways involving phytohormone biosynthesis) (Baghel et al.,
2019; Caradonia et al., 2019; Jindo et al., 2020; Rouphael and
Colla, 2020; Zulfiqar et al., 2020). Peptides are also engaged in the
cell differentiation, induction of protease inhibitors, cell division,
and pollen self-incompatibility responses (Kim et al., 2019). A
higher content of proteins may be associated with an increase
in the carbohydrate content in leaves. In turn, a greater amount
of sugars generally accelerates nitrogen inclusions through the
nitrate assimilation pathway. This increased growth can be
also ascribed to sugars that serve as an energy source and
stimulate nitrogen uptake. Carbohydrates provide the skeleton
for the incorporation of reduced nitrate (ammonia) in amino
acids and increased protein biosynthesis. The enhancement of
sugar biosynthesis in plants is also linked to the higher content
of chlorophyll, net photosynthesis, and quantum efficiency of
photosystem II (Bulgari et al., 2015). Polysaccharides and a
combination of diverse amino acids and short peptides (protein
hydrolysates) exhibit a beneficial impact on plant growth and
protection against abiotic and/or biotic stresses (Bulgari et al.,
2019).

Biostimulants act in numerous stages of plant growth, from
increasing the accessibility of nutrients in the soil to improving
the postharvest quality of crops (even during stress conditions)
(Zulfiqar et al., 2020). Their mechanisms, founded upon
enhanced physiological, biochemical, and molecular processes,
can be attributed to (a) the stimulation of essential enzymatic
activities that correlate with the metabolism of nitrogen and the
elicitation of target hormone-like activity (auxin and gibberellin;
direct mechanism) and (b) the increase in the nutritional
status of crops through the alteration of root development
(biomass, density, and lateral root branching), which increases
the absorption and translocation of macro and micro-nutrients
(Caruso et al., 2019; Pylak et al., 2019; Zulfiqar et al.,
2020). Higher nutrient availability can be affected by several
factors, such as the presence of compounds in biostimulants
(e.g., nutrients, amino acids, peptides, peptones, or proteins),
improved microbial activity, or the content of chelating agents,
thereby increasing nutrient solubility in soil. Biostimulants can
also enhance nutrient uptake by upregulating the genes involved
in their transport (Pylak et al., 2019), ameliorate the microbial
and enzymatic activity of the soil, modify the solubility and
transportability of micronutrients, increase soil cation exchange
via nitrogen provision, and create more available complexes with
insoluble elements (e.g., Fe) (Bulgari et al., 2019; Madende and
Hayes, 2020). An improved photosynthesis process and carbon
metabolism may also be observed (Zulfiqar et al., 2020). Studies

showed that improved root growth is not necessarily associated
with the presence of auxins due to their low concentrations
but, instead, with organic compounds (e.g., amino acids, linear
carboxylic acids, and aromatic carboxylic acids) that show auxin-
like activity (Pylak et al., 2019).

The use of biostimulants can be particularly advantageous
in poor soil conditions and in horticultural crops with low
inputs (Bulgari et al., 2019). The inhibition of pathogen
growth, antimicrobial activity, and defense mechanisms can be
triggered by the presence of compounds that have phenolic
structures, e.g., carvacrol, eugenol, or thymol (Pylak et al.,
2019). Various antioxidants and elicitors, due to their synthesis
in plants, can help deal with adverse growth conditions
(e.g., temperature extremes, drought, and reduced nutrient
absorption) (Paradiković et al., 2018). Biostimulants can alter
the activity of enzymes and influence the antioxidant properties
of compounds, such as lycopene, ascorbic acid, and phenolic
compounds (Drobek et al., 2019).

The present study showed that extracts based on higher
plants had a significant impact on the growth and physiological
parameters of radish. The foliar application of the obtained
formulations increased the yield of leaves of rosette (e.g., Sg L
MH, Hp H MH), as well as the roots (e.g., To L MH, Sg L
MH), dry weight (e.g., Ur L UAE), the content of photosynthetic
pigments (e.g., Vo R UAE) and vitamin C (e.g., Vo R MH, Tp
F MH). In the majority of cases, the tested extracts did not
enhance the amount of total phenolic compounds (excluding,
e.g., To F MH). The antioxidant activity (measured using the
DPPH and ABTS assays) was mainly decreased in the leaves
and increased in the roots after the application of the botanical
extracts. The opposite trend was observed in the antioxidant
activity measured using the FRAP assay. We also observed
macronutrient enrichment in the leaves of rosette (e.g., Ur LUAE,
Vo R MH, To L MH) and the roots (e.g., Hp H UAE, Vo R MH,
Sg L UAE, To L UAE), alongside enrichment of micronutrients
in the leaves of rosette (e.g., To L UAE, Hp H UAE, Vo R UAE,
Sg L UAE) and the roots (e.g., Vo R MH, To F UAE). In most
cases, the obtained bio-products lowered the content of heavy
metals in the radish leaves and roots. The foliar application of
the extracts exerted a varied impact on the composition of steam
volatile compounds, fatty acids, sterols, and glucosinolates. The
application of the bio-products resulted in higher content of
nitrates in all parts of the model plant (e.g., Vo RMH, Ur L UAE).

The tested plant-based extracts are products that can be
used in agriculture as potential biostimulants to reduce the
cost of food production and achieve better quality yields.
The raw materials (plants commonly found in the natural
environment) constitute a rich source of biologically active
compounds that exhibit a beneficial effect on the growth and
chemical composition of crop plants. The final effect of their
action depends on numerous factors (e.g., the raw material
type, the extraction method, the application method, the plant
variety, and the growth conditions). It is still necessary to
conduct further research to gain a better understanding of their
mechanisms. To understand themultiple effects of biostimulants,
the development of appropriately designed experiments is
crucial. Considering their positive effects on plants and various
novel research possibilities, these biostimulants are attracting
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TABLE 10A | Effect of the foliar application of the examined botanical extracts on the growth and development of different model plants under controlled conditions (laboratory tests) and real environmental conditions

(field trials).

E
x
a
m
in
e
d

p
a
ra
m
e
te
r

Laboratory tests – cabbage seedlings

(Godlewska et al., 2019, 2020a)

Field tests – cabbage

(Godlewska et al., 2021)

Field tests – celeriac
(Godlewska et al., 2020b)

Field tests – radish
(current study)

F
re
sh

w
e
ig
h
t

↑ Shoots

– Ur L UAE (98.8 and 106.1% more than

in C and CB)

– To F UAE (91.8 and 98.8% more than in

C and CB)

Roots

– Vo R UAE (215.4 and 115.8% more

than in C and CB)

– Sg L UAE (184.6 and 94.7% more than

in C and CB)

– To F UAE (161.5 and 78.9% more than

in C and CB)

– To L UAE (176.9 and 89.5% more than

in C and CB)

– Hp H UAE (153.8 and 73.7% more than

in C and CB)

– Ur L UAE (146.2 and 68.4% more than

in C and CB)

Head weight < 1.2 kg

– Tp F UAE (50 and 106% more than in

C and CB)

– Vo R UAE (37.9 and 89.6% more than in

C and CB)

– Hp H MH (36.4 and 87.5% more than in

C and CB)

– To L UAE (36.4 and 87.5% more than in

C and CB)

– Ur L UAE (33.3 and 83.3% more than in

C and CB)

Outer leaves of head weight < 1.2 kg

– Vo R UAE (37.5 and 49.4% more than in

C and CB)

– Ur L UAE (35.2 and 46.9% more than in

C and CB)

– Hp H MH (23.9 and 34.6% more than in

C and CB)

Head weight > 1.2 kg

– Hp H UAE (8.8 and 3.6% more than in

C and CB)

– Ur L MH (2.3 more than in C and 2.6%

less than in CB)

– To F MH (1.5 more than in C and 3.3%

less than in CB)

Outer leaves of head weight > 1.2 kg

– Sg L UAE (17.9 and 11.3% more than in

C and CB)

– Tp F MH (10.6 and 4.4% more than in

C and CB)

– Sg L MH (9.3 and 3.1% more than in

C and CB)

– Hp H UAE (7.9 and 1.9% more than in

C and CB)

Root diameter < 5 cm

Leaves of rosette

– To F UAE (152.4 and 104.9% more

than in C and CB)

Roots

– Tp F UAE (29.9 and 86.6% more than

in C and CB)

Root diameter 5–9 cm

Leaves of rosette

– To L MH (12.2% less than in C and

11.8% more than in CB)

Roots

– To L MH (5.3 less than in C and 11.9%

more than in CB)

Root diameter 9–13 cm

Leaves of rosette

– Hp H MH (no plants in C and 104.7%

more than in CB)

Roots

– Hp H MH (no plants in C and 77.1%

more than in CB)

Root diameter < 2 cm

Leaves of rosette

– To F UAE (2.4% less than in C and

20.4% more than in CB)

– Vo R MH (3.9% less than in C and

18.5% more than in CB)

Roots

– Vo R MH (4.8% less than in C and

67.0% more than in CB)

– Sg L MH (8.8% less than in C and

60.0% more than in CB)

Root diameter 2–4 cm

Leaves of rosette

– Hp H MH (35.0 and 14.9% more than

in C and CB)

– Sg L MH (34.6 and 14.5% more than

in C and CB)

– Vo R MH (31.4 and 11.8% more than

in C and CB)

Roots

– To L MH (50.7 and 24.4% more than

in C and CB)

– Sg L MH (42.7 and 17.9% more than

in C and CB)

Root diameter > 4 cm

Leaves of rosette

– Hp H MH (no plants in C; 32.8% more

than in CB)

– Sg L UAE (no plants in C; 34.0% more

than in CB)

Roots

– Tp F UAE (no plants in C; 10.2%

more than in CB)

(Continued)
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TABLE 10A | Continued

E
x
a
m
in
e
d

p
a
ra
m
e
te
r

Laboratory tests – cabbage seedlings

(Godlewska et al., 2019, 2020a)

Field tests – cabbage

(Godlewska et al., 2021)

Field tests – celeriac
(Godlewska et al., 2020b)

Field tests – radish
(current study)

↓ Shoots

– Hp H UAE (0 and 3.7% more than in

C and CB)

Roots

– Tp F UAE (84.6 and 26.3% more than in

C and CB)

Head weight < 1.2 kg

– Vo R MH (33.3 and 8.3% less than in

C and CB)

Outer leaves of head < 1.2 kg

– To L UAE (26.1 and 19.8% less than in

C and CB)

– To F MH (23.9 and 17.3% less than in

C and CB)

Head weight > 1.2 kg

– Sg L MH (14.6 and 18.6% less than in

C and CB)

– To F UAE (11.5 and 15.7% less than in

C and CB)

– Ur L UAE (10.0 and 14.2% less than in

C and CB)

Outer leaves of head weight > 1.2 kg

– Ur L UAE (13.2 and 18.1% less than in

C and CB)

– To F UAE (8.6 and 13.8% less than in

C and CB)

Root diameter < 5 cm

Leaves of rosette

– Sg L MH (2.8 and 21.2% less than in

C and CB)

Roots

– Sg L MH (48.4 and 25.9% less than in

C and CB)

Root diameter 5–9 cm

Leaves of rosette

– Tp F UAE (39.6 and 23.1% less than

in C and CB)

Roots

– Vo R MH (31.4 and 18.9% less than in

C and CB)

Root diameter 9–13 cm

Leaves of rosette

– To F MH (no plants in C; 3.0% less

than in CB)

Roots

– Tp F MH (no plants in C; 7.5% less

than in CB)

Root diameter < 2 cm

Leaves of rosette

– To L MH (30.4 and 14.1% less than in

C and CB)

– Ur L UAE (29.4 and 13.0% less than

in C and CB)

Roots

– Ur L UAE (40.5% less than in C and

4.4% more than in CB)

Root diameter 2–4 cm

Leaves of rosette

– To F UAE (4.3 and 18.5% less than in

C and CB)

Roots

– Ur L UAE (15.2% more than in C and

4.9% less than in CB)

– Ur L MH (16.6% more than in C and

3.7% less than in CB)

Root diameter > 4 cm

Leaves of rosette

– Vo R UAE (no plants in C; 8.2% less

than in CB)

Roots

– Hp H UAE (no plants in C; 35.7% less

than in CB)

D
ry

w
e
ig
h
t

↑ Shoots

– To F UAE (60.7 and 61.6% more than in

C and CB)

– Ur L UAE (60.2 and 61.0% more than in

C and CB)

Roots

– Vo R UAE (53.3 and 33.3% more than in

C and CB)

– Sg L UAE (48.3 and 29.0% more than in

C and CB)

– To L UAE (48.3 and 29.0% more than in

C and CB)

Leaves after the second spraying

– To F MH (10.2 and 7.8% more than in

C and CB)

– Ur L UAE (7.5 and 5.2% more than in

C and CB)

Heads after harvest

– Hp H UAE (3.7 and 7.1% more than in

C and CB)

– Vo R UAE (4.3 and 7.7% more than in

C and CB)

The first term of leaves of rosette collection

– Sg L UAE (0.4 and 1.3% more than in

C and CB)

The second term of leaves of rosette

collection

– Tp F MH (20.8 and 12.8% more than in

C and CB)

Roots

– To FMH (28.7%more than in C and 2.2%

less than in CB)

– To LMH (28.7%more than in C and 2.2%

less than in CB)

– Tp F UAE (30.2% more than in C and

1.0% less than in CB)

– Vo R MH (29.3% more than in C and

1.7% less than in CB)

The first term of leaves of rosette collection

– Ur L UAE (7.5 and 17.2% more than in

C and CB)

The second term of leaves of rosette

collection

– Ur L UAE (8.3 and 10.9% more than in

C and CB)

Roots

– Ur L UAE (37.9 and 51.8% more than in

C and CB)

(Continued)
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TABLE 10A | Continued

E
x
a
m
in
e
d

p
a
ra
m
e
te
r

Laboratory tests – cabbage seedlings

(Godlewska et al., 2019, 2020a)

Field tests – cabbage

(Godlewska et al., 2021)

Field tests – celeriac
(Godlewska et al., 2020b)

Field tests – radish
(current study)

↓ Shoots

– Hp H UAE (1.3 and 1.8% more than in

C and CB)

Roots

– Tp F UAE (27.0 and 10.4% more than in

C and CB)

Leaves after the second spraying

– Hp H UAE (7.6 and 9.6% less than in

C and CB)

Heads after harvest

– Ur L MH (9.7 and 6.8% less than in

C and CB)

The first term of leaves of rosette collection

– Sg L MH (6.4 and 5.5% less than in

C and CB)

The second term of leaves of rosette

collection

– Vo RUAE (0.4%more than in C and 6.2%

less than in CB)

Roots

– Ur L UAE (9.6% more than in C and

16.7% less than in CB)

The first trm of leaves of rosette collection

– To L MH (12.7 and 4.8% less than in

C and CB)

The second term of leaves of rosette

collection

– To L MH (13.9 and 11.9% less than in

C and CB)

Roots

– Sg L MH (7.3% less than in C and 2.1%

more than in CB)

C
h
lo
ro
p
h
yl
la

+
b

↑ Leaves

– To L UAE (109.6 and 1.0% more than in

C and CB)

– Hp H UAE (106.2% more than in C and

1.7% less than in CB)

Roots

n/a

Leaves after the second spraying

– To L MH (46.0 and 24.0% more than in

C and CB)

– To F MH (31.5 and 11.6% more than in

C and CB)

– Hp H MH (30.6 and 11.0% more than in

C and CB)

– To L UAE (28.2 and 8.9% more than in

C and CB)

– Sg L UAE (25.8 and 6.8% more than in

C and CB)

– Sg L MH (25.0 and 6.2% more than in

C and CB)

The first term of leaves of rosette collection

– Ur L MH (17.6 and 2.2% more than in

C and CB)

– Sg L MH (16.7 and 1.2% more than in

C and CB)

– Hp H MH (16.7 and 1.2% more than in

C and CB)

The second term of leaves of rosette

collection

– To F UAE (11.4 and 34.7% more than in

C and CB)

– To F MH (5.9 and 28.1% more than in

C and CB)

Roots

n/a

The first term of leaves of rosette collection

– Vo R UAE (31.5 and 26.3% more than in

C and CB)

The second term of leaves of rosette

collection

– Vo R UAE (4.5 and 16.7% more than in

C and CB)

– Sg L MH (4.5 and 16.7% more than in

C and CB)

– Ur L MH (3.0 and 15.0% more than in

C and CB)

Roots

n/a

↓ Leaves

– Vo R UAE (1.9% more than in C and

51.4% less than in CB)

– To F UAE (7.7% more than in C and

48.6% less than in CB)

Roots

n/a

Leaves after the second spraying

– To F UAE (6.5% more than in C and

9.6% less than in CB)

– Vo R MH (9.7% more than in C and

6.8% less than in CB)

The first term of leaves of rosette collection

– To L UAE (2.9 and 15.7% less than in

C and CB)

– Tp F UAE (0.5 and 13.6% less than in

C and CB)

The second term of leaves of rosette

collection

– Ur L UAE (9.3% less than in C and 9.7%

more than in CB)

– Vo R MH (8.9% less than in C and 10.2%

more than in CB)

Roots

n/a

The first term of leaves of rosette collection

– To L MH (16.4 and 19.7% less than in

C and CB)

The second term of leaves of rosette

collection

– To L UAE (19.4 and 10.0% less than in

C and CB)

– To F MH (19.4 and 10.0% less than in

C and CB)

– Sg L UAE (17.9 and 8.3% less than in

C and CB)

Roots

n/a

(Continued)
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TABLE 10A | Continued
E
x
a
m
in
e
d

p
a
ra
m
e
te
r

Laboratory tests – cabbage seedlings

(Godlewska et al., 2019, 2020a)

Field tests – cabbage

(Godlewska et al., 2021)

Field tests – celeriac
(Godlewska et al., 2020b)

Field tests – radish
(current study)

S
P
A
D

↑ Leaves

– To L UAE (31.1 and 1.6% more than in

C and CB)

– Hp H UAE (31.7 and 2.1% more than in

C and CB)

Roots

n/a

Leaves after the second spraying

– To F MH (12.4 and 21.8% more than in

C and CB)

– Sg L MH (10.0 and 19.2% more than in

C and CB)

– Ur L MH (7.7 and 16.7% more than in

C and CB)

– Vo R MH (7.6 and 16.6% more than in

C and CB)

– To L UAE (7.4 and 16.4% more than in

C and CB)

The first term of leaves of rosette collection

– Hp H MH (10.7 and 10.9% more than in

C and CB)

The second term of leaves of rosette

collection

– To L MH (15.3 and 9.8% more than in

C and CB)

Roots

n/a

The first term of leaves of rosette collection

– Hp H MH (24.5 and 27.8% more than in

C and CB)

The second term of leaves of rosette

collection

– Vo R UAE (28.1 and 21.4% more than in

C and CB)

Roots

n/a

↓ Leaves

– To F UAE (3.1% more than in C and

20.1% less than in CB)

– Vo R UAE (6.2% more than in C and

17.6% less than in CB)

Roots

n/a

Leaves after the second spraying

– Sg L UAE (0.8% less than in C and

7.6% more than in CB)

– To F UAE (0.5 and 8.9% more than in

C and CB)

The first term of leaves of rosette collection

– Tp F MH (2.0 and 1.8% less than in

C and CB)

– Vo R UAE (0.7 and 0.5% less than in

C and CB)

The second term of leaves of rosette

collection

– Hp H MH (1.6 and 6.4% less than in

C and CB)

Roots

n/a

The first term of leaves of rosette collection

– Tp F MH (5.0 and 7.7% more than in

C and CB)

The second term of leaves of rosette

collection

– To L UAE (11.9 and 6.1% more than in

C and CB)

Roots

n/a

C
a
ro
te
n
o
id
s

↑ Leaves

– Hp H UAE (67.3% more than in C and

8.1% less than in CB)

– Tp F UAE (67.2% more than in C and

8.1% less than in CB)

– Vo R UAE (67.9% more than in C and

7.7% less than in CB)

Roots

n/a

Leaves after the second spraying

– To L MH (21.8 and 19.2% more than in

C and CB)

– To L UAE (13.5 and 11.1% more than in

C and CB)

The first term of leaves of rosette collection

– To L MH (8.9 and 1.4% more than in

C and CB)

– Vo R UAE (9.4 and 1.9% more than in

C and CB)

The second term of leaves of rosette

collection

– To F UAE (7.1 and 30.8% more than in

C and CB)

Roots

n/a

The first term of leaves of rosette collection

– Vo R UAE (31.3 and 19.9% more than in

C and CB)

The second term of leaves of rosette

collection

– Vo R UAE (1.2 and 14.4% more than in

C and CB)

– Ur L MH (0.9 and 14.0% more than in

C and CB)

Roots

n/a
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TABLE 10A | Continued

E
x
a
m
in
e
d

p
a
ra
m
e
te
r

Laboratory tests – cabbage seedlings

(Godlewska et al., 2019, 2020a)

Field tests – cabbage

(Godlewska et al., 2021)

Field tests – celeriac
(Godlewska et al., 2020b)

Field tests – radish
(current study)

↓ Leaves

– To F UAE (0.9% more than in C and

44.6% less than in CB)

Roots

n/a

Leaves after the second spraying

– Vo R MH (4.4 and 6.4% less than in

C and CB)

– Ur L MH (2.5 and 4.5% less than in

C and CB)

– Tp F MH (2.4 and 4.5% less than in

C and CB)

– To F UAE (2.3 and 4.4% less than in

C and CB)

The first term of leaves of rosette collection

– Sg L UAE (14.0 and 19.9% less than in

C and CB)

The second term of leaves of rosette

collection

– Ur L UAE (14.2% less than in C and 4.7%

more than in CB)

Roots

n/a

The first term of leaves of rosette collection

– To L MH (28.7 and 34.9% less than in

C and CB)

The second term of leaves of rosette

collection

– and for To FMH (19.7 and 9.3% less than

in C and CB)

Roots

n/a

To
ta
lp

h
e
n
o
lic

c
o
m
p
o
u
n
d
s

↑ Shoots

– Ur L UAE (23.3 and 7.5% more than in

C and CB)

Roots

n/a

Leaves after the second spraying

– Vo R UAE (39.7 and 136% more than in

C and CB)

– Sg L UAE (6.1 and 79.7% more than in

C and CB)

Heads after harvest

– Vo R UAE (34.6 and 60.3% more than in

C and CB)

– Sg L UAE (6.9 and 27.4% more than in

C and CB)

The first term of leaves of rosette collection

– Hp H MH (30.8 and 50.2% more than in

C and CB)

The second term of leaves of rosette

collection

– Tp F MH (23.1% more than in C and

14.5% less than in CB)

Roots

– Hp H UAE (6.7 and 5.3 times more than

in C and CB)

The first term of leaves of rosette collection

– Sg L MH (1.1% less than in C but 23.8%

more than in CB)

– To F UAE (0.1 and 25.3% more than in

C and CB)

The second term of leaves of rosette

collection

– Sg L MH (10.7 and 2.9% more than in

C and CB)

– To F UAE (7.2%more than in C and 0.4%

less than in CB)

Roots

– To F MH (13.2 and 50.5% more than in

C and CB)

– Sg L UAE (4.4 and 38.8% more than in

C and CB)

↓ Shoots

– Vo R UAE (41.4 and 48.9% less than in

C and CB)

– Tp F UAE (32.8 and 41.4% less than in

C and CB)

Roots

n/a

Leaves after the second spraying

– Ur L MH (47.7 and 11.5% less than in

C and CB)

Heads after harvest

– Ur L MH (29.7 and 16.3% less than in

C and CB)

– Hp H UAE (30.2 and 17.3% less than in

C and CB)

The first term of leaves of rosette collection

– Tp F UAE (43.7 and 35.4% less than in

C and CB)

The second term of leaves of rosette

collection

– Sg L UAE (28.6 and 50.4% less than in

C and CB)

Roots

– Vo R UAE (14.0 and 31.1% less than in

C and CB)

The first term of leaves of rosette collection

– Tp F MH (22.7 and 3.3% less than in

C and CB)

– Sg L UAE (22.1 and 2.4% less than in

C and CB)

The second term of leaves of rosette

collection

– Hp H UAE (17.3 and 23.2% less than in

C and CB)

Roots

– Tp F UAE (37.2 and 16.5% less than in

C and CB)

– To L MH (35.3 and 14.0% less than in

C and CB)

– Hp H UAE (34.7 and 13.2% less than in

C and CB)
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TABLE 10A | Continued
E
x
a
m
in
e
d

p
a
ra
m
e
te
r

Laboratory tests – cabbage seedlings

(Godlewska et al., 2019, 2020a)

Field tests – cabbage

(Godlewska et al., 2021)

Field tests – celeriac
(Godlewska et al., 2020b)

Field tests – radish
(current study)

A
n
tio

xi
d
a
n
t
a
c
tiv
ity

–
D
P
P
H

↑ Shoots

– Ur L UAE (2.5 and 12.4% less than in

C and CB)

Roots

n/a

Leaves after the second spraying

– To L UAE (21.2 and 12.9% more than in

C and CB)

– Vo R UAE (16.8 and 8.8% more than in

C and CB)

– Sg L UAE (10.2 and 2.7% more than in

C and CB)

– Hp H UAE (5.1% more than in C and

2.0% less than in CB)

– Vo R MH (2.9% more than in C and

4.1% less than in CB)

Heads after harvest

– Vo R MH (48.9 and 379% more than in

C and CB)

– Sg L UAE (40 and 350% more than in

C and CB)

– Hp H UAE (15.6 and 271% more than in

C and CB)

The first term of leaves of rosette collection

– Hp H MH (2.6 and 2.0 times more than

in C and CB)

– Sg L MH (2.6 and 2.0 times more than in

C and CB)

The second term of leaves of rosette

collection

– Sg L MH (21.3 and 62.2% more than in

C and CB)

Roots

– Tp F UAE (5.2 and 3.2 times more than

in C and CB)

The first term of leaves of rosette collection

– To F UAE (76.5 and 147.1%more than in

C and CB)

– Vo R MH (79.8 and 151.8% more than in

C and CB)

The second term of leaves of rosette

collection

– Sg L UAE (28.6 and 51.8% more than in

C and CB)

Roots

– To F MH (157.8 and 169.8% more than

in C and CB)

↓ Shoots

– Sg L UAE (56.6 and 61.0% less than in

C and CB)

Roots

n/a

Leaves after the second spraying

– Tp F UAE (30.7 and 35.4% less than in

C and CB)

– Ur L UAE (31.4 and 36.1% less than in

C and CB)

– Tp F MH (33.6 and 38.1% less than in

C and CB)

Heads after harvest

– Tp F UAE (37.8% less than in C and

100% more than in CB)

– Tp F MH (51.1% less than in C and

57.1% more than in CB)

– Vo R UAE (57.8% less than in C and

35.7% more than in CB)

The first term of leaves of rosette collection

– Vo R UAE (31.8 and 47.6% less than in

C and CB)

The second term of leaves of rosette

collection

– Ur L MH (45.2 and 26.7% less than in

C and CB)

Roots

– Ur L MH (27.8 and 55.2% less than in

C and CB)

The first term of leaves of rosette collection

– To L MH (35.3 and 9.4% less than in

C and CB)

– Tp F MH (33.6 and 7.1% less than in

C and CB)

The second term of leaves of rosette

collection

– To F MH (40.8 and 30.1% less than in

C and CB)

– Ur L MH (39.8 and 28.9% less than in

C and CB)

Roots

– Sg L UAE (26.7 and 23.3% less than in

C and CB)

– To L UAE (33.3 and 30.2% less than in

C and CB)

(Continued)
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TABLE 10A | Continued
E
x
a
m
in
e
d

p
a
ra
m
e
te
r

Laboratory tests – cabbage seedlings

(Godlewska et al., 2019, 2020a)

Field tests – cabbage

(Godlewska et al., 2021)

Field tests – celeriac
(Godlewska et al., 2020b)

Field tests – radish
(current study)

A
n
tio

xi
d
a
n
t
a
c
tiv
ity

–
A
B
T
S

↑ Shoots

– To F UAE (4.4 times and 40.3% more

than in C and CB)

– Ur L UAE (5.4 times and 73.9% more

than in C and CB)

Roots

n/a

Leaves after the second spraying

– Sg L MH (67.4 and 39.2% more than in

C and CB)

– Ur L UAE (56.6 and 30.2% more than in

C and CB)

– Hp H MH (48.5 and 23.5% more than in

C and CB)

– Hp H UAE (45.6 and 21.2% more than

in C and CB)

Heads after harvest

– Hp H MH (47.7 and 121% more than in

C and CB)

The first term of leaves of rosette collection

– Vo R MH (73.7 and 44.9% more than in

C and CB)

– Hp H MH (50.8 and 25.8% more than in

C and CB)

The second term of leaves of rosette

collection

– Tp F UAE (10.7% less than in C and 7.7%

more than in CB)

Roots

– To L UAE (127.9 and 132.3% more than

in C and CB)

The first term of leaves of rosette collection

– Vo R MH (25.0% less than in C and

104.4% more than in CB)

The second term of leaves of rosette

collection

– Tp F UAE (21.8% less than in C and

227.9% more than in CB)

– Vo R UAE (26.5% less than in C and

208.2% more than in CB)

– Sg L UAE (27.8% less than in C and

202.6% more than in CB)

Roots

– To L UAE (177.7 and 10.7%more than in

C and CB)

– Sg L UAE (101.7 and 2.6% more than in

C and CB)

– Ur L UAE (100.9 and 2.2% more than in

C and CB)

↓ Shoots

– Tp F UAE (138% more than in C and

23.6% less than in CB)

– Vo R UAE (198% more than in C and

4.5% less than in CB)

Roots

n/a

Leaves after the second spraying

– To F UAE (15.8% more than in C and

3.7% less than in CB)

– Vo R UAE (18.7% more than in C and

1.3% less than in CB)

Heads after harvest

– To F UAE (72.1 and 58.2% less than in

C and CB)

The first term of leaves of rosette collection

– Vo R UAE (29.0 and 40.8% less than in

C and CB)

The second term of leaves of rosette

collection

– To L UAE (55.2 and 45.9% less than in

C and CB)

Roots

– Sg L UAE (1.1 and 2.9% more than in

C and CB)

The first term of leaves of rosette collection

– To F MH (65.9 and 7.0% less than in

C and CB)

– Sg L UAE (65.7 and 6.5% less than in

C and CB)

The second term of leaves of rosette

collection

– Ur L UAE (73.4% less than in C and

11.5% more than in CB)

Roots

– Tp F MH (24.1% more than in C and

36.8% less than in CB)

– To F UAE (25.0% more than in C and

36.4% less than in CB)

– To L MH (28.4% more than in C and

34.6% less than in CB)
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TABLE 10A | Continued
E
x
a
m
in
e
d

p
a
ra
m
e
te
r

Laboratory tests – cabbage seedlings

(Godlewska et al., 2019, 2020a)

Field tests – cabbage

(Godlewska et al., 2021)

Field tests – celeriac
(Godlewska et al., 2020b)

Field tests – radish
(current study)

A
n
tio

xi
d
a
n
t
a
c
tiv
ity

–
F
R
A
P

↑ Shoots

– Ur L UAE (50.7 and 31.5% more than in

C and CB)

Roots

n/a

Leaves after the second spraying

– Hp H UAE (33.9 and 62.0% more than

in C and CB)

– Tp F UAE (28.3 and 55.3% more than in

C and CB)

– Sg L UAE (27.3 and 54.0% more than in

C and CB)

– Sg L MH (26.0 and 52.2% more than in

C and CB)

Heads after harvest

– Tp F UAE (37.4 and 10.5% more than in

C and CB)

– Vo R MH (36.6 and 9.8% more than in

C and CB)

The first term of leaves of rosette collection

– Sg L MH (60.6 and 53.0% more than in

C and CB)

The second term of leaves of rosette

collection

– Sg L MH (0% more than in C and 13.3%

less than in CB)

Roots

– To F MH (42.6 and 3.6% more than in

C and CB)

The first term of leaves of rosette collection

– Sg L MH (53.4 and 20.2% more than in

C and CB)

The second term of leaves of rosette

collection

– Sg L UAE (73.8 and 76.8% more than in

C and CB)

Roots

– Sg L UAE (4.2 and 16.2% more than in

C and CB)

– Vo R MH (2.4% less than in C and 8.8%

more than in CB)

↓ Shoots

– To L UAE (32.9 and 41.4% less than in

C and CB)

Roots

n/a

Leaves after the second spraying

– Ur L MH (16.1% less than in C and

1.5% more than in CB)

– Hp H MH (14.5% less than in C and

3.5% more than in CB)

– To L MH (13.8% less than in C and

4.3% more than in CB)

Heads after harvest

– To L MH (26.0 and 40.5% less than in

C and CB)

The first term of leaves of rosette collection

– To L MH (18.5 and 22.3% less than in

C and CB)

The second term of leaves of rosette

collection

– To L MH (29.3 and 38.7% less than in

C and CB)

Roots

– Vo R UAE (3.0% more than in C and

25.2% less than in CB)

– Tp F UAE (4.0% more than in C and

24.5% less than in CB)

– Sg L UAE (5.9% more than in C and

23.0% less than in CB)

The first term of leaves of rosette collection

– Hp H UAE (5.7 and 26.1% less than in

C and CB)

– Vo R UAE (6.1 and 26.4% less than in

C and CB)

The second term of leaves of rosette

collection

– Sg L MH (18.9 and 17.5% less than in

C and CB)

– To F UAE (16.6 and 15.2% less than in

C and CB)

Roots

– Hp H MH (43.6 and 37.2% less than in

C and CB)

UAE, ultrasound-assisted extraction; MH, mechanical homogenisation; 1st term—samples of leaves of rosette taken for analyses 7 days after the second spraying; 2nd term—samples of leaves of rosette taken for analyses after

harvesting; n/a, not analysed; C, control; CB, commercial biostimulant; Hp H, Hypericum perforatum L. (St. John’s wort, herb); Sg L, Solidago gigantea Ait. (giant goldenrod, leaf); To F, To L, Taraxacum officinale (L.); Weber ex F. H.

Wigg (common dandelion, flower, leaf); Tp F, Trifolium pratense L. (red clover, flower); Ur L, Urtica dioica L. (nettle, leaf); Vo R, Valeriana officinalis L. (valerian, root).
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TABLE 10B | Effect of the foliar application of the examined botanical extracts on the growth and development of different model plants during real environment conditions (field trials).

E
x
a
m
in
e
d

p
a
ra
m
e
te
r

Field tests – cabbage (Godlewska et al., 2021) Field tests – celeriac (Godlewska et al., 2020b) Field tests – radish (current study)

V
ita
m
in

C

↑ Leaves after the second spraying

– Tp F MH (52.1 and 25.9% more than in C and CB)

– Sg L MH (31.0 and 8.4% more than in C and CB)

– To F MH (29.2 and 6.9% more than in C and CB)

– To F UAE (30.0 and 7.3% more than in C and CB)

Heads after harvest

– To L UAE (28.2 and 69.7% more than in C and CB)

The first term of leaves of rosette collection

– Vo R UAE (57.6 and 41.6% more than in C and CB)

The second term of leaves of rosette collection

– Hp H MH (22.3 and 36.5% more than in C and CB)

Roots

– Ur L UAE (22.9 and 21.2% more than in C and CB)

The first term of leaves of rosette collection

– Vo R MH (29.9 and 10.5% more than in C and CB)

The second term of leaves of rosette collection

– Vo R MH (115.5 and 44.4% more than in C and CB)

Roots

– Tp F MH (46.3 and 33.8% more than in C and CB)

– Vo R UAE (42.2 and 30.2% more than in C and CB)

↓ Leaves after the second spraying

– Vo R UAE (0.8 and 17.9% less than in C and CB)

– Sg L UAE (0.3 and 17.5% less than in C and CB)

Heads after harvest

– Ur L UAE (23.3% less than in C and 1.5% more than in

CB)

– To F MH (20.7% less than in C and 5.0% more than in

CB)

The first term of leaves of rosette collection

– To L MH (2.8 and 12.2% less than in C and CB)

The second term of leaves of rosette collection

– To F MH (24.7 and 15.8% less than in C and CB)

Roots

– Vo R UAE (13.9 and 15.1% less than in C and CB)

The first term of leaves of rosette collection

– To L MH (6.9 and 20.7% less than in C and CB)

The second term of leaves of rosette collection

– To L MH (25.8% more than in C and 15.7% less than in CB)

Roots

– Vo R MH (10.5 and 18.2% less than in C and CB)

N
itr
a
te
s

↑ Leaves after the second spraying

– To L UAE (0.3% less than in C and 76.5% more than in

CB)

– Sg L UAE (16.7% less than in C and 47.4% more than

in CB)

– Ur L MH (19.5% less than in C and 42.5% more than

in CB)

– Tp F UAE (20.6% less than in C and 40.5% more than

in CB)

Heads after harvest

– Tp F MH (186 and 115% more than in C and CB)

– To F UAE (89.9 and 42.7% more than in C and CB)

– Sg L MH (84.9 and 38.9% more than in C and CB)

– To L MH (75.1 and 31.6% more than in C and CB)

– To L UAE (73.0 and 30.0% more than in C and CB)

The first term of leaves of rosette collection

– Ur L UAE (44.5 and 34.4% more than in C and CB)

The second term of leaves of rosette collection

– To L MH (140 and 52.8% more than in C and CB)

Roots

– Tp F UAE (15.8% less than in C and 22.2% more than

in CB)

– Ur L UAE (16.2% less than in C and 21.6% more than

in CB)

The first term of leaves of rosette collection

– Vo R MH (57.5 and 39.0% more than in C and CB)

– To L MH (48.2 and 30.7% more than in C and CB)

The second term of leaves of rosette collection

– Ur L UAE (in leaves: 52.7 and 51.1%more than in C and CB)

– Tp F UAE (51.9 and 50.4% more than in C and CB)

Roots

– Ur L UAE (73.7 and 124.7% more than in C and CB)

(Continued)

F
ro
n
tie
rs

in
P
la
n
t
S
c
ie
n
c
e
|w

w
w
.fro

n
tie
rsin

.o
rg

2
7

Ju
n
e
2
0
2
1
|
V
o
lu
m
e
1
2
|A

rtic
le
6
5
1
1
5
2

219

https://www.frontiersin.org/journals/plant-science
https://www.frontiersin.org
https://www.frontiersin.org/journals/plant-science#articles


G
o
d
le
w
ska

e
t
a
l.

B
o
ta
n
ic
a
lE

xtra
c
ts:

E
ffe

c
ts

o
n
R
a
d
ish

TABLE 10B | Continued
E
x
a
m
in
e
d

p
a
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e
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r

Field tests – cabbage (Godlewska et al., 2021) Field tests – celeriac (Godlewska et al., 2020b) Field tests – radish (current study)

↓ Leaves after the second spraying

– Sg L MH (58.0 and 25.6% less than in C and CB)

– To L MH (53.4 and 17.6% less than in C and CB)

– Vo R MH (50.0 and 11.4% less than in C and CB)

Heads after harvest

– Vo R UAE (2.4% more than in C and 23.0% less than

in CB)

– Ur L MH (22.0% more than in C and 8.4% less than in

CB)

– Sg L UAE (26.4% more than in C and 5.1% less than

in CB)

The first term of leaves of rosette collection

– Tp F UAE (8.9 and 1.4% more than in C and CB)

– Sg L MH (9.4 and 1.8% more than in C and CB)

The second term of leaves of rosette collection

– Vo R MH (27.5% more than in C and 18.8% less than

in CB)

Roots

– Ur L MH (49.4 and 26.5% less than in C and CB)

– Tp F MH (45.9 and 21.5% less than in C and CB)

The first term of leaves of rosette collection

– Vo R UAE (21.9 and 31.1% less than in C and CB)

– Ur L UAE (21.9 and 31.1% less than in C and CB)

The second term of leaves of rosette collection

– Vo R UAE (20.3 and 21.1% less than in C and CB, for both

extracts)

– To F UAE (20.3 and 21.1% less than in C and CB)

Roots

– Vo R UAE (20.2% less than in C and 3.2% more than in CB)

– To F UAE (17.5% less than in C and 6.8% more than in CB)

– Sg L MH (11.5% less than in C and 14.5% more than in CB)

M
a
c
ro
e
le
m
e
n
ts

↑ N Heads after harvest

– Sg L UAE (12.3 and 0.2% more than in C and CB)

– To L MH (12.3 and 0.2% more than in C and CB)

Leaves of rosette

– Vo R UAE (4.8 and 0.4% more than in C and CB)

– Vo R MH (3.2% more than in C and 1.2% less than in

CB)

Roots

– Hp H MH (4.8 and 1.8% more than in C and CB)

– Vo R UAE (4.6 and 1.7% more than in C and CB)

– Tp F MH (4.4 and 1.5% more than in C and CB)

Leaves of rosette

– Ur L UAE (2.7% less than in C and 2.9% more than in CB)

– Tp F UAE (3.4% less than in C and 2.1% more than in CB)

Roots

– Hp H UAE (5.7 and 4.2% more than in C and CB)

– Vo R MH (4.6 and 3.0% more than in C and CB)

P Heads after harvest

– Ur L MH (20.9% less than in C and 3.1% more than in

CB)

– Tp F MH (20.9% less than in C and 3.1% more than in

CB)

Leaves of rosette

– Ur L MH (6.9% less than in C and 26.8% more than in

CB)

Roots

– Tp F MH (27.2 and 27.2% more than in C and CB)

– Sg L UAE (23.1 and 23.1% more than in C and CB)

Leaves of rosette

– To F MH (25.8 and 13.0% more than in C and CB)

– Vo R MH (25.8 and 13.0% more than in C and CB)

Roots

– Ur L UAE (20.4 and 42.7% more than in C and CB)

– Sg L UAE (19.7 and 41.9% more than in C and CB)

– To F UAE (19.0 and 41.1% more than in C and CB)

K Heads after harvest

– Sg L UAE (1.1% less than in C and 0.7% more than in

CB)

Leaves of rosette

– Vo R UAE (7.8% less than in C and 36.5% more than in

CB)

– Vo R MH (15.5% less than in C and 25.0% more than

in CB)

– Ur L MH (16.1% less than in C and 24.1% more than in

CB)

Roots

– Sg L UAE (26.6 and 50.1% more than in C and CB)

– Ur L UAE (20.6 and 43.0% more than in C and CB)

Leaves of rosette

– Ur L UAE (29.7 and 8.8% more than in C and CB)

– Vo R MH (27.2 and 6.7% more than in C and CB)

Roots

– Vo R MH (6.8 and 11.5% more than in C and CB)

– To L UAE (4.8 and 9.4% more than in C and CB)

(Continued)
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TABLE 10B | Continued

E
x
a
m
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e
d

p
a
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r

Field tests – cabbage (Godlewska et al., 2021) Field tests – celeriac (Godlewska et al., 2020b) Field tests – radish (current study)

Ca Heads after harvest

– To L UAE (36.1 and 27% higher than in C and CB)

– Tp F MH (36.1 and 27% higher than in C and CB)

– Sg L MH (28.6 and 20% higher than in C and CB)

– To L MH (27.1 and 18.7% higher than in C and CB)

– Vo R MH (26.6 and 18.2% higher than in C and CB)

Leaves of rosette

– To F UAE (40.9 and 287% more than in C and CB)

– Sg L MH (40.4 and 286% more than in C and CB)

– Ur L MH (28.3 and 252% more than in C and CB)

– Vo R MH (23.7 and 240% more than in C and CB)

Roots

– Ur L UAE (8.7 and 16.3% more than in C and CB)

Leaves of rosette

– To L MH (2.5% less than in C and 3.4 more than in CB)

– Sg L MH (3.2% less than in C and 2.7% more than in CB)

Roots

– Vo R MH (25.4 and 56.7% more than in C and CB)

– Ur L MH (8.0 and 34.9% more than in C and CB)

– Tp F MH (4.8 and 30.9% more than in C and CB)

Mg Heads after harvest

– Tp F MH (17.9 and 9.8% higher than in C and CB)

– Ur L UAE (13.7 and 5.9% higher than in C and CB)

– To L MH (12.6 and 4.9% higher than in C and CB)

– Sg L MH (12.6 and 4.9% higher than in C and CB)

– To L UAE (11.6 and 3.9% higher than in C and CB)

Leaves of rosette

– Vo R UAE (4.7 and 2.0% more than in C and CB)

Roots

– Sg L UAE (33.3 and 39.7% more than in C and CB)

– Tp F UAE (31.3 and 37.6% more than in C and CB)

Leaves of rosette

– Sg L UAE (3.1% more than in C and 1.5% less than in CB)

– To L UAE (2.3% more than in C and 2.2% less than in CB)

– Vo R MH (1.5% more than in C and 3.0% less than in CB)

Roots

– Vo R MH (75.1 and 96.3% more than in C and CB)

S Heads after harvest

– Sg L MH (12.7 and 2.7% higher than in C and CB)

– Hp H MH (10.9 and 1.0% higher than in C and CB)

– To L MH (11.2 and 1.3% higher than in C and CB)

Leaves of rosette

– To L MH (49.5 and 82.7% more than in C and CB)

– Tp F MH (34.7 and 64.5% more than in C and CB)

Roots

– To L MH (36.4 and 76.0% more than in C and CB)

– Hp H MH (36.4 and 76.0% more than in C and CB)

Leaves of rosette

– To L MH (18.4 and 6.6% more than in C and CB)

– Vo R UAE (13.2 and 2.0% more than in C and CB)

Roots

– Hp H UAE (0.4 and 14.2% more than in C and CB)

– Sg L UAE (0.1% less than in C and 13.5% more than in CB)

– To L UAE (0.3% less than in C and 13.4% more than in CB)

↓ N Heads after harvest

– To L UAE (4.4 and 14.7% lower than in C and CB)

– Sg L MH (3.4 and 13.7% lower than in C and CB)

– Tp F MH (2.9 and 13.4% lower than in C and CB)

Leaves of rosette

– To L MH (11.7 and 15.4% less than in C and CB)

Roots

– Ur L MH (7.1 and 9.7% less than in C and CB)

Leaves of rosette

– Sg L UAE (8.1 and 2.9% less than in C and CB)

– Vo R UAE (6.8 and 1.4% less than in C and CB)

Roots

– Sg L UAE (1.9 and 3.4% less than in C and CB)

– Vo R UAE (0.0 and 1.5% less than in C and CB)

P Heads after harvest

– Sg L MH (49.4 and 34.0% lower than in C and CB)

– Vo R MH (45.5 and 28.9% lower than in C and CB)

Leaves of rosette

– Hp H UAE (48.4 and 29.7% less than in C and CB)

Roots

– Vo R MH (1.8 and 1.8% less than in C and CB)

– Vo R UAE (1.3 and 1.3% less than in C and CB)

Leaves of rosette

– To L MH (34.0 and 40.7% less than in C and CB)

– Hp H MH (3.1 and 13.0% less than in C and CB)

Roots

– Ur L MH (53.3 and 44.6% less than in C and CB)

– Tp F MH (51.7 and 42.7% less than in C and CB)

K Heads after harvest

– Sg L MH (14.6 and 13.1% lower than in C and CB)

– Ur L MH (10.9 and 9.3% lower than in C and CB)

Leaves of rosette

– To L MH (40.8 and 12.4% less than in C and CB)

– Tp F MH (38.9 and 9.6% less than in C and CB)

Roots

– Hp H UAE (6.3% less than in C and 11.1% more than

in CB)

– To F MH (6.1% less than in C and 11.3% more than in

CB)

Leaves of rosette

– To F MH (4.6% more than in C and 12.2% less than in CB)

Roots

– Ur L MH (57.2 and 55.4% less than in C and CB)

– Tp F MH (53.7 and 51.7% less than in C and CB)

(Continued)
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TABLE 10B | Continued
E
x
a
m
in
e
d

p
a
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e
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Field tests – cabbage (Godlewska et al., 2021) Field tests – celeriac (Godlewska et al., 2020b) Field tests – radish (current study)

Ca Heads after harvest

– Ur L MH (4.8% higher than in C and 2.2% lower than

in CB)

– Vo R UAE (6.8% higher than in C and 0.3% lower than

in CB)

Leaves of rosette

– Ur L UAE (67.3 and 10.2% less than in C and CB)

– Vo R UAE (65.9 and 6.4% less than in C and CB)

Roots

– To F UAE (3.9% less than in C and 2.8% more than in

CB)

– Vo R MH (2.9% less than in C and 3.8% more than in

CB)

Leaves of rosette

– Tp F UAE (19.0 and 14.0% less than in C and CB)

Roots

– Hp H UAE (21.6 and 2.1% less than in C and CB)

– Sg L MH (21.2 and 1.6% less than in C and CB)

– To L UAE (20.8 and 1.0% less than in C and CB)

Mg Heads after harvest

– Hp H MH (1.1% higher than in C and 5.9% lower than

in CB)

– Vo R UAE (2.1% higher than in C and 4.9% lower than

in CB)

– Ur L MH (3.2% higher than in C and 3.9% lower than

in CB)

– To F UAE (4.2% higher than in C and 2.9% lower than

in CB)

Leaves of rosette

– Hp H UAE (17.7 and 19.8% less than in C and CB)

Roots

– To F MH (2.5% less than in C and 2.1% more than in

CB)

– Vo R MH (1.0% less than in C and 3.7% more than in

CB)

– To F UAE (0.5 and 5.3% more than in C and CB)

Leaves of rosette

– Vo R UAE (9.7 and 13.7% less than in C and CB)

Roots

– Sg L MH (14.6 and 4.2% less than in C and CB)

– Hp H UAE (13.6 and 3.2% less than in C and CB)

– To L UAE (13.1 and 2.6% less than in C and CB)

S Heads after harvest

– Vo R UAE (0.8% higher than in C and 8.2% lower than

in CB)

– Vo R MH (1.5% higher than in C and 7.5% lower than

in CB)

– Ur L MH (2.2% higher than in C and 6.9% lower than

in CB)

Leaves of rosette

– Vo R UAE (13.4% less than in C and 5.9% more than in

CB)

Roots

– Tp F MH (10.9% less than in C and 15.0% more than

in CB)

Leaves of rosette

– To F UAE (1.8 and 11.5% less than in C and CB)

– Vo R MH (1.4 and 11.2% less than in C and CB)

Roots

– Sg L MH (10.2% less than in C and 2.1% more than in CB)

M
ic
ro
e
le
m
e
n
ts

a
n
d
to
xi
c
e
le
m
e
n
ts

↑ Fe Heads after harvest

– Vo R MH (14.3 and 0.8% higher than in C and CB)

– To L MH (12.2% higher than in C and 1.1% lower than

in CB)

– Sg L UAE (7.8% higher than in C and 5.0% lower than

in CB)

Leaves of rosette

– To F MH (2.4 times higher and 31.2% more than in C

and CB)

Roots

– To L UAE (1.5 times and 70.7% more than in C and CB)

Leaves of rosette

– To L UAE (24.3 and 32.3% more than in C and CB)

– Hp H UAE (8.5%and 15.5% more than in C and CB)

Roots

– Vo R MH (27.9 and 43.3% more than in C and CB)

– To L UAE (27.3 and 42.6% more than in C and CB)

– Vo R UAE (26.9 and 42.2% more than in C and CB)

Cu Heads after harvest

– To F UAE (1.5% higher than in C and 6.5% lower than

in CB)

Leaves of rosette

– Vo R UAE (9.8 and 9.5% more than in C and CB)

Roots

– To F UAE (3.2 and 30.5% more than in C and CB)

– Hp H MH (0.3 and 26.7% more than in C and CB)

Leaves of rosette

– To L UAE (4.4% more than in C and 5.3% less than in CB)

– Vo R UAE (0.9% more than in C and 8.5% less than in CB)

Roots

– Vo R MH (45.5 and 58.9% more than in C and CB)

– To F UAE (22.7 and 34.0% more than in C and CB)

(Continued)
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TABLE 10B | Continued
E
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a
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Field tests – cabbage (Godlewska et al., 2021) Field tests – celeriac (Godlewska et al., 2020b) Field tests – radish (current study)

Zn Heads after harvest

– Sg L UAE (5.3% higher than in C and 3.6% lower than

in CB)

Leaves of rosette

– Vo R UAE (23.3 and 9.1% more than in C and CB)

– Vo R MH (19.4 and 5.6% more than in C and CB)

Roots

– Sg L UAE (30.9 and 60.0% more than in C and CB)

Leaves of rosette

– Sg L UAE (24.8 and 14.1% more than in C and CB)

– Hp H UAE (17.2 and 7.1% more than in C and CB)

Roots

– To F UAE (3.2 and 7.5% more than in C and CB)

– Vo R MH (2.1 and 6.4% more than in C and CB)

Mn Heads after harvest

– Hp H MH (the same content as in C and CB)

Leaves of rosette

– To L MH (61.4 and 30.3% more than in C and CB)

– Tp F MH (54.8 and 25.0% more than in C and CB)

Roots

– Tp F UAE (33.5 and 34.4% more than in C and CB)

– To L UAE (32.4 and 33.3% more than in C and CB)

Leaves of rosette

– To L MH (3.8 and 6.5% more than in C and CB)

– To L UAE (1.9 and 4.5% more than in C and CB)

Roots

– Hp H MH (30.7 and 9.8% more than in C and CB)

– Vo R MH (29.3 and 8.6% more than in C and CB)

Ni Heads after harvest

– To F MH (43.5% higher than in C and 16.9% lower

than in CB)

– To L MH (40.6% higher than in C and 18.6% lower

than in CB)

Leaves of rosette

– Sg L MH (3 times and 36.8% more than in C and CB)

– Vo R MH (3 times and 36.8% more than in C and CB)

Roots

– Ur L MH (2 and 2.5 times more than in C and CB)

Leaves of rosette

– Sg L UAE (6.4 and 26.8% more than in C and CB)

– To F MH (0.4% less than in C and 18.7% more than in CB)

– To F UAE (1.9% less than in C and 16.9% more than in CB)

Roots

– To F MH (107.1 and 96.1% more than in C and CB)

Cd Heads after harvest

– Tp F UAE (77.8 and 77.8% higher than in C and CB)

– Hp H UAE (66.7 and 66.7% higher than in C and CB)

– Sg L MH (66.7 and 66.7% higher than in C and CB)

– To F UAE (66.7 and 66.7% higher than in C and CB)

– To L UAE (66.7 and 66.7% higher than in C and CB)

Leaves of rosette

– To L MH (69.0 and 96.0% more than in C and CB)

– Hp H UAE (58.6 and 84.0% more than in C and CB)

Roots

– Sg L UAE (40.7 and 123.5% more than in C and CB)

– To L UAE (20.4 and 91.2% more than in C and CB)

– Hp H UAE (18.5 and 88.2% more than in C and CB)

Leaves of rosette

– Hp H MH (1.2 and 4.3% more than in C and CB)

– Sg L MH (1.2 and 4.3% more than in C and CB)

– Tp F MH (1.2 and 4.3% more than in C and CB)

Roots

– Vo R UAE (7.6 and 42.0% more than in C and CB)

– To F UAE (3.0 and 36.0% more than in C and CB)

– Tp F UAE (3.0 and 36.0% more than in C and CB)

Pb Heads after harvest

– To L UAE (30.5 and 29.0% higher than in C and CB)

– Hp H UAE (28.4 and 27.0% higher than in C and CB)

– Sg L UAE (24.0 and 22.6% higher than in C and CB)

Leaves of rosette

– Sg L UAE (26.2 and 131.1% more than in C and CB)

– Vo R UAE (19.1 and 118.1% more than in C and CB)

– To L UAE (17.3 and 114.7% more than in C and CB)

Roots

– To L UAE (13.9 and 190.3% more than in C and CB)

– Vo R UAE (5.9 and 169.9% more than in C and CB)

Leaves of rosette

– Hp H UAE (6.1 and 11.6% more than in C and CB)

– To L UAE (3.7 and 9.1% more than in C and CB)

Roots

– Vo R UAE (2.0 and 55.1% more than in C and CB)

↓ Fe Heads after harvest

– Tp F UAE (20.0 and 29.5% lower than in C and CB)

– Tp F MH (18.5 and 28.1% lower than in C and CB)

Leaves of rosette

– Vo R MH (15.2% more than in C and 36.5% less than

in CB)

Roots

– Vo R MH (9.7% less than in C and 1.5% more than in

CB)

Leaves of rosette

– Sg L MH (26.4 and 21.6% less than in C and CB)

– Ur L MH (23.1 and 18.1% less than in C and CB)

– To L MH (22.7 and 17.7% less than in C and CB)

Roots

– Sg L MH (26.4 and 7.6% less than in C and CB)

(Continued)
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TABLE 10B | Continued

E
x
a
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Field tests – cabbage (Godlewska et al., 2021) Field tests – celeriac (Godlewska et al., 2020b) Field tests – radish (current study)

Cu Heads after harvest

– Tp F MH (19.1 and 25.5% lower than in C and CB)

– Sg L MH (16.6 and 23.2% lower than in C and CB)

Leaves of rosette

– Sg L MH (5.3 and 5.5% less than in C and CB)

– Sg L UAE (4.7 and 5.0% less than in C and CB)

Roots

– Vo R UAE (21.6 and 1.0% less than in C and CB)

Leaves of rosette

– Vo R MH (23.4 and 30.5% less than in C and CB)

– Hp H UAE (21.5 and 28.8% less than in C and CB)

Roots

– Tp F UAE (10.4 and 2.1% less than in C and CB)

– To L UAE (5.8% less than in C and 2.8% more than in CB)

Zn Heads after harvest

– Tp F UAE (13.0 and 20.3% lower than in C and CB)

– Hp H UAE (9.7 and 17.3% lower than in C and CB)

– To L UAE (9.6 and 17.2% lower than in C and CB)

Leaves of rosette

– Sg L MH (3.6 and 14.8% less than in C and CB)

Roots

– Sg L MH (12.6% less than in C and 6.9% more than in

CB)

Leaves of rosette

– Ur L MH (0.6% more than in C and 8.1% less than in CB)

– To F MH (0.7% more than in C and 8.0% less than in CB)

Roots

– Sg L MH (11.8 and 8.1% less than in C and CB)

– Tp F MH (9.9 and 6.1% less than in C and CB)

Mn Heads after harvest

– Tp F MH (18.0 and 18.0% lower than in C and CB)

– Hp H UAE (16.6 and 16.6% lower than in C and CB)

Leaves of rosette

– Ur L MH (1.3 and 20.3% less than in C and CB)

Roots

– Hp H MH (9.2 and 8.5% less than in C and CB)

Leaves of rosette

– Ur L MH (14.7 and 12.5% less than in C and CB)

– Ur L UAE (12.5 and 10.2% less than in C and CB)

Roots

– Sg L UAE (13.2 and 27.0% less than in C and CB)

– Hp H UAE (9.3 and 23.8% less than in C and CB)

Ni Heads after harvest

– Vo R UAE (0.0% higher than in C and 42.1% lower

than in CB)

– Tp F UAE (4.2% higher than in C and 39.7% lower

than in CB)

Leaves of rosette

– Ur L UAE (15.9 and 62.2% less than in C and CB)

Roots

– Sg L MH (41.3 and 26.7% less than in C and CB)

Leaves of rosette

– Tp F MH (23.1 and 8.3% less than in C and CB)

– Vo R MH (22.5 and 7.6% less than in C and CB)

Roots

– Sg L MH (6.2 and 11.2% less than in C and CB)

– Sg L UAE (5.6 and 10.7% less than in C and CB)

Cd Heads after harvest

– To F MH (the same content as in C and CB)

– Vo R UAE (the same content as in C and CB)

Leaves of rosette

– Ur L MH (31.0 and 20.0% less than in C and CB)

– To F UAE (3.4% less than in C and 12.0% more than in

CB)

Roots

– Tp F MH (39.6% less than in C and 11.8% more than

in CB)

– To L MH (25.9% less than in C and 17.6% more than in

CB)

– Ur L MH (24.1% less than in C and 20.6% more than in

CB)

Leaves of rosette

– Sg L UAE (7.2 and 4.3% less than in C and CB)

– To L UAE (7.2 and 4.3% less than in C and CB)

– To F UAE (6.6 and 3.7% less than in C and CB)

Roots

– Sg L MH (19.7% less than in C and 6.0% more than in CB)

– Ur L MH (18.2% less than in C and 8.0% more than in CB)

– Tp F MH (16.7% less than in C and 10.0% more than in CB)

(Continued)
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TABLE 10B | Continued

E
x
a
m
in
e
d

p
a
ra
m
e
te
r

Field tests – cabbage (Godlewska et al., 2021) Field tests – celeriac (Godlewska et al., 2020b) Field tests – radish (current study)

Pb Heads after harvest

– Ur L MH (0.9 and 2.0% lower than in C and CB)

– Hp H MH (2.3 and 1.2% higher than in C and CB)

Leaves of rosette

– Tp F MH (60.8 and 28.2% less than in C and CB)

– Ur L MH (59.9 and 26.6% less than in C and CB)

Roots

– Hp H MH (65.3 and 11.5% less than in C and CB)

– To F MH (62.5 and 4.4% less than in C and CB)

Leaves of rosette

– Ur L MH (14.3 and 9.8% less than in C and CB)

Roots

– To F MH (33.0% less than in C and 1.9% more than in CB)

– Sg L MH (31.0% less than in C and 5.0% more than in CB)

S
te
a
m

vo
la
til
e

c
o
m
p
o
u
n
d
s

↑ Heads after harvest

e.g., 2-undecanone:

– Sg L UAE (6.7 and 15.4% more than in C and CB)

– To L UAE (6.0 and 14.6% more than in C and CB)

e.g., trisulfide (dimethyl-):

– To F UAE (11.6 and 11.1% more than in C and CB)

– Vo R MH (10.5 and 10.0% more than in C and CB)

– Tp F UAE (9.5 and 9.0% more than in C and CB)

e.g., tetrasulfide (dimethyl-):

– Hp H MH (28.3 and 16.0% more than in C and CB)

Leaves of rosette

e.g., β-myrcene:

– Sg L MH (57.7 and 31.0% more than in C and CB)

e.g., limonene:

– Ur L UAE (15.3 and 11.8% more than in C and CB)

Leaves of rosette

e.g., β -myrcene:

– Vo R UAE (7.4 and 25.9% more than in C and CB)

– To L UAE (2.3 and 19.9% more than in C and CB)

– Hp H UAE (1.1 and 18.5% more than in C and CB)

e.g., limonene:

– Vo R UAE (11.3 and 9.5% more than in C and CB)

– To L UAE (4.8 and 3.1% more than in C and CB)

– Hp H UAE (3.2 and 1.5% more than in C and CB)

↓ Heads after harvest

e.g., 2-undecanone:

– To F UAE (25.1 and 19.0% less than in C and CB)

– Hp H MH (24.5 and 18.4% less than in C and CB)

e.g., trisulfide (dimethyl-):

– Sg L UAE (15.1 and 15.5% less than in C and CB)

– Tp F MH (13.7 and 14.1% less than in C and CB)

– To L UAE (12.0 and 12.4% less than in C and CB)

e.g., tetrasulfide (dimethyl-):

– –Tp F MH (24.9 and 32.1% less than in C and CB)

Leaves of rosette

e.g., β -myrcene:

– Ur L UAE (8.2 and 23.8% less than in C and CB)

e.g., limonene:

– Tp F UAE (18.1 and 20.5% less than in C and CB)

Leaves of rosette

e.g., β -myrcene:

– Tp F MH (33.4 and 21.9% less than in C and CB)

e.g., limonene:

– Tp F MH (25.4 and 26.6% less than in C and CB)

F
a
tt
y
a
c
id
s

↑ Heads after harvest

e.g., hexadecanoic acid:

– To L MH (34.7 and 11.3% more than in C and CB)

– To F MH (27.9 and 5.7% more than in C and CB)

– Tp F MH (22.7 and 1.3% more than in C and CB)

e.g., linolenic acid:

– Vo R UAE (66.0 and 90.2% more than in C and CB)

– To L UAE (55.3 and 78.0% more than in C and CB)

– Sg L UAE (39.2 and 59.5% more than in C and CB)

e.g., linoleic acid:

– Vo R UAE (14.1 and 22.3% more than in C and CB)

– Sg L UAE (13.5 and 21.7% more than in C and CB)

– Ur L UAE (10.9 and 18.8% more than in C and CB)

e.g., 9Z-9-octadecenoic acid (ethyl ester):

– To L MH (43.6 and 50.2% more than in C and CB)

– Vo R MH (39.5 and 46.0% more than in C and CB)

e.g., octadecanoic acid:

– To F MH (14.0 and 54.8% more than in C and CB)

– Hp H UAE (7.1 and 45.4% more than in C and CB)

Roots

e.g., 9,12-hexadecadienoic acid (methyl ester):

– Hp H MH (21.6% more than in C and 2.0% less than in

CB)

– Tp F MH (21.6% more than in C and 2.0% less than in

CB)

e.g., hexadecanoic acid, methyl ester:

– To F UAE (9.4 and 0.2% less than in C and CB)

Roots

e.g., linolenic acid (methyl ester):

– Ur L UAE (14.7 and 19.3% more than in C and CB)

– Sg L MH (14.3 and 18.8% more than in C and CB)

e.g., hexadecanoic acid (methyl ester):

– Sg L MH (13.2% less than in C and 9.0% more than in CB)

e.g., 9,12-hexadecadienoic acid (methyl ester):

– Sg L MH (6.4 and 23.7% more than in C and CB)

(Continued)
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TABLE 10B | Continued

E
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Field tests – cabbage (Godlewska et al., 2021) Field tests – celeriac (Godlewska et al., 2020b) Field tests – radish (current study)

↓ Heads after harvest

e.g., hexadecanoic acid:

– Vo R UAE (21.4 and 35.1% less than in C and CB)

– Sg L UAE (12.9 and 28.0% less than in C and CB)

e.g., linolenic acid:

– To L MH (49.8 and 42.5% less than in C and CB)

– Vo R MH (31.3 and 21.3% less than in C and CB)

e.g., linoleic acid:

– To L MH (32.3 and 27.4% less than in C and CB)

– Vo R MH (22.7 and 17.2% less than in C and CB)

e.g., 9Z-9-octadecenoic acid (ethyl ester):

– Vo R UAE (40.8 and 38.0% less than in C and CB)

– To L UAE (31.0 and 27.8% less than in C and CB)

e.g., octadecanoic acid:

– Vo R UAE (65.0 and 52.5% less than in C and CB)

– To L UAE (60.2 and 45.9% less than in C and CB)

Roots

e.g., 9,12-hexadecadienoic acid (methyl ester):

– To L MH (13.0% more than in C and 8.9% less than in

CB)

e.g., hexadecanoic acid, methyl ester:

– Vo R UAE (35.7 and 29.2% less than in C and CB)

Roots

e.g., linolenic acid (methyl ester):

– Ur L MH (27.2 and 24.3% less than in C and CB)

– Tp F MH (24.8 and 21.8% less than in C and CB)

e.g., hexadecanoic acid (methyl ester):

– To F MH (34.7 and 18.0% less than in C and CB)

e.g., 9,12-hexadecadienoic acid (methyl ester):

– Ur L MH (38.7 and 28.7% less than in C and CB)

S
te
ro
ls

↑ Heads after harvest

campesterol:

– Vo R MH (10.1 and 11.1% more than in C and CB)

– To F UAE (9.9 and 10.9% more than in C and CB)

β-sitosterol:

– Tp F MH (0.3 and 0.5% less than in C and CB)

– Sg L UAE (0.3 and 0.5% less than in C and CB)

– Hp H UAE (0.4 and 0.6% less than in C and CB)

n/a Roots

campesterol (TMS derivative):

– To L MH (15.7 and 14.5% more than in C and CB)

β-sitosterol (TMS derivative):

– Tp F UAE (1.9 and 2.5% more than in C and CB)

– Sg L UAE (0.1 and 0.7% more than in C and CB).

↓ Heads after harvest

campesterol:

– Tp F MH (1.2 and 2.2% more than in C and CB)

– Sg L UAE (1.4 and 2.3% more than in C and CB)

β-sitosterol:

– Vo R MH (2.3 and 2.5% less than in C and CB)

– To F UAE (2.3 and 2.5% less than in C and CB)

n/a Roots

campesterol (TMS derivative):

– Tp F UAE (3.3 and 4.3% less than in C and CB)

– Sg L UAE (0.2 and 1.3% less than in C and CB)

β-sitosterol (TMS derivative):

– To L MH (8.9 and 8.4% less than in C and CB)

UAE, ultrasound-assisted extraction; MH, mechanical homogenisation; na, not analysed; C, control; CB, commercial biostimulant; Hp H, Hypericum perforatum L. (St. John’s wort, herb); Sg L, Solidago gigantea Ait. (giant goldenrod,

leaf); To F, To L, Taraxacum officinale (L.) Weber ex F. H. Wigg (common dandelion, flower, leaf); Tp F, Trifolium pratense L. (red clover, flower); Ur L, Urtica dioica L. (nettle, leaf); Vo R, Valeriana officinalis L. (valerian, root).
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increasing attention every year among scientists, producers,
and possible consumers. Appropriately prepared, characterized,
and tested bio-products could be an integral component of
sustainable agriculture in the foreseeable future.
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Supplementary Figure 1 | The weather conditions during the field experiments.

Supplementary Table 1 | The effect of the foliar application of the botanical

extracts on the profile of steam volatile compounds (the amount of a single

component calculated as a percentage (%) of the whole GC-MS chromatogram

area) (N = 3, mean ± SD) of radish leaves of rosette (after harvest). Statistically

significant differences (p < 0.05) between the control group (C) and the botanical

extracts. (b) Statistically significant differences (p < 0.05) between the formulation

(CF) and the botanical extracts. (c) Statistically significant differences (p < 0.05)

between commercial biostimulant (CB) and the botanical extracts. RT, retention

time; RI, retention indices; RI_lit, retention indices according to NIST (The NIST

Mass Spectral Search Program for the NIST/EPA/NIH EI and NIST Tandem

Spectral Library, 2017), FFNSC (Mondello, 2015), Adams (Adams, 2017); RI_exp,

retention indices based on experiments; UAE, ultrasound-assisted extraction; MH,

mechanical homogenization; Hp H, Hypericum perforatum L. (St. John’s wort,

herb); Sg L, Solidago gigantea Ait. (giant goldenrod, leaf); To F, To L, Taraxacum

officinale (L.) Weber ex F.H. Wigg (common dandelion, flower, leaf); Tp F, Trifolium

pratense L. (red clover, flower); Ur L, Urtica dioica L. (nettle, leaf); Vo R, Valeriana

officinalis L. (valerian, root).

Supplementary Table 2 | The effect of the foliar application of the botanical

extracts on the fatty acids composition [the amount of a single component

calculated as a percentage (%) of the whole GC-MS chromatogram area] (N = 3,

mean ± SD) of radish roots (after harvest). Statistically significant differences (p <

0.05) between the control group (C) and the botanical extracts. (b) Statistically

significant differences (p < 0.05) between the formulation (CF) and the botanical

extracts. (c) Statistically significant differences (p < 0.05) between commercial

biostimulant (CB) and the botanical extracts. Abbreviations: RT, retention time; RI,

retention indices; RI_lit, retention indices according to FFNSC (Mondello, 2015);

RI_exp, retention indices based on experiments; UAE, ultrasound-assisted

extraction; MH, mechanical homogenization; Hp H, Hypericum perforatum L. (St.

John’s wort, herb); Sg L, Solidago gigantea Ait. (giant goldenrod, leaf); To F, To L,

Taraxacum officinale (L.) Weber ex F.H. Wigg (common dandelion, flower, leaf); Tp

F, Trifolium pratense L. (red clover, flower); Ur L, Urtica dioica L. (nettle, leaf); Vo R,

Valeriana officinalis L. (valerian, root).
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The identification and use of endophytic bacteria capable of triggering plant growth is
an important aim in sustainable agriculture. In nature, plants live in alliance with multiple
plant growth-promoting endophytic microorganisms. In the current study, we isolated
and identified a new endophytic bacterium from a wild plant species Glyceria chinensis
(Keng). The bacterium was designated as a Bacillus altitudinis strain using 16S rDNA
sequencing. The endophytic B. altitudinis had a notable influence on plant growth. The
results of our assays revealed that the endophytic B. altitudinis raised the growth of
different plant species. Remarkably, we found transcriptional changes in plants treated
with the bacterium. Genes such as maturase K, tetratricopeptide repeat-like superfamily
protein, LOB domain-containing protein, and BTB/POZ/TAZ domain-containing protein
were highly expressed. In addition, we identified for the first time an induction in the
endophytic bacterium of the major facilitator superfamily transporter and DNA gyrase
subunit B genes during interaction with the plant. These new findings show that
endophytic B. altitudinis could be used as a favourable candidate source to enhance
plant growth in sustainable agriculture.

Keywords: endophytic bacteria, Bacillus altitudinis, plant growth, transcriptome, Glyceria chinensis

INTRODUCTION

The use of fertilisers in agricultural practice to increase yields has had harmful effects on the
environment and quality of the soil for a long time (Worlanyo and Jiangfeng, 2021). To minimise
these negative impacts, the use of microorganisms located in the rhizosphere and in endophytic
environments, such as bio-fertilisers, has received increased attention (Atieno et al., 2020).
Beneficial plant–bacteria communities have been studied for many years (Pieterse et al., 2012; Zipfel
and Oldroyd, 2017; Afzal et al., 2019; Ke et al., 2021; Song et al., 2021; Zhang et al., 2021). There
are different bacteria in a direct interconnection with the plant cells; therefore, they might produce
a direct beneficial effect (Hallmann et al., 1997). Different plant species are colonised by a great
diversity of endophytic bacteria, such as Pseudomonas, Bacillus, Enterobacter, Burkholderia, and
Azospirillum (Lodewyckx et al., 2002; Weyens et al., 2009).

The range of endophytic bacteria depends on the plant species and crop conditions (Zinniel
et al., 2002; Ulrich et al., 2008). Endophytic bacteria colonise the intracellular and intercellular
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spaces of plant tissues and promote plant growth (Ulrich et al.,
2008; Lugtenberg and Kamilova, 2009; Vacheron et al., 2013;
Hardoim et al., 2015; Santoyo et al., 2016; Gouda et al., 2018).
The procedures used by endophytic bacteria to boost plant
growth constitute an essential step in the endophytic bacteria
applications (Wani et al., 2015). However, the process by
which endophytic bacteria enhance plant growth are not well
understood (Hardoim et al., 2008; Marasco et al., 2012; Rashid
et al., 2012; Bruto et al., 2014). Important evidence suggests
that there is a relationship between genes involved in beneficial
features (Bruto et al., 2014). The useful functions comprise the
bacterial ability to enhance nutrient acquisition, fix nitrogen,
acquire iron, and produce siderophores in plant species (Zhang
et al., 2009; Hardoim et al., 2015; Zhou et al., 2016).

Furthermore, endophytic bacteria enhance plant growth
through the production of different phytohormones.
Phytohormones produced during endophytic colonisation
process improved plant nutrient absorption and biomass (Gravel
et al., 2007; Phetcharat and Duangpaeng, 2012; Shi et al., 2014).
Plant growth regulators such as cytokines, ethylene, abscisic
acid (ABA), gibberellins, and indole-3-acetic acid (IAA) are
produced by endophytic bacteria during interactions with plants
(Vacheron et al., 2013). Interestingly, IAA showed a crucial effect
on plant growth and development processes. Modulating IAA
is a notable hallmark through which the endophytic bacteria
might strengthen plant growth. In addition, ethylene constitutes
an essential plant hormone involved in different developmental
and physiological processes (Sun et al., 2016). The enzyme 1-
aminocyclopropane-1-carboxylate (ACC) deaminase precursor
of ethylene is produced by endophytic bacteria (Sun et al.,
2009). The hydrolysis of ACC improved plant growth under
stress conditions (Santoyo et al., 2016). Plant growth-promoting
endophytic bacteria displayed ACC deaminase activity (Nikolic
et al., 2011; Zhang et al., 2011; Rashid et al., 2012). These bacteria
can produce ACC deaminase to enhance plant growth. Mutation
of the ACC deaminase gene compromised the canola growth
(Sun et al., 2009). Moreover, diverse endophytic bacterial strains
have the ability to release volatile organic compounds such as
acetoin, pentadecane, 2,3-butanediol, 1 hexanol, and indole,
which enhance plant growth (Ryu et al., 2003; Gutiérrez-Luna
et al., 2010; Blom et al., 2011; Hernández-Calderón et al., 2018).

Plant endophytic bacteria have great potential to be used
as bio-fertilisers. Although different types of bacterial species
were identified from a broad plant species range, the action of
these bacteria is commonly unstable under field conditions (Afzal
et al., 2019). The poor understanding of the tricky events that
control this alliance at the molecular level might be the reason.
However, it is possible to obtain a better understanding through
the evaluation of the both bacterial and plant genes expressed
during the interaction (Afzal et al., 2019). The development
of RNA-sequencing techniques has allowed the identification
of transcripts involved in plant growth. However, few studies
have investigated the endophytic bacterial diversity in unexplored
wild plant species. Wild plant species survive in different
environments and under diverse stress conditions. Identification
of endophytic bacteria isolated from these species might allow
the use of diverse mechanisms in these bacteria to promote plant

growth (Afzal et al., 2019). The present study aimed to isolate,
identify, and characterise endophytic bacteria from wild plant
species and characterise their plant growth-promoting properties
and the main molecular events involved in endophytic bacteria–
plant interactions.

MATERIALS AND METHODS

Isolation of Endophytic Bacterium
The samples were collected from wild plant species Glyceria
chinensis (Keng) localised along the margin of the Fu Tuan
River (35◦20′17′′N, 119◦26′8′′E) within 5 km1 of the coastal
region of Rizhao City in Shandong Province (People’s Republic
of China). The wild plant species was classified according
to data on morphological traits from the Flora of China.2

This experimental study complies with Chinese national and
local laws, and sample collection has been permitted by the
Rizhao administration and Municipal Sciences and Technology
Department [Collection information: South China Botanical
Garden (IBSC) of the Chinese Academy of Sciences. Source:
China Digital Plant Specimens Museum. Identifier: 0114164.
Collector: Zhang Zhisong Acquisition number: 401467]. A total
of 100 samples were collected randomly during the spring season.
Firstly, the plant material (stems and roots) was rinsed with water.
The samples were cut into small pieces under aseptic conditions.
Each sample was surface sterilised with 70% ethanol for 1 min
and immersed in a sodium hypochlorite solution (5%) during
1 min. Subsequently, the samples were washed in sterile distilled
water during 1 min and dried on filter paper. After proper drying,
pieces of plant parts were physically treated in a TissueLyser
(Qiagen, Hilden, Germany) during 5 min in 1 ml of sterile water.
The debris was decanted and 100 µl of the remaining water
was incubated in Luria–Bertani (LB) agar medium (yeast extract,
5 g/L: peptone, 10 g/L; sodium chloride, 5 g/L; agar, 12 g/L; pH
7) at 37◦C for 3 days. Parallel to the samples, the final wash
solution of the surface sterilisation procedure was also spread
plated onto the MS medium plate which served as a control. The
bacteria were only isolated from processed samples internally.
This was the criteria to classify as endophytes and not the surface
contaminates. Bacterial colonies were selected based on growth
rate, colony morphology, and pigmentation. Bacterial isolates
were selected and purified by streaking procedure. These were
incubated at 37◦C. Pure cultures of the bacterial strains were
maintained in 30% glycerol at−80◦C.

Plant Materials and Growth Conditions
Arabidopsis thaliana ecotype Columbia plants were used in
the experiments. First, surface-sterilised seeds were plated on
Murashige and Skoog (0.5×MS) basal media (Sigma Aldrich, St.
Louis, MO, United States) supplemented with 1% w/v sucrose.
The seeds were stored at 4◦C in the dark for 2 days and
transferred to a controlled growth room under a 16-h light/8-h
dark photoperiod at 22◦C. Small plants were transplanted to a

1https://www.ezbiocloud.net
2http://www.iplant.cn/foc/
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mixture of soil composed of peat plugs and vermiculite in a 1:1
ratio during 14 days. In addition, Nicotiana tabacum, corn, and
soybean seeds were germinated and the plants grown in pots (6”)
containing sterilised black turf and rice husk (4:1) substrate and
maintained in a controlled growth room at 23◦C.

Identification of Endophytic Bacterium
The DNA from endophytic bacterium was extracted according
to Sambrook et al. (1989). The 16S rRNA gene was used
for molecular identification. A fragment of 16S rRNA gene
was amplified by polymerase chain reaction (PCR) using the
forward primer 27F 5′-AGAGTTTGATCCTGGCTCAG-3′ and
reverse primer 1492R 5′-GGTTACCTTGTTACGACTT-3′. The
amplification process was conducted in a Thermal Cycler T100
machine (Bio-Rad Life Science Research, Shanghai, People’s
Republic of China) using a Taq PCR Master Mix Kit (Qiagen,
Hilden, Germany). The PCR reaction was as follows: 95◦C for
10 min; 35 cycles of 95◦C for 30 s, 55◦C for 1 min, and
72◦C for 1.5 min; and final extension at 72◦C for 10 min. The
purified PCR fragment was sequenced using an ABI 3730 DNA
sequencer (Applied Biosystems, ThermoFisher Scientific, Chino,
CA, United States). The 16S rRNA gene fragment sequence
(1,147 bp) was identified using BLASTN homology searches
(Altschul et al., 1997). The National Center for Biotechnology
Information (NCBI) GenBank, European Molecular Biology
Laboratory–European Bioinformatics Institute (EMBL–EBI),
and taxonomically united database of 16S rRNA EzBioCloud2

were used as databases (Yoon et al., 2017; De Los Santos
Villalobos et al., 2019; Ha et al., 2019). Additionally, the full 16S
rRNA gene (1,544 bp), glycosyl hydrolase lipoprotein, and SDR
family oxidoreductase genes sequenced through RNA sequencing
were used to an accurate identification. The phylogenetic tree was
done using the neighbour-joining method and the full 16S rRNA
(Saitou and Nei, 1987).

Greenhouse Experiments
Seeds pre-germinated from A. thaliana, N. tabacum, corn, and
soybean were treated with endophytic bacterial fermentation
twice weekly for 1 month. The selected bacterial strain was
incubated in 100 ml of LB broth medium in a 250-ml Erlenmeyer
flask with shaking (200 rpm) for 1 day at 37◦C in the dark.
The optical density (OD) from endophytic bacterial fermentation
was adjusted to 1.0 (4.77 × 109 CFU/ml), and 30 ml of the
fermentation was applied per pot. Each plastic pot received three
pre-germinated seeds, and the plants were grown in a controlled
growth room at 25◦C and irrigated with water without any
fertilisers. A completely randomised pot experiment with five
replicates for each treatment was done to analyse the influence
of the endophytic bacterium on the growing of different plant
species. The substrate contained black turf and rice husks (4:1).
The substrate was sterilised at 120◦C during 20 min. Additionally,
the roots of the plants inoculated with the endophytic bacterium
used in the experiments were processed, and the bacterium was
again isolated and classified as the original strain using the same
protocol mentioned above. In Arabidopsis plants, the rosette
diameter, leaf size, root size, and fresh weight parameters were
evaluated after 1 month of treatment with endophytic bacterial

fermentation. In addition, colony-forming units from endophytic
bacteria were determined after 1 month of treatment. Plant
size and fresh weight were evaluated in N. tabacum, corn, and
soybean plants after 1 month of treatment. Data were analysed
using GraphPad Prism software (La Jolla, CA, United States).
Significant differences among the mean values were determined
using t-test at p < 0.05. Five replicates were used for each
treatment. The experiments were replicated twice.

Identification of New Genes Using RNA
Sequencing
The Arabidopsis plants were treated with aliquots of 30 ml
(4.77 × 109 CFU/ml) of endophytic bacterium. The bacterium
was inoculated in the sterilised substrate around the plants
(5-day-old). The colonisation of bacterium in the roots was
verified using the same protocol used in the isolation of this
strain from wild plant species on LB plates at different time
points. The endophytic bacterium was well established 72 h
post-inoculation. Leaves, stems, and roots from five plants were
collected 72 h post-inoculation. Plants treated with water were
used as control. Treatments and controls were repeated three
times per group. The total RNA was extracted using the Qiagen
RNeasy Midi Kit (Hilden, Germany), and the concentration of
the total RNA was determined using spectrometry. The treatment
and control samples were repeated three times per group. After
extracting the total RNA, eukaryotic mRNA was enriched using
oligo(dT) beads. The samples were sequenced using Illumina
HiSeqTM 2000 (Personalbio Co., Shanghai, People’s Republic of
China). High-quality reads were processed using the Perl script,
and the differentially expressed genes were identified using the
edgeR package.3 Genes with a fold change ≥2 were considered
significant differentially expressed genes. Gene ontology (GO)
and the Kyoto Encyclopedia of Genes and Genomes (KEGG)
pathway enrichment analysis were used to characterise the
differentially expressed genes. GO functional annotations were
obtained from the non-redundant annotation results. In addition,
the GO annotations were analysed using the Blast2GO software4

(Conesa et al., 2005). The RNA sequencing was done following
these steps: (1) total RNA extraction; (2) total RNA quality test;
(3) rRNA removal; (4) RNA fragmentation between 200 and
300 bp by ion disruption; (5) PCR: the first chain of cDNA was
synthesised by random primers and reverse transcriptase; when
the second chain of cDNA was synthesised, the library of chain-
specific components was constructed, and dTTP was replaced
by dUTP, which greatly improved the accuracy of the results.
(6) PCR enrichment of library fragments: the size of the library
ranged from 300 to 400 bp. (7) Library quality inspection: the
size of the library was detected by Agilent 2100 Bioanalyzer,
and the total concentration of the library was detected by
fluorescence quantitative analysis. (8) Illumina sequencing: the
best amount of sample was selected for PCR amplification. (9)
Annealing of sequencing at the same time of synthesis: the
prokaryote genetic analysis process firstly filtered the raw off-
machine data to obtain a high-quality sequence, comparing the

3www.r-project.org/
4www.blast2go.com
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TABLE 1 | Total bacterial population at harvest.

Samples Root endosphere (102 CFU/cm fresh root)a

SB001 9.40 ± 0.75

SB002 0.10 ± 0.01

SB003 2.50 ± 0.02

SB004 1.10 ± 0.04

SB005 0.20 ± 0.01

SB006 0.50 ± 0.02

aMeans of five replicates.

filtered sequence with the species reference genome. Based on the
results of the comparison, the amount of expression of each gene
was calculated. On this basis, the expression difference analysis,
enrichment analysis, and cluster analysis of the sample were
further carried out. The transcription structure of the sample was
analysed and the manipulative substructure of the sample gene
obtained. UTR, SNP, and InDel were obtained. HTSeq 0.6.1p25

was used to compare the read count values from each gene as the
original expression of the gene. To make gene expression levels
comparable between different genes and samples, we normalised
the sequencing depth and gene length using fragments per
kilobase of transcript per million (FPKM). FPKM calculates the
number of fragments that two reads can compare to the same
transcript. In the reference transcription group, we generally
took into account the FPKM >1 when the gene was expressed.
Pearson correlation coefficients were used to indicate the level
of expression correlation between genes in the sample to test
the reliability of the experiments and whether sample selection
was reasonable. The level correlation of gene expression between
samples was an important index to test the reliability of the
experiments and whether sample selection was reasonable. The
log2 fold change was calculated by dividing the FPKM values
from the bacterium during interaction with Arabidopsis (SB001)
and the bacterium without interaction with Arabidopsis (B001).

RESULTS

Isolation and Identification of the
Endophytic Bacterium Bacillus altitudinis
Six endophytic bacteria strains were isolated from wild plant
species. The ability of the six isolated endophytic bacteria to
colonise and persist in wild plant species was tested. Of these
six, only one isolate (SB001) colonised this plant species at levels
ranging from 9.40 × 102 CFU/cm fresh root compared with the
other five strains, where the level was lower (Table 1). Based on
the levels of colonisation, the isolated endophytic strain SB001
was selected for further assays.

The isolate SB001 showed a small rod-shaped structure
and Gram-positive spore-forming bacterium distinctive of the
genus Bacillus. The bacterium strain was identified using
the partial (1,147 bp) and full (1,544 bp) 16S rRNA gene.
Using the taxonomically united database of 16S rRNA in

5http://htseq.readthedocs.io

EzBioCloud, the full 16S rRNA was definitively identified
as a top hit with Bacillus altitudinis with 100% similarity.
Partial 16S rRNA sequences had an ambiguous 96.94% of
similarity with B. altitudinis. Additionally, glycosyl hydrolase
lipoprotein and SDR family oxidoreductase genes confirmed
the identification of B. altitudinis (Supplementary Table 1).
Considering the identification, the phylogenetic tree was
constructed by comparing the full 16S rRNA gene sequences of
the isolate SB001 with the reference strain sequences from the
NCBI GenBank public database. Molecular analysis indicated
that the isolated strain SB001 belongs to the genus Bacillus
showing an identity percentage of 100% and E-value of 0.0 with
B. altitudinis strain W3 (Figure 1).

Bacillus altitudinis Strain Promotes the
Growth of Different Plant Species
The endophytic strain was also evaluated for plant growth
promotion in different plant species. There was significant
growth in Arabidopsis plants treated with the endophytic
bacterium B. altitudinis (Figure 2A). The rosette diameter
(Figure 2B), leaf size (Figure 2C), and fresh weight (Figure 2E)
were considerably increased by inoculation with the B. altitudinis
strain compared with the control in Arabidopsis plants at
20 days. However, endophytic bacteria did not influence root
size (Figure 2D). Nevertheless, endophytic bacteria were suitably
established in Arabidopsis roots (Figure 2F).

The B. altitudinis strain significantly stimulated the growth
of N. tabacum plants (Figure 3A) and showed a substantial
influence on plant size (Figure 3B) and fresh weight (Figure 3C)
in N. tabacum plants. Inoculation with the B. altitudinis strain
considerably enhanced the growth of maize plants with respect
to non-inoculated plants (Figure 4A). Compared with the non-
inoculated plants, the endophytic strain increased the plant size
(Figure 4B) and fresh weight (Figure 4C) in inoculated plants.
However, the endophytic strain had no significant influence on
soybean plant growth (Figure 5). Overall, these results revealed
that B. altitudinis improved the vegetative growth of different
plant species following inoculation.

Bacillus altitudinis Induces
Transcriptional Changes in Genes
Involved in Plant Growth
RNA-seq was used to evaluate the interactions between
B. altitudinis and Arabidopsis. To generate RNA-seq data
sets, we prepared cDNA libraries from mock-inoculated
and inoculated with the endophytic bacterium B. altitudinis
from Arabidopsis plant RNA and sequenced them on two
separate flow cells. The range of gene expression during
the B. altitudinis–Arabidopsis interaction was determined.
During the interaction, 27,628 transcripts were identified and
annotated (Supplementary Table 2). From this, 7,379 new
transcripts were annotated (Supplementary Table 3). The
highest number of transcripts (33.57%) showed an expression
level change of between 1- and 10-fold. The lowest number
of transcripts was distributed at the highest expression level
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FIGURE 1 | Phylogenetic tree of 16S rRNA sequences from endophytic bacterium strain (SB001) compared with representative members of Bacillus genus with
more than 98% of identity.

FIGURE 2 | Endophytic bacterium B. altitudinis induces significant Arabidopsis plant growth. Plants (5-day-old) were mock-treated (control) or inoculated with 30 ml
of B. altitudinis at 4.77 × 109 CFU/ml. (A) Phenotype of Arabidopsis plants mock-treated (control) and treated with B. altitudinis fermentations (SB001) at 20 days
post-inoculation. Effect on the rosette diameter (B), leaf size (C), root size (D), and fresh weight (E) of Arabidopsis plants treated with B. altitudinis fermentations
(SB001). (F) Colony-forming units were determined in Arabidopsis plants mock-treated (control) and treated with B. altitudinis fermentations (SB001). Each bar
represents mean values with standard errors of two independent experiments (n = 10). ***P ≤ 0.001.
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FIGURE 3 | Endophytic bacterium B. altitudinis induces significant Nicotiana
tabacum plant growth. Plants (5-day-old) were mock-treated (control) or
inoculated with 30 ml of B. altitudinis at 4.77 × 109 CFU/ml. (A) Phenotype
of N. tabacum plants mock-treated (control) and treated with B. altitudinis
fermentations (SB001) at 20 days post-inoculation. Effect on plant size (B)
and fresh weight (C) of N. tabacum plants mock-treated (control) and treated
with B. altitudinis fermentations (SB001). Each bar represents mean values
with standard errors of two independent experiments (n = 10). *P ≤ 0.05.

between >100-fold change (Figure 6). Analysis of RNA-
seq data during the interaction revealed 368 differentially
expressed transcripts, which included 256 upregulated and 112
downregulated transcripts (Figure 7). Among them, maturase
K, tetratricopeptide repeat (TPR)-like superfamily protein,
LOB domain-containing protein, and BTB/POZ and TAZ
domain-containing proteins showed the highest gene differential
expression during B. altitudinis–Arabidopsis interaction.

FIGURE 4 | Endophytic bacterium B. altitudinis induces significant maize
plant growth. Plants (5-day-old) were mock-treated (control) or inoculated with
30 ml of B. altitudinis at 4.77 × 109 CFU/ml. (A) Phenotype of maize plants
mock-treated (control) and treated with B. altitudinis fermentations (SB001) at
20 days post-inoculation. Effect on plant size (B) and fresh weight (C) of
maize plants mock-treated (control) and treated with B. altitudinis
fermentations (SB001). Each bar represents mean values with standard errors
of two independent experiments (n = 10). *P ≤ 0.05; **P ≤ 0.01.

Trihelix transcription factor (TF) ASR3, TF MYB90, and
O-methyltransferase family proteins were significantly repressed
during the interaction (Table 2 and Supplementary Table 4).

Differentially expressed transcripts were subjected to
functional analyses. GO enrichment analysis was performed
using the annotated difference gene to calculate the list
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FIGURE 5 | Endophytic bacterium B. altitudinis does not induce soybean plant growth. Plants (5-day-old) were mock-treated (control) or inoculated with 30 ml of
B. altitudinis at 4.77 × 109 CFU/ml. (A) Phenotype of soybean plants mock-treated (control) and treated with B. altitudinis fermentations (SB001) at 20 days
post-inoculation. Effect on plant size (B) and fresh weight (C) of soybean plants mock-treated (control) and treated with B. altitudinis fermentations (SB001). Each
bar represents mean values with standard errors of two independent experiments (n = 10).

of genes and the number of genes for each term. The
transcripts with the largest increases in expression were NADH
dehydrogenase (quinone), NADH dehydrogenase (ubiquinone)
activity, NADH dehydrogenase, and oxidoreductase
(Figure 8A). Based on the KEGG pathway, we categorised
the most significant transcripts into nitrogen metabolism
and oxidative phosphorylation pathways (Figure 8B and
Supplementary Table 5). The expression profile of TF genes
displays the upcoming transcription actions regulated by these
genes. To determine their important roles, the TFs involved

in the B. altitudinis–Arabidopsis interaction were analysed.
The largest TF families detected in our study were basic
helix-loop-helix (bHLH) DNA-binding superfamily protein,
TF MYB13 (MYB), ethylene responsive factor (ERF), NAC
domain-containing protein 1 (NAC), and zinc finger protein
ZAT1 (C2H2), respectively (Figure 9).

During the interaction, a total of 3,413 genes were annotated
from B. altitudinis. From these, genes with a log2 fold
change between −1.2 and 5.3 were analysed. Twenty-two
and 8 B. altitudinis genes were up- and down-regulated
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FIGURE 6 | Statistics showing the range of plant gene expressions during the B. altitudinis–Arabidopsis interaction. Horizontal coordinates represent the range of
expression measures, and ordinates represent the number of genes in each expression interval.

FIGURE 7 | Volcanic diagrams of differential expression genes. The horizontal
coordinates are log2 (fold change) and the ordinates are -log10 (p-value). The
two vertical dashed lines are 2 times the difference threshold, and the
horizontal dashed lines are p-value 0.05 thresholds. A red dot indicates the
upregulated genes group, a blue dot indicates the downregulated genes
group, and a grey dot represents a non-significant difference in the expression
of the genes group. The scale was fixed considering the minimum and
maximum log2 values (between -7.60 and 15.70) included in the
Supplementary Table 4.

during the interaction with Arabidopsis plants, respectively.
The rest of these genes were undefined, repeated, low
significant fold change, or involved in the primary metabolism
of the bacterium. The major facilitator superfamily (MFS)
transporter, sucrose-6-phosphate hydrolase, phosphate ABC
transporter, DNA gyrase subunit B, polysaccharide biosynthesis
protein, serine phosphatase, and flagellar biosynthesis protein
had the highest expression levels in B. altitudinis during
the interaction with Arabidopsis plants. Moreover, elongation
factors G, 2,3-butanediol dehydrogenase, dihydrolipoamide
succinyltransferase, and proline dehydrogenase were highly
downregulated in bacteria (Table 3 and Supplementary Table 6).

DISCUSSION

Different classes of microorganism have the potential to promote
plant growth. The favourable effects of endophytic bacteria
derived from the roots have been demonstrated. The significant
reaction of these endophytic bacteria on plant growth has been
achieved by both direct and indirect processes. Direct effects
comprise the production of molecules that encourage plant
growth (Goswami et al., 2016). In the current study, different
endophytic bacteria strains were isolated from wild plant species.
The SB001 strain was the most abundant in the inner tissues of
the wild plant species. The strain was identified as B. altitudinis
through morphological and molecular analyses.
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TABLE 2 | Most important differentially expressed genes in Arabidopsis plants
inoculated with B. altitudinis.

ID Log2 fold
change

Description

Upregulated genes

ATCG00040 12.8 Maturase K

ATCG00360 12.3 Tetratricopeptide repeat (TPR)-like superfamily
protein

AT4G37540 11.1 LOB domain-containing protein

AT3G48360 10.7 BTB/POZ and TAZ domain-containing protein

AT5G50915 9.5 Transcription factor bHLH137

AT4G28040 9.2 WAT1-related protein

AT5G09730 9.1 Beta-D-xylosidase

AT4G37390 8.9 Auxin-responsive GH3 family protein

AT4G16590 8.7 Cellulose synthase-like A01

AT4G15210 8.4 Beta-amylase

AT3G45140 8.1 Lipoxygenase 2

AT5G44050 8.1 Protein DETOXIFICATION 28

AT1G54020 8.0 GDSL esterase/lipase At1g54020

AT1G52400 8.0 Beta-D-glucopyranosyl abscisate
beta-glucosidase

AT3G47340 7.9 DIN6

AT2G39030 7.9 L-ornithine N5-acetyltransferase NATA1

AT1G01480 7.8 1-Aminocyclopropane-1-carboxylate synthase

AT5G20630 7.5 Germin-like protein subfamily

AT4G36850 7.4 PQ-loop repeat family protein

AT4G22755 7.3 SMO1–3

AT3G44300 7.2 NIT2

AT1G73260 7.2 Kunitz trypsin inhibitor 1

AT4G21680 7.1 Protein NRT1/PTR family

AT1G02205 7.1 Fatty acid hydroxylase superfamily

ATMG00570 7.0 Sec-independent periplasmic protein
translocase

ATCG00190 6.6 DNA-directed RNA polymerase subunit beta

AT2G43620 6.6 Endochitinase At2g43620

AT4G37150 6.1 MES9

AT2G25900 6.0 Zinc finger CCCH domain-containing protein

AT3G16240 5.9 Aquaporin TIP2-1

AT5G12940 5.9 Leucine-rich repeat (LRR) family protein

AT5G03260 5.8 Laccase

AT4G23600 5.7 Cystine lyase CORI3

AT1G09350 5.6 Hexosyltransferase

AT1G76930 5.6 Extensin

AT1G54010 5.5 Inactive GDSL esterase/lipase-like protein

AT1G03220 5.4 Eukaryotic aspartyl protease family protein

AT1G52040 5.4 Myrosinase-binding protein

AT2G39800 5.3 Delta-1-pyrroline-5-carboxylate synthase A

AT4G01870 5.1 TolB protein-related

AT2G05790 5.1 O-glycosyl hydrolases family 17 protein

AT2G07715 5.1 Nucleic acid-binding, OB-fold-like protein

AT1G05680 5.0 Glycosyltransferase

AT2G23130 5.0 Lysine-rich arabinogalactan protein

AT5G20250 5.0 Raffinose synthase family protein

AT5G40890 4.9 Chloride channel protein CLC-a

AT2G06850 4.9 Xyloglucan endotransglucosylase/hydrolase
protein

(Continued)

TABLE 2 | Continued

ID Log2 fold
change

Description

AT1G78850 4.9 EP1-like glycoprotein

AT2G29350 4.8 SAG13

AT4G12420 4.8 Monocopper oxidase-like protein SKU5

AT5G25980 4.7 Myrosinase

AT3G01500 4.5 Beta carbonic anhydrase 1, chloroplastic

AT1G44350 4.5 IAA-amino acid hydrolase

AT4G34710 4.4 Arginine decarboxylase

AT1G77760 4.3 Nitrate reductase

AT1G45201 4.1 Triacylglycerol lipase-like 1

Downregulated genes

AT2G33550 −7.4 Trihelix transcription factor ASR3

AT1G66390 −7.1 Transcription factor MYB90

AT1G21120 −7.0 O-methyltransferase family protein

AT2G28720 −6.3 Histone

AT1G56250 −6.2 F-box protein VBF

AT2G16600 −6.0 Peptidyl-prolyl cis–trans isomerase

AT5G23750 −5.6 Remorin family protein

AT3G52280 −5.5 General transcription factor group E6

AT1G68790 −5.4 Protein CROWDED NUCLEI

AT2G40880 −5.3 Cysteine proteinase inhibitor

AT3G51920 −5.1 Calmodulin-like protein

AT5G05410 −5.1 Dehydration-responsive element-binding
protein 2A

AT5G52740 −5.1 Heavy metal-associated isoprenylated plant
protein 12

AT3G51910 −5.0 Heat stress transcription factor A-7a

AT5G16570 −5.0 Glutamine synthetase

AT5G16470 −5.0 Protein METHYLENE BLUE SENSITIVITY 2

AT1G76720 −4.9 Eukaryotic translation initiation factor 2 (eIF-2)

AT5G40340 −4.9 Tudor/PWWP/MBT superfamily protein

AT1G22160 −4.9 FCS-like zinc finger 5

AT5G39950 −4.8 Thioredoxin H2

AT5G55660 −4.3 DEK domain-containing chromatin associated
protein

AT5G52640 −4.3 Heat shock protein 90

AT4G19840 −4.3 Protein PHLOEM PROTEIN 2-LIKE A1

AT4G29160 −4.2 Vacuolar protein sorting-associated protein

AT3G25230 −4.2 Peptidylprolyl isomerase

AT3G52400 −4.0 Syntaxin

AT2G33550 −7.4 Trihelix transcription factor ASR3

Several plant growth promotion assays were conducted to
determine whether SB001 could promote plant growth in
different plant species under greenhouse conditions. Inoculated
A. thaliana, N. tabacum, and maize plants exhibited growth
improvement, and significant increases were observed for several
growth variables, such as fresh weight and plant size, between
the inoculated and non-inoculated control plants. However,
this strain did not influence soybean growth. It is likely
that the internal tissue environment of soybean roots is not
suitable for the correct setting of the bacterium. Interestingly,
B. altitudinis strain was well established in Arabidopsis roots,
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FIGURE 8 | Gene ontology (GO) (A) and KEGG pathway-rich analysis (B). Based on the GO-rich and KEGG results, the extent of richness is measured by the rich
factor, false discovery rate (FDR) values, and the number of genes that were collected into this GO term or KEGG pathway. Rich factor refers to the ratio of the
number of different genes collected in the GO term or KEGG pathway to the number of genes annotated.

FIGURE 9 | Transcription factor family. The horizontal coordinates are different transcription factor families, and the ordinates are the number of genes that fall into
that transcription factor family.

which constitutes important evidence of the ability of this
strain to colonise internal tissues. Remarkably, this endophytic
strain displayed vigorous plant growth-promoting effects in non-
host plants. This result proposes that SB001 has the ability to
efficiently enhance the growth of a broad range of plant species,
and consequently, this might be used in applications under
field conditions.

Earlier studies showed that several Bacillus species isolated
from various hosts promote plant growth (Ashraf et al., 2004;
Xie et al., 2014; Kuan et al., 2016; Pourbabaee et al., 2016;
Radhakrishnan and Lee, 2016; Fouda et al., 2021). For example,
B. insolitus, B. subtilis, and B. methylotrophicus increased the
size and weight of shoots, leaves, and roots from diverse plant
species (Ashraf et al., 2004; Radhakrishnan and Lee, 2016).
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TABLE 3 | Most important differentially expressed genes in B. altitudinis during the
interaction with Arabidopsis plants.

ID Log2 fold
change

Swiss-Prot

Upregulated genes

Gene2967 5.3 MFS transporter

Gene2185 4.5 Sucrose-6-phosphate hydrolase

Gene1412 4.0 Phosphate ABC transporter

Gene3573 3.5 DNA gyrase subunit B

Gene1888 3.3 Polysaccharide biosynthesis protein

Gene3614 3.3 Serine phosphatase

Gene273 3.3 Flagellar biosynthesis protein

Gene1747 2.7 Electron transfer flavoprotein subunit
beta

Gene3085 2.5 Phosphoribosylaminoimidazole
synthetase

Gene1805 2.3 Bifunctional oligoribonuclease/PAP
phosphatase NrnA

Gene3086 2.3 Phosphoribosylglycinamide
formyltransferase

Gene1799 2.2 Acetyl-carboxylase subunit beta

Gene1627 2.0 Rod shape-determining protein

Gene1555 1.7 Uridine kinase

Gene388 1.6 Cell division protein

Gene459 1.5 Branched-chain alpha-keto acid
dehydrogenase subunit E2

Gene2681 1.4 3-Hydroxyacyl-CoA dehydrogenase

Gene1634 1.2 Valyl-tRNA synthetase

Gene2803 1.1 Alpha-mannosidase

Gene369 1.0 Isoleucine

Gene284 1.0 Flagellar basal body rod protein

Gene389 1.0 Cell division protein

Downregulated genes

Gene3695 −3.8 Elongation factor G

Gene1531 −2.7 2,3-Butanediol dehydrogenase

Gene1048 −2.6 Dihydrolipoamide succinyltransferase
succinyl transferase

Gene2911 −2.6 Proline dehydrogenase

Gene3548 −1.9 Single-stranded DNA-binding protein

Gene668 −1.7 Flagellin

Gene3183 −1.4 Crp/Fnr family transcriptional regulator

Gene3475 −1.2 Flotillin

Furthermore, B. subtilis and B. methylotrophicus induced the
production of hormones such as IAA, cytokinins, gibberellic acid
(GA), and spermidines to stimulate plant growth (Xie et al., 2014;
Radhakrishnan and Lee, 2016; Fouda et al., 2021), whereas
B. megaterium and B. methylotrophicus boosted endogenous
proteins, amino acids, and minerals in plants (Kang et al., 2014;
Radhakrishnan and Lee, 2016). Strain SB001 exhibited different
plant growth-promoting properties, which were reflected in the
enhanced vegetative growth of different plant species, although
these properties under soil conditions need to be investigated.
Due to its beneficial plant growth-promoting activities, the
B. altitudinis strain may be used as a source of bio-fertiliser in
sustainable agriculture.

Plant–harmless bacteria interactions have been studied for
many years. However, the molecular events used and involved
during the interaction are not well understood, which makes
it difficult to use the advantages of these complex interactions
under natural conditions. Endophytic bacteria positively impact
plant growth and select beneficial bacterial colonisers (Hardoim
et al., 2008; Marasco et al., 2012; Rashid et al., 2012). In this
study, we conducted transcriptome sequencing of Arabidopsis–
B. altitudinis interactions to identify and quantify the expression
grades of transcripts. A large number of novel candidate genes
related with primary and secondary metabolite biosynthesis
were identified in our expressed sequence tag (EST) data set.
The results show new understandings in the expression data
of this endophytic bacterium, as well as a first insight into
the gene expression patterns during Arabidopsis–B. altitudinis
interaction. Moreover, the transcriptome information obtained
in this study provides a significant contribution to gaining a
suitable understanding of the molecular events implicated in
the interaction.

Remarkably, GO and KEGG analyses showed significant
changes, suggesting that the B. altitudinis strain had a
considerable effect on the plant. Our data indicated that SB001
induces important pathways involved in plant growth. All
the information about the molecular interactions in known
metabolic and regulatory pathways are contained in the KEGG
pathway database (Kanehisa and Goto, 2000). Interestingly,
the maturase K (chloroplast-encoded splicing factor), TPR-
like superfamily protein, LOB domain-containing protein, and
BTB/POZ and TAZ domain-containing protein genes were
highly induced for the first time during the Arabidopsis–
B. altitudinis interaction.

Previously, maturase K gene expression was associated with
developmental stage, etiolation, and regulation processes related
with development and photosynthesis (Barthet and Hilu, 2007).
Maturase K has influence in gene expression in plants and
interferes with the proper expression of the photosynthetic
mechanism (Qu et al., 2018). Indeed, the induction of the
maturase K gene might have an effect on plant growth during
the interaction, through an enhancing photosynthetic process.
TPR proteins are important in plant hormone signalling, such as
GA, cytokinin, and ethylene (Jacobsen et al., 1996; Wang et al.,
2004; Greenboim-Wainberg et al., 2005; Yoshida et al., 2005).
In addition, the TPR gene was a key positive regulator of ABA
during Arabidopsis seedling development (Rosado et al., 2006).

Conversely, LOB domain-containing protein genes constitute
a gene family that encodes plant-specific TFs that play
key functions during plant growth (Zhang et al., 2020).
These proteins are essential TFs that regulate plant organ
development, photomorphogenesis (Mangeon et al., 2011),
petiole development (Ge et al., 2014), hormone response
(Zentella et al., 2007), and metabolism regulation (Rubin et al.,
2009). Additionally, BTB/POZ and TAZ domain-containing
protein genes are required during gametophyte development
(Robert et al., 2009). This is an essential element of a
signalling network that recognises and responds to diverse
stimuli (Mandadi et al., 2009). Furthermore, the TF MYB90
is repressed during the interaction. Previously, it was found
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that heterologous expression of the TF AtMYB90 increased
the anthocyanin production and inhibited the tomato plant
growth (Li et al., 2018). The endophytic bacterium SB001 was
capable of promoting growth through activation of important
pathways implicated in plant growth, including the synthesis of
phytohormones and TFs.

The TFs constitute crucial functional factors involved in the
regulation of gene expression (Jiao et al., 2003). Numerous
processes such as brassinosteroid signalling, ABA signalling,
and axillary meristem formation are regulated by bHLH family
members during seedling development (Zhao et al., 2012). A total
of 153 transcripts were identified as bHLH TF proteins, and
these constituted the largest TF family during the interaction. In
addition, the bHLH proteins are a phytochrome interacting factor
(Toledo-Ortiz et al., 2003).

The MYB proteins were involved in regulatory networks
controlling development and metabolism of a diversity of plant
species (Dubos et al., 2010). MYB115 and MYB118 had a key part
in embryogenesis in Arabidopsis plants (Wang et al., 2009). Also,
MYB38 and MYB18 regulate hypocotyl elongation in response to
blue (Hong et al., 2008) and far-red light, respectively (Yang et al.,
2009). Other MYB proteins, such as MYB58, MYB63, MYB85,
MYB68, and MYB46, were related in the regulation of cell wall
biosynthesis (Zhou et al., 2009). In this study, 144 putative MYB
genes were detected during Arabidopsis seedling development.

The large NAC TF family was involved in a diversity
of developmental events in Arabidopsis and soybean
(Shamimuzzaman and Vodkin, 2013). This NAC TF family
has the capacity to permit crosstalk between different pathways
(Olsen et al., 2005). Furthermore, C2H2 zinc finger protein genes
play a significant part in the development and differentiation
(Razin et al., 2012). During the interaction, 100 putative C2H2
zinc finger genes were identified. In addition, ethylene responsive
factor (ERF) TFs belong to the Apetala2/ERF) TF family involved
in plant growth.

Interestingly, the MFS transporter and DNA gyrase subunit B
protein genes were highly expressed in B. altitudinis during the
interaction with the plant, which constitutes the first evidence
of the expression of these types of genes in this species. The
MFS transporter facilitates the transport of diverse molecules
such as sugars, vitamins, amino acids, and hormones across
cell membranes. These proteins are in different prokaryote
and eukaryote organisms (Pao et al., 1998). It is likely that
the high expression of this gene allows the transport of
important hormones involved in plant growth. Silencing of
the A. thaliana gyrase-A gene was embryo-lethal, whereas
silencing of gyrase-B genes led to severely affected growth
and development (Wall et al., 2004). We speculate that the
overexpression of the gyrase gene in B. altitudinis might
enhance plant growth.

CONCLUSION

Here, we report a new B. altitudinis endophytic strain isolated
from wild plant species. Our finding revealed that the endophytic

bacterium induced a key group of genes associated with
plant growth-promoting traits. We demonstrated that this
strain has a favourable reaction on plant growth. Remarkably,
our results suggest that maturase K, TPR-like superfamily
protein, LOB domain-containing protein, and BTB/POZ/TAZ
domain-containing protein might be involved for the first
time in this process. Furthermore, the MFS transporter and
DNA gyrase subunit B genes expressed in B. altitudinis may
be implicated in the observed effects. Future studies should
evaluate the direct functions of these genes in plant growth
during interactions. In addition, the potential beneficial effects
of B. altitudinis strain under natural conditions need to be
further investigated. In the long term, the new finding would
allow the development of suitable and effective strategies in
sustainable agriculture.
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Phosphorus (P) availability is usually low in soils around the globe. Most soils have a
deficiency of available P; if they are not fertilized, they will not be able to satisfy the
P requirement of plants. P fertilization is generally recommended to manage soil P
deficiency; however, the low efficacy of P fertilizers in acidic and in calcareous soils
restricts P availability. Moreover, the overuse of P fertilizers is a cause of significant
environmental concerns. However, the use of arbuscular mycorrhizal fungi (AMF),
phosphate–solubilizing bacteria (PSB), and the addition of silicon (Si) are effective
and economical ways to improve the availability and efficacy of P. In this review the
contributions of Si, PSB, and AMF in improving the P availability is discussed. Based
on what is known about them, the combined strategy of using Si along with AMF
and PSB may be highly useful in improving the P availability and as a result, its
uptake by plants compared to using either of them alone. A better understanding
how the two microorganism groups and Si interact is crucial to preserving soil fertility
and improving the economic and environmental sustainability of crop production in P
deficient soils. This review summarizes and discusses the current knowledge concerning
the interactions among AMF, PSB, and Si in enhancing P availability and its uptake by
plants in sustainable agriculture.

Keywords: phosphorus availability, silicon fertilizer, silicate solubilization, silicate-solubilizing bacteria,
synergistic interactions

INTRODUCTION

There is a growing need to improve food production to meet the requirements of the increasing
world population. This may be done in either of two ways: increasing the area under cultivation
or enhancing the yield per unit area. The former is not possible in many countries of the world
due to a number of restrictions including the availability of water or soil resources, climate change,
drought, and soil salinization (Etesami and Noori, 2019). On the other hand, one of the ways to
increase the yield per unit area is to improve the nutritional properties of the soil. As an essential
plant nutrient, P is required for carbon metabolism, energy generation, energy transfer, enzyme
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activation, membrane formation, and nitrogen (N2) fixation
(Schachtman et al., 1998). P also forms key biological molecules
like ATP, nucleic acids, and phospholipids (Marschner, 1995).
P deficiency is a significant limiting factor for the growth and
yield of crops that affects approximately 50% of all agricultural
ecosystems around the world (Lynch, 2011; Ringeval et al.,
2017; Etesami, 2020). To address this issue, there has been an
enormous worldwide increase in the use of P fertilizers. The high
agricultural P demand has put the sustainability of P mining
for fertilizer production into question (Elser, 2012). P fertilizers
often lead to the addition of a large excess of P in agricultural
soils. Unfortunately, >80% of the P fertilizers applied to the
soil is lost due to adsorption and fixation processes (de La Vega
et al., 2000; Vance et al., 2003) or it is transformed into organic
forms (Holford, 1997), which represent 40–80% of total soil P
(Bünemann et al., 2010), with phytates as the most common form
(Menezes-Blackburn et al., 2014). Therefore, the availability of
this added P to plants is limited (about 0.1% of the total P).

P is usually absorbed by the plant in a limited range of soil
conditions, i.e., pH 6.5–7 as H2PO4

− and HPO4
2−. When the

soil pH exceeds 7.0, inorganic phosphate (Pi) is predominantly
mineralized and immobilized as calcium phosphates. At lower
soil pH levels, P is usually bound/adsorbed by soluble aluminum
(Al), iron (Fe), manganese (Mn), or the associated hydrous
oxides (Brady and Weil, 1999). At neutral pH, Pi adsorbs to
weathered silicates such as clay minerals (Rajan, 1975). Thus,
the P concentration in soils with pH < 6.5 or pH > 7 is
suboptimal, and is generally about 1–10 µM (Schachtman et al.,
1998), which can result in crop yield depressions of 5–15%
(Shenoy and Kalagudi, 2005).

The theoretical increase in plant growth efficiency from
adding chemical P fertilizers has peaked so that additional
chemical P fertilization cannot be expected to significantly
increase plant yield (Etesami, 2020). Twenty-two million tons
of P (3–4% of the total P demand) are annually extracted
from natural sources (i.e., non-renewable phosphate rocks),
according to the US geological survey (Gaxiola et al., 2011),
which puts the natural P sources in risk of depletion (Cordell
et al., 2009). Therefore, a more efficient use of P is needed,
including maximizing P acquisition and utilization efficiencies
(Veneklaas et al., 2012).

Some plants can efficiently acquire and/or use P to maintain
metabolism and growth (Lambers et al., 2010; Aziz et al.,
2014). Some plant mechanisms for improving P acquisition
efficiency include (Ramaekers et al., 2010; Johri et al., 2015):
(i) increased expression of high affinity P transporters; (ii) soil
exploration at a minimal metabolic cost; (iii) topsoil foraging;
(iv) stimulation of root hair growth; (v) redistribution of growth
among root types; (vi) increase of the root-to-shoot ratio; (vii)
the secretion of organic acids (e.g., citrate, malate, or oxalate)
from roots to the soil; (viii) the activation of an advanced bio-
molecular system; and (xi) enhanced acid phosphatase (rAPase)
or phytase secretion.

Plants have also developed some biotic interactions with
diverse soil microorganisms that promote plant growth.
Arbuscular mycorrhizal fungi (AMF) and plant growth-
promoting bacteria (PGPB) are the most common such

microorganisms. AMF and PGPB, and especially the phosphate-
solubilizing bacteria subgroup (PSB), are known to help
overcome P deficiency in plants. PSB and AMF are a part of
the key biogeochemical cycling processes (Sharma et al., 2013;
Etesami, 2020).

Phosphate–solubilizing bacteria exist in most soils (Rodrìguez
and Fraga, 1999). In in vitro conditions, they can improve
P bioavailability by lowering the soil pH, solubilizing Pi,
activating synthesized phosphatases, mineralizing organic P,
and/or chelating P from Al3+, Ca2+, and Fe3+ (Rodrìguez and
Fraga, 1999; Browne et al., 2009; Sharma et al., 2013; Etesami,
2020). Nearly all soils also contain AMF, which associate with
approximately 80% of all plant roots (Smith and Read, 2008;
Brundrett and Tedersoo, 2018). The ability of AMF to promote
plant growth and yield and enhance P uptake has been well
documented (Miransari, 2010; Jansa et al., 2011; Smith et al.,
2011; Smith and Smith, 2011; Nadeem et al., 2014; Brundrett and
Tedersoo, 2018; Etesami, 2020).

As a consequence of variable soil conditions, microorganisms
may change crop productivity. Climate change also has a
substantial impact on the effectiveness of microorganisms.
One way to increase the efficiency of microorganisms under
adverse environmental conditions is the co–inoculation of
microorganisms (Nadeem et al., 2014; Etesami et al., 2015b;
Etesami and Maheshwari, 2018; Ghorchiani et al., 2018) that
stimulates plant growth through various mechanisms (Bashan
et al., 2004). AMF and PGPB can work together to yield
sustainable plant growth in malnourished environments (Zarei
et al., 2006; Mohamed et al., 2014; Nadeem et al., 2014; Lee
et al., 2015; Xun et al., 2015). Combinations of AMF and PGPB
are commonly used to increase crop yields (Mäder et al., 2011;
Ghorchiani et al., 2018), improve fruit quality (Ordookhani et al.,
2010; Bona et al., 2016), boost phytoremediation, enhance the
fertilizer nutrient use efficiency (Xun et al., 2015), lower chemical
fertilization application requirements (Adesemoye et al., 2009),
and increase salinity tolerance (Gamalero et al., 2009).

The use of silicon (Si) fertilizer has also been proposed as
an environmentally friendly, ecologically compatible method
of improving plant growth and the resistance to multiple
environmental stresses including nutritional imbalances
(Etesami and Jeong, 2018, 2020; Etesami et al., 2020). Previous
studies have reported that Si increases plant uptake of P (Kostic
et al., 2017; Neu et al., 2017; Rezakhani et al., 2019a,b; Schaller
et al., 2019). Combining Si and microorganism applications
has been proposed to effectively induce improved plant growth
and nutrition (Etesami, 2018; Etesami and Adl, 2020). Previous
studies have observed that AMF and Si work together to improve
plant growth regardless of the stress conditions (Hajiboland
et al., 2018; Moradtalab et al., 2019), and that PSB and Si
synergistically help plants better uptake P (Rezakhani et al.,
2019a,b). However, how AMF, PSB and Si interact to affect
P availability for plants is poorly understood. Thus, a better
understanding of the interactions of AMF, PSB and Si would
allow growers to rely less on chemical P fertilizers and instead
utilize biological processes to maintain fertility and enhance
plant growth. Hence, this review discusses the mechanisms
which AMF, PSB, and Si, individually and together, use to
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increase plant uptake of P in agricultural systems where proper
nutrition might otherwise suggest heavy use of P fertilizers.
This review also highlights future research needs regarding
how to improve plant uptake of P using AMF, PSB, and Si.
In addition, the role of silicate-solubilizing bacteria (SSB),
which convert insoluble silicate forms to available forms for the
plant, in increasing P and Si availability and their uptake by
plants is discussed.

PLANT RESPONSES TO P SCARCITY

Plants exhibit a complex array of biochemical, morphological,
and physiological adaptations to deal with P deficiency, which
are generally known as “P starvation responses” (Plaxton, 2004)
and endeavor to increase P acquisition capacity and to preserve
plant vitality (Pang et al., 2015). Some P deficiency responses
are as follows. A preferential carbohydrate allocation toward
the roots, higher density of root hairs, greater root surface
area and length, as well as root cluster formations alter the
root structure and lead to reduced plant growth and increased
root-to-shoot ratio (Gilroy and Jones, 2000; Liao et al., 2001;
Sánchez-Calderón et al., 2006; Lynch, 2007; Niu et al., 2013;
Aziz et al., 2014; Lambers and Plaxton, 2015). The greater
surface area provided by the larger root system allows for better
absorption of nutrients, including P, through increased contact
with the soil (Römer and Schenk, 1998; López-Bucio et al., 2003;
Lynch, 2007). Another important response to P deficiency is an
increase in the root organic acid exudations, i.e., carboxylates
(mainly citrate and malate) to the rhizosphere to increase the
rhizospheric inorganic P availability (Neumann and Römheld,
1999; Vance et al., 2003; Raghothama and Karthikeyan, 2005;
Johnson and Loeppert, 2006; Pang et al., 2015). Plants also
exhibit an increased efficiency of cellular P uptake. Inorganic
P in soils is generally very immobile, so that the uptake of
rhizospheric Pi is affected by the high–affinity Pi/H+ symporters
associated to the plasma membranes that belong to the PHT1
gene family (Gu et al., 2016). Previous studies observed that
P deficiency induced the expression of Pi transporters in
wheat (Gilroy and Jones, 2000; Tittarelli et al., 2007; Miao
et al., 2009; Jia et al., 2011; Kostic et al., 2015; Kostic et al.,
2017). Plants also induce enzymes that scavenge and recycle
Pi, such as acid phosphatase, which catalyzes Pi hydrolysis
from Pi–monoesters; nuclease, which degrades extracellular DNA
and RNA; and phosphodiesterase, which liberates Pi from
nucleic acids (Duff et al., 1994; Plaxton and Carswell, 1999;
Gaume et al., 2001; Plaxton, 2004). Plants may also induce
alternate cytosolic glycolysis pathways (Plaxton and Carswell,
1999), tonoplast pyrophosphatase that pumps H+, and different
respiratory electron transport pathways (Gonzàlez-Meler et al.,
2001; Plaxton, 2004). Plants also remobilize the internal P from
one plant part to another (Gill and Ahmad, 2003). Plants
modify the carbohydrate partitioning between source and sink,
photosynthesis, sugar metabolism in response to P deficiency
(Sánchez-Calderón et al., 2006), the cations in carbon metabolism
and alternate respiratory pathways (Uhde-Stone et al., 2003),
and/or membrane biosynthesis to require lower amounts of P

(Uhde-Stone et al., 2003; Lambers et al., 2006). Moreover, plants
establish mycorrhizal symbioses, beneficial associations between
soil fungi and plant roots (Smith and Read, 2008).

AMF AND THEIR MECHANISMS OF P
UPTAKE/MOBILIZATION

Arbuscular mycorrhizae are endomycorrhiza where the fungal
hyphae penetrate the root cell walls and get in touch with
the plasmalemma. AMF are commonly found in all of earth’s
ecosystems with plants (Redecker et al., 2013). The formation of
arbuscular mycorrhiza has allowed plants to survive and grow in
natural habitats for millions of years without fertilizers, pesticides
and irrigation. AMF belong to the subphylum Glomeromycotina
(Bruns et al., 2018), encompassing 340 described species1.

Having evolved 400–450 million years ago, this symbiosis
is likely the oldest type of mycorrhiza, and it involves a wide
variety of plants (Smith and Read, 2008). AMF are obligate
symbionts and acquire all of their organic carbon requirements
from their plant partners. The symbiosis is often mutualistic
based largely on carbon exchange from the plant (4–20%
of photosynthetically fixed carbon) and P delivered by the
fungi (Wright et al., 1998; Smith and Smith, 2011). More
than 80% of earth’s plant species are estimated to be able
to form this mycorrhizal symbiosis (Wang and Qiu, 2006).
The benefits of the arbuscular mycorrhizae in various plants
(mostly in crops) have been proven (Smith and Read, 2008).
AMF increase plant resistance to abiotic stresses, improve
mineral uptake (particularly of P), enhance water relations, and
provide protection against soil-borne pathogens to promote
plant growth (Smith and Read, 2008). On top of significantly
aiding the P supply to plants, AMF can help plants acquire
macronutrients and micronutrients like Cu, K, Mg, N, and
Zn, especially when they’re present in less soluble forms in
soils (Meding and Zasoski, 2008; Smith and Read, 2008).
These fungi penetrate the root cortical cell walls and establish
arbuscules, which are haustoria–like structures, that mediate
the metabolite exchanges between the host cell and the fungi
(Oueslati, 2003). AMF enhance the root zone absorption area
by 10–100% and improve the plant ability to utilize more soil
resources. Mycorrhizal roots are able to reach a greater soil
volume than non-mycorrhizal ones, thanks to the extraradical
hyphae that facilitate the nutrient absorption and translocation
(Smith and Read, 2008). AMF increase the nutrient absorption
by increasing the absorption area of the roots, and also release
chemicals such as glomalin, a glycoprotein secreted by hyphae
and spores of AMF. Glomalin in the soil aids the uptake
of nutrients such as Fe and P that are difficult to dissolve
(Smith and Read, 2008; Miransari, 2010; Emran et al., 2017;
Begum et al., 2019). P is easily absorbed from soil particles and
therefore Pi-free zones are readily formed around the roots.
Extraradical hyphae of the mycorrhizal roots extend beyond these
P-depleted zones, taking up the bio-available Pi that is otherwise
inaccessible to plants.

1http://www.amf-phylogeny.com
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The roots of arbuscular mycorrhizal plants have two pathways
to absorb P. The first pathway is common to both arbuscular
mycorrhizal plants and non-arbuscular mycorrhizal plants,
where P is directly absorbed from the root epidermis and
hairs. The second pathway involves P entering the root cortical
cells (intraradical mycelium) (Smith and Smith, 2011), where
symbiotic interfaces are provided by arbuscules or hyphal coils,
through the fungal hyphae (P uptake from the interfacial apoplast
by cell-specific Pi transporter gene expression in the mycorrhizal
roots) (Benedetto et al., 2005; Balestrini et al., 2007; Gomez-Ariza
et al., 2009; Tisserant et al., 2012; Fiorilli et al., 2013). This is a
rapid P translocation over many centimeters. New physiological
and molecular evidence suggests that for P, regardless of plant
growth responses, the mycorrhizal pathway is operational (Smith
and Smith, 2011). The function of the transporters and the
translocation of Pi in the fungi and the transfer of Pi to the host
plants have been well reviewed (Johri et al., 2015; Ezawa and
Saito, 2018).

As mentioned above, the low solubility of P in acidic and
alkaline soils (e.g., lower than 10 µM) results in a very low
mobility (Schachtman et al., 1998). Therefore, when P is absorbed
by the roots, its replacement from bulk soil is very slow,
which leads to the establishment of P-depletion zones, where
all the available P has been utilized quickly from around the
roots, thereby reducing P uptake by the root epidermis hairs
(the first pathway of P absorption) (Schachtman et al., 1998;
Smith and Smith, 2011). Therefore, for improved P acquisition,
plants must overcome these depletion areas and display root
activities in other parts of the soil. The result of this effort for
P (and other relatively immobile soil resources) acquisition is
determined by the root system surface area. The most important
role of the hyphae in mycorrhizal fungi is the increase of the
root surface area (depletion is lower around small–diameter
arbuscular mycorrhizal fungal hyphae) (Smith and Smith, 2011).
In addition, mycorrhizal plants are able to exude organic
acids such as citrate and malate that chelate Al3+ (Klugh and
Cumming, 2007; Klugh-Stewart and Cumming, 2009) and Ca2+

and dissolve aluminum and calcium phosphates. By enhancing
the soil contact area through AMF hyphae, plants are granted
improved access to Pi and orthophosphates in the soil solution
(Bouhraoua et al., 2015), as the roots are able to directly take up
the released Pi with the help of arbuscular mycorrhizal fungal
hyphae. Arbuscular mycorrhizal roots do not establish a fungal
sheath, and theoretically are able to use both of the nutrient
uptake pathways. It has been proposed that the two nutrient
uptake pathways act additively in the arbuscular mycorrhizal
symbiosis (Bücking et al., 2012). However, approximately 80%
of P uptake in a mycorrhizal plant is estimated to be supplied
by the fungi (Marschner and Dell, 1994). AMF also increase
the ability of legumes to fix N2 and reduce the amount of
inorganic N that leaches (Veresoglou et al., 2012). Nitrogen
is a component of chlorophyll and thus is important for
photosynthesis. The transfer of photosynthetic materials to the
roots results, in turn, in increased activity of soil microorganisms
including AMF and PSB.

In general, AMF can increase P uptake in P-deficient soils by
(i) increasing the P uptake rate (P influx) per unit of arbuscular

mycorrhizal root. This increased P uptake rate with AMF is due to
the high effectiveness with which hyphal surfaces absorb P from
the soil, compared to the cylindrical root surfaces (Sharif and
Claassen, 2011); (ii) expanding the mycorrhizal hyphal network
to reach beyond the rhizosphere, absorbing Pi by AMF hyphae via
fungal Pi transporters up to 25 cm around the roots, translocating
the Pi to intracellular fungal structures in the root cortical cells
(Smith et al., 2011; Garg and Pandey, 2015); (iii) storing P in
the form of polyphosphates, such that the fungi can keep the
internal Pi levels relatively low, effectively transferring P from
soil to plant-based hyphae through appressoria and from the
extraradical mycelium to the intraradical mycelium (Pepe et al.,
2020); (iv) having hyphae with a small diameter (2–20 µm) that
allow the fungi to access small soil cores for P, and achieve
greater P influx rates for a given surface area (Jakobsen et al.,
1992; Jakobsen et al., 2001); and (v) decreasing the depletion
zone around the roots or hyphae (decreasing the impact of
rhizospheric Pi depletion) (Smith et al., 2011; Garg and Pandey,
2015). In one study, P depletion around the roots of Capsicum
annuum L. plants or the hyphae of Glomus mossea only extended
to about 0.06 cm and thus only∼7% of the soil P was positionally
available to the roots. But for the hyphae it was ∼100%, of the
soil was positionally available because the half distance between
neighboring hyphae was only 0.01 cm (Sharif and Claassen,
2011). As a general conclusion, the high effectiveness of hyphal
surfaces to absorb P from soils may be enough in most cases to
explain how AMF improve the uptake of available P from the soil.

PSB AND THEIR MECHANISMS OF P
UPTAKE/MOBILIZATION

Rhizospheric P mineralization and solubilization are important
mechanisms by which PSB increase the nutrient availability
for plants (Glick, 2012). PSB play a major role in all three
main parts of the soil P cycle (dissolution–precipitation,
mineralization–immobilization, and sorption–desorption).
There are various mechanisms by which PSB can change the
insoluble phosphates into available forms (Gyaneshwar et al.,
2002; Khan et al., 2007; Sharma et al., 2013; Etesami and
Maheshwari, 2018; Etesami, 2020). PSB strains belong to various
genera (e.g., Achromobacter, Actinomadura, Aerobactor,
Agrobacterium, Alcaligenes, Arthrobacter, Azotobacter,
Azospirillum, Bacillus, Chryseobacterium, Delftia, Enterobacter,
Gordonia, Klebsiella, Pantoea, Phyllobacterium, Pseudomonas,
Rhizobium, Rhodococcus, Serratia, Streptomyces, Thiobacillus,
Xanthobacter, Xanthomonas) (Sharma et al., 2013; Etesami,
2020) and can solubilize insoluble Pi compounds including
dicalcium phosphate, hydroxyapatite, tricalcium phosphate, and
rock phosphate, and mineralize organic phosphate compounds
to forms that can be absorbed by plants (i.e., H2PO4

− and
HPO4

2−) (Khan et al., 2009; Ramaekers et al., 2010; Alori et al.,
2017; Etesami, 2020). Each phosphate–solubilizing bacterium
may employ multiple mechanisms to solubilize insoluble
P. Some of the most significant bacterial mechanisms that
increases P availability for plants are briefly discussed in the
following sections.
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Production of Organic Acids
Most P uptake occurs in the pH range 6.5–7. However,
because of equilibrium reactions such as sorption/desorption and
the dissolution of P-bearing minerals are pH-dependent, PSB
solubilize Pi in neutral to alkaline soils by excreting protons and
producing organic and inorganic acids (Farhat et al., 2009; Jones
and Oburger, 2011). NH4

+ assimilation by plants and PSB leads
to hydrogen ion (H+) excretion to maintain electroneutrality
(Parks et al., 1990; Wu et al., 2008). Organic acids (e.g., 2–
ketogluconic, aspartic, citric, gluconic, lactic, malic, malonic,
oxalic, succinic, and tartaric acid) are produced by bacterial
metabolism, mainly due to oxidative respiration or carbon
source fermentations, such as periplasmic glucose oxidizing into
gluconic acid and being released into the soil solution, or the
oxidation of organic matter or animal fertilizers added to the
soil (Gyaneshwar et al., 2002; Trolove et al., 2003; Goldstein,
2007; Jones and Oburger, 2011). Organic acids can solubilize
P from mineral surfaces via ligand-promoted dissolution or
ligand exchange (Jones and Oburger, 2011; Oburger et al.,
2011). In addition, PSB can indirectly reduce the pH of the
rhizosphere and increase P levels by affecting the root system
and, consequently, increasing the root exudates. Since root
exudates contain different chelating agents and organic acids,
they can increase the rhizospheric P availability. Organic acids (or
organic anions) can enhance the rhizospheric P levels by lowering
the pH, as PSB generally release the dissociated organic acids
with protons, which allows them to preserve electroneutrality
(Whitelaw et al., 1999; Castagno et al., 2011; Jones and Oburger,
2011). Organic acids compete with phosphates for fixation sites,
or even replace the adsorbed phosphates on the soil clays surfaces,
such as amorphous aluminum oxides, goethite, kaolinite, and
montmorillonite. Chelating agents present in the root exudates
(e.g., siderophores) can improve P availability to plants by
promoting the chelation of P-bound Al3+, Ca2+, and Fe3+,
or establishing soluble complexes with metal ions associated
with insoluble P, which circumvents Pi precipitation (Figure 1)
(Whitelaw, 1999; Rashid et al., 2004; Osorio Vega, 2007). On the
other hand, root exudates come from different carbon sources
(e.g., amino acids, mucilage, nucleotides, organic acids, phyto–
siderophores, sugars, and vitamins) and have different signals,
which lead to the attraction of microbial flora at the root level,
including PSB. Increases in the microbial population result in
the production of more rhizospheric organic acid production
and subsequently decreases the rhizospheric pH (Khan et al.,
2007; Pothier et al., 2007; Badri and Vivanco, 2009; Drogue et al.,
2013; Sharma et al., 2013; Etesami et al., 2015b; Etesami, 2020;
Figure 1).

Production of Inorganic Acids
Mineral acids like carbonic acid (H2CO3), hydrochloric acid
(HCl), nitric acid (HNO3), and sulfuric acid (H2SO4), in addition
to organic acids, have been reported to contribute to solubilizing
insoluble Pi (Sharma et al., 2013). Sulfur–oxidizing bacteria
(SOB) such as those belonging to the genus Thiobacillus and
nitrifying bacteria (NB) like those belonging to the genera
Nitrosomonas and Nitrobacter, oxidize sulfur and ammonia and

lead to the formation of inorganic acids and, consequently,
reduce the pH, which ultimately increases the rhizospheric P
availability (Stamford et al., 2003). SOB oxidize reduced sulfur
compounds to produce sulfuric acid in the presence of oxygen to
obtain energy while NB get their energy by oxidizing inorganic
nitrogen compounds. Carbon dioxide (CO2) resulting from
microbial respiration and organic matter decomposition, after
combining with water, becomes carbonic acid which can also
reduce the rhizospheric pH and lead to increased P availability
(Figure 1). In general, the role of inorganic acids in the
solubilization of P is lower than that of organic acids and is less
frequently reported. Since the ability of PSB to lower the pH in
certain instances is not always associated with Pi solubilization
ability, acidification cannot be the only mechanism for dissolving
insoluble Pi (Bashan et al., 2013).

Siderophore Production
Plants and microorganisms in low-iron conditions produce
siderophores which are low molecular weight (200–2000 Da)
organic compounds with an iron–chelating ability (Ahmed and
Holmström, 2014). The primary role of siderophores is to chelate
Fe(III) under various environmental conditions making the
element available to plants and microorganisms. Siderophores
can bind to a variety of metals besides Fe(III) including Al, Ca,
Cd, Co, Cu, Mn, Mo, Ni, Pb, and Zn, albeit with a lower affinity
(Ahmed and Holmström, 2014). PSB have also been shown
to be capable of producing siderophores (Vassilev et al., 2006;
Caballero-Mellado et al., 2007; Hamdali et al., 2008; Karimzadeh
et al., 2020) which can promote the dissolution of insoluble
mineral P (Sharma et al., 2013). Siderophores can improve
P availability for plants by ligand exchange and chelating the
elements (e.g., Al3+, Ca2+, and Fe3+) that form a complex with
P (Figure 1).

Indole–3–Acetic Acid (IAA) and
ACC-Deaminase Production
One mechanism that plants employ to deal with P deficiency is
to allocate a large portion of the photosynthetic substrates to root
growth, to develop fine roots with small diameters with greater
surface area. Fine roots, especially root hairs, are associated
with scavenging soil P with their high surface area (Rengel
and Marschner, 2005). PGPB, including PSB, can improve a
plant’s P capturing capacity by promoting root growth through
branching, hormonal stimulation, or root hair development
(phytostimulation; e.g., production of IAA or enzymes that
modify plant ethylene precursors, like 1-aminocyclopropane 1-
carboxylic acid (ACC) deaminase) (Richardson et al., 2009;
Hayat et al., 2010; Emami et al., 2019). A plant’s response
to P starvation stress can result in a decrease in the number
of root hairs (Borch et al., 1999). The ACC deaminase
enzyme can degrade the precursor for the ethylene production
and influences how P affects the root growth; ethylene can
adjust the root architectural response to soil P availability
(Etesami and Maheshwari, 2018).

The abundance and length of the root hairs are positively
correlated with the immobile element uptake. Modified root
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FIGURE 1 | The part that phosphate solubilizing bacteria (PSB) play to improve plant’s ability to acquire the soil phosphorus by altering the sorption equilibria that
may increase the net orthophosphate ion transfer into the soil solution. Protons and metal chelating agents are especially effective in solubilizing precipitated
phosphorus forms (aluminum phosphates and iron phosphates in acidic conditions, and calcium phosphates in alkaline conditions). Le Chatelier’s principle states
that increasing a certain substance’s concentration leads to the balance shifting such that consumption of that substance increases, and lowering the concentration
of a material promotes the balance toward the production of the said material. Chelating agents (organic anions, siderophores, etc.) remove Al3+, and Ca2+, and
Fe3+ ions from the reaction and cause the balance to shift such that more H2PO4

− and HPO4
2− are produced. The addition of H+ ion also causes the balance to

be adjusted to encourage the reduction of H+ ions, leading to more H2PO4
− and HPO4

2− to be produced.

morphology of inoculated plants may enhance P uptake (Rengel
and Marschner, 2005). Many PSB genera in soils are known to
secrete IAA (Ahemad and Khan, 2010; He et al., 2010; Ahemad,
2012; Misra et al., 2012; Oves et al., 2013; Etesami and Alikhani,
2016a,b; Etesami and Maheshwari, 2018; Emami et al., 2019;
Karimzadeh et al., 2020) that plant roots absorb, leading to
increased endogenous pool of IAA in plants (Glick et al., 2007). In
addition, many PSB are also reported to produce ACC deaminase
(Iqbal et al., 2012; Sarathambal and Ilamurugu, 2013; Etesami
et al., 2014; Shahzad et al., 2014; Etesami and Alikhani, 2016a;
Karimzadeh et al., 2020).

Bacterial IAA can promote the development (architecture,
branching, etc.) of the root system and increase root exudation.
Organic acids in root exudates lead to rhizosphere acidification
(Dakora and Phillips, 2002; Amir and Pineau, 2003; Jones
et al., 2003) and also play an important part in forming and
increasing the mobility of complexes with essential ions for plant
uptake (Figure 1; Etesami et al., 2015a). For example, Hinsinger
(2001) reported the role of exuded carboxylates in solubilizing
various P complexes. Exuded organic acid anions may also be
the growth substrates for microorganisms. Root exudates are

a more effective nutrient source than soil organic matter that
are easily degradable for microorganisms in the rhizosphere
(Rengel and Marschner, 2005).

The increase in CO2 production from respiration of the
rhizosphere microbial population leads to acidification of the
rhizospheric environment. This can also lead to enhanced P
availability, by increasing the release of new root extracts.
Rhizospheric acidification also results from the H+ pump
from plant and microbe nutrient uptake, N2 fixation by the
symbiosis between Rhizobium and legume, and organic matter
decomposition (Marschner and Rimmington, 1988). Certain
microorganisms may indirectly enhance P nutrition for plants by
enhancing root growth or root hair elongation, which allows for
a greater degree of soil exploration instead of directly increasing
soil P availability. IAA–producing PSB can also solubilize
insoluble Pi in a manner similar to PSB by increasing the
root surface area and subsequently increasing the root exudates
(Dobbelaere et al., 1999; Lambrecht et al., 2000; Steenhoudt
and Vanderleyden, 2000; Etesami and Maheshwari, 2018; Emami
et al., 2019). In general, plant growth regulators influence root
architecture and can increase P acquisition efficiency, especially
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from unavailable forms, and for this purpose root traits are a key
factor (Campos et al., 2018).

Organic P Mineralization
Organic P forms a significant part (40–80%) of the total soil
P. Plants encountering P deficiency increase the exudation of
P–hydrolyzing enzymes. In addition to dissolving phosphates
affected by organic acids, the reactions of the phosphatase group
of enzymes in the soil are also important. Phosphatases play
a significant part in the organic P mineralization in soils. PSB
can mineralize organic P by secreting phosphatases (Khan et al.,
2009; Sharma et al., 2013; Etesami, 2020). Microbial–derived
phosphatases are more likely to be combined with phosphate
compounds than plant phosphatases are, and they help release
orthophosphates from soil organic P (Tarafdar et al., 2001).
Phytate (inositol hexaphosphate) is one of main soil organic P
forms, accounting for over 50% of the total soil P (Osborne
and Rengel, 2002). Phosphatases are not effective in mineralizing
phytate. Phytase secreted by microorganisms converts phytate
into P esters that can be broken down into Pi by phosphatases
(Rengel and Marschner, 2005). Inorganic P immobilization
by PSB can indirectly help P solubilization. PSB remove and
assimilate P from the liquid culture medium according to the
sink theory, activating the indirect dissolution of apatite or
Ca3(PO4)2 (Illmer et al., 1995; Guidry and Mackenzie, 2003).
This can be explained according to Le Chatelier’s principle,
which states that lowering the concentration of Pi in soil
solution promotes the balance toward the production of the
Pi (e.g., release of Pi from calcium phosphates). Over a long
period of time, all of the microbial P can potentially become
available to plants. P immobilization in the biomass has been
suggested to be an important mechanism for regulating P
supply in a soil solution (Seeling and Zasoski, 1993), and for
keeping labile P forms protected from reactions with the soil
(Olander and Vitousek, 2004).

Si AND ITS ROLE IN P
UPTAKE/MOBILIZATION

Elemental Si is the second most abundant element in the
lithosphere (approximately 28%). Si dioxide (SiO2) is the most
common form of Si in soils. The main Si components in most
soils includes amorphous silica, feldspars, kaolin, orthoclase,
plagioclase, quartz, smectite, and vermiculite (Sahebi et al., 2015).
Most Si contained in silicate minerals, and only a very small
portion of the Si found in nature is available for use by plants
(Struyf et al., 2010). The soluble Si is dependent on the pH
and redox potential of the soil (Ma and Takahashi, 2002). In
soils, Si is found as amorphous Si (minerogenic silica nodules,
biogenic phytoliths, etc.), dissolved Si (adsorbed to aluminum or
iron oxides/hydroxides or free in the soil solution), crystalline
Si (primary silicates like feldspars, mica, quartz and secondary
silicates like clay minerals), and poorly crystalline Si (e.g.,
secondary quartz) (Sauer et al., 2006). The soil soluble Si levels
in ecosystems can differ up to two orders of magnitude (0.01–
2.0 mM) (Haynes, 2014), and is mainly dependent on the parent

material, soil diagenesis stage, and vegetation type (Derry et al.,
2005; Struyf and Conley, 2009).

Si is not identified as an essential nutrient for plant growth
and development. However, an increasing number of studies
indicate that Si is a quasi-essential nutrient and is beneficial to
plants, especially when under different stresses such as drought,
heavy metal toxicity, nutritional imbalance, plant pathogens, and
salinity; Si is also known to play an important part in plant
ecology and evolution (Etesami and Jeong, 2018). Plant roots
absorb the Si present as silicic acid [Si(OH)4] at levels of 0.1–
0.6 mM in the soil solution, and pass it through the plasma
membrane via two Si transporters, Lsi1 and Lsi2, that respectively
function as the influx and efflux transporters and have been
identified in barley, pumpkin, rice, and wheat (Ma et al., 2006,
2007; Chiba et al., 2009; Mitani-Ueno et al., 2011; Montpetit
et al., 2012). Si is polymerized to silica gel (SiO2·nH2O) in plants,
generally referred to as silica bodies or phytoliths, which are
released back into the soil as dead plant materials that decay and
then may be taken up by plants (Carey and Fulweiler, 2012).
Si is customarily found as hydrogen-bound bound organic Si
complexes in plant tissues (Carlisle et al., 1977) and saturates the
walls of the epidermis and vessels (Kaufmian et al., 1969) where
it strengthens plant tissues and reduces water transpiration.

Si levels in the aboveground plant parts differ greatly
depending on the plant species, accounting for 0.1–10.0% of the
dry weight, and are often at concentrations similar to that of
essential macronutrients such as K, N, and P (Epstein, 1999).
Plants take up Si actively via metabolically–driven transporters,
or passively or rejectively, with water (Mitani and Ma, 2005).
The disparity in the Si accumulation of different crop species is
due to the difference in the Si absorbing capacity of the roots.
Generally, monocots are considered good Si accumulators, where
Si concentrations are greater than 1% of the dry weight, whereas
most dicots accumulate Si at levels lower than 0.1% of the total
biomass and are considered excluders (Guntzer et al., 2012).

Si also influences the uptake of micronutrients and
macronutrients in plants (Etesami and Jeong, 2018; Greger
et al., 2018). Si fertilization increases P levels in different crops
and improves plant growth by enhancing P availability for plants
(Gladkova, 1982; Jianfeng and Takahashi, 1991; Singh and Sarkar,
1992; Owino-Gerroh and Gascho, 2005; Kostic et al., 2017; Neu
et al., 2017; Reithmaier et al., 2017; Etesami and Jeong, 2018;
Rezakhani et al., 2019a,b; Schaller et al., 2019). For example,
Greger et al. (2018) found that Si increased the soil P availability
by up to 50%. Kostic et al. (2017) also observed that Si supplied
as Na2SiO3 increased P levels in the shoots of wheat grown in
low P acid soil (available P < 4 mg kg−1 and pH 4.0) to an
adequate level (>0.3%) in the range of P-fertilized wheat under
greenhouse conditions. In this study, Si application increased
the root organic acid exudation, such as malate and citrate
that mobilize the rhizospheric Pi and up-regulate expression
of Pi transporters (TaPHT1.1 and TaPHT1.2). This organic
acid exudation by the wheat roots was many times higher than
without Si application, and the P uptake was doubled. There is
insufficient data regarding the effect of exogenous Si on organic
acid production in plants. In a recent study, it was found that Si
can alter organic acid production in plants by increasing carbon
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fluxes into TCA cycle and the activity of TCA cycle enzymes
(Das et al., 2019). However, further work is needed to elucidate
how Si modulates organic acid metabolism in plants under P
deficit conditions.

Much remains to be investigated on how Si interferes with
soil P mobilization. Some mechanisms by which Si improves soil
P availability and plant P uptake are as follows: (i) competitive
exchange and sorptive interaction of P and Si (Smyth and
Sanchez, 1980; Koski-Vähälä et al., 2001; Owino-Gerroh and
Gascho, 2005; Konhauser et al., 2007; Planavsky et al., 2010).
P binding to soil minerals was observed to be the lowest
with silicate minerals (Rajan, 1975; Brady and Weil, 1999);
(ii) increasing the soil pH to enhance soil P availability in
acidic soils (Owino-Gerroh and Gascho, 2005); (iii) indirectly
improving P utilization by plants by decreasing the uptake and
availability of metals (Hingston, 1972; Sigg and Stumm, 1981;
Schwertmann and Fechter, 1982; Ma and Takahashi, 1990). P
availability is controlled by levels of other metals such as Fe and
Mn under P deficiency. A large proportion of soil Pi is strongly
bound/adsorbed to aluminum, iron and manganese hydroxides
in the soil (Beauchemin et al., 2003). Si decreases the iron and
manganese availability in soil by affecting the element binding to
the soil particles (Schaller et al., 2019) and reducing the pool of
hydroxides (Treder and Cieslinski, 2005; Meharg and Meharg,
2015) and can therefore indirectly increase P availability (Ma,
2004; Greger et al., 2018). Si may increase P availability for plants
even in high P conditions by mobilizing P from such mineral
surfaces (e.g., aluminum, iron and manganese hydroxides) (Cross
and Schlesinger, 1995; Yang and Post, 2011); (iv) modifying the
C:N:P stoichiometry and improving the nutrient use efficiency
(Neu et al., 2017); (v) increasing the root organic anion efflux
to mobilize the rhizospheric Pi (Kostic et al., 2017; Etesami and
Jeong, 2018). Si significantly increased the exudation rates of
citrate and malate to directly stimulate inorganic P acquisition
by the roots (Kostic et al., 2017). Organic anions such as acetic,
aconitic, citric, malic, fumaric, lactic, oxalic, and succinic acids
compete with Pi to form complexes with aluminum, calcium,
and iron and may hydrolyze organic P (Grierson, 1992; Gerke
et al., 2000; Hinsinger, 2001; Kihara et al., 2003; Aziz et al.,
2011; Etesami and Jeong, 2018). Organic acids like malic and
citric acids were observed to reduce the pH and result in a
substantially increased P mobilization from calcium compounds
(Dinkelaker and Marschner, 1992) and effectively enhanced P
uptake from sparingly soluble rock phosphates (Aziz et al., 2011);
(vi) enhancing the gene expressions related to Pi uptake under
P deficiency, which is key to improving the Pi absorption in
different plant species (Leggewie et al., 1997; Karthikeyan et al.,
2002; Tittarelli et al., 2007; Miao et al., 2009; Kostic et al.,
2017). The P use efficiency of plants under P deficiency could
be improved with manipulation of gene expressions related to
Pi uptake (Aziz et al., 2014). A number of genes are involved
with plant adaptation to P deficiency, associated with regulating
the acquisition, internal remobilization of P, and changing the
metabolism as well as signaling transduction (Fang et al., 2009).
Si has been observed to modulate the expression of stress-related
genes and alter plant metabolism in response to various plant
stresses (Pavlovic et al., 2013; Ye et al., 2013; Kim et al., 2014;

Kostic et al., 2017); and (vii) mobilizing or desorbing of organic
carbon from soil particles or mineral binding sites (e.g., goethite)
(Tipping, 1981; Reithmaier et al., 2017). Si has a strong bonding
affinity to minerals in the soil comparable with carbon and
P, and may mobilize the two elements and make them more
available for microbial decomposition (Schaller et al., 2019).
The released carbon can supply the microorganisms, including
PSB, with energy for their growth in soils. The carbon dioxide
produced by microbial respiration results in the production
of carbonic acid, leading to increased P availability. Microbial
respiration was observed to lower the soil pH by producing
carbonic acid, and thus led to dissolution of apatite as Pi (Guidry
and Mackenzie, 2003). How the Si availability in soils interacts
with P availability in soils is generally poorly understood and
requires further research.

SYNERGISTIC EFFECTS OF AMF, PSB,
AND Si ON P AVAILABILITY

Synergistic Effects of AMF and PSB on P
Availability
In mycorrhizal association, the plant and fungi interact
both in the soil around the root (rhizosphere) and in soil
around the fungal hyphae (mycorrhizosphere) (Johansson et al.,
2004). The fungi interact with other microorganisms in the
mycorrhizosphere whose synergistic effects increase plant growth
and also populations of both (Artursson et al., 2006; Agnolucci
et al., 2015). The presence of different bacterial taxa that
colonized the surface of AM extraradical hyphae and spores that
form biofilm–like structures on them has been reported in natural
ecosystems (Scheublin et al., 2010; Lecomte et al., 2011; Cruz
and Ishii, 2012; Agnolucci et al., 2015; Iffis et al., 2016). There
may exist cooperation between AMF and the associated bacteria,
such as PSB (Zhang et al., 2016). PSB may provide the hyphae
with Pi and rely on the carbon released by AMF. Earlier research
demonstrated that AMF and PSB may enhance P acqusition of
the AM host plant through their interactactions (Kim et al.,
1997; Toro et al., 1997; Sharma et al., 2013; Calvo et al., 2014;
Figure 2). However, the mechanisms by which this nutritional
improvement is brought about remain unclear (Artursson et al.,
2006). In the following sections, what is currently known of how
AMF and PSB influence each other and, consequently, increase P
availability, are discussed separately.

Effects of PSB on AMF and
AMF-Mediated P Availability
Effect of PSB on solubilizing insoluble phosphates
The phosphate-solubilizing activities of AMF are still
controversial although AM plants have generally been shown
to increase the uptake of insoluble Pi (Yao et al., 2001; Klugh-
Stewart and Cumming, 2009; Campos et al., 2018). In many
studies, mycorrhizal inoculants were observed to alter the
composition and/or amount of total low molecular weight
organic acids (LMWOAAs) exuded by AM plants (Klugh and
Cumming, 2007; Klugh-Stewart and Cumming, 2009). However,
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FIGURE 2 | A schematic representation of how the interaction between arbuscular mycorrhizal fungi (AMF) and phosphate-solubilizing bacterium (PSB) affect the
host plant’s utilization of the organic and inorganic phosphorus (P). (1) PSB use the hyphae to access greater soil volumes further away, which can benefit the fungi
as phosphorus solubilizers may grow into insoluble-phosphorus-containing patches away from the route along the AMF hyphae; (2) PSB can colonize the
rhizosphere (potentially rich with resources from plant exudates) by using the AMF hyphae to allow growth in other directions towards the plant; (3) AMF can supply
energy-rich carbohydrates (C) via the extraradical hyphae for PSB; (4) the fungal exudates can change the rhizospheric pH, influence the chemical composition of
the root exudates, and increase microbial activity; (5) AM hyphae and mycelial exudates can improve soil structure by binding to soil particles and through glomalin
production, which may glue soil particles together and subsequently affect soil moisture retention; (6) AMF colonization can influence the bacterial community
compositions in the mycorrhizosphere; (7) AMF can increase the ability of legumes to fix N2 and reduce the amount of inorganic nitrogen that leaches, increasing
plant growth and subsequently enhancing root exudates; (8) PSB can stimulate the AMF colonization; (9) AMF, unlike root hairs, can extend much farther away from
the root surfaces. In other words, the extraradical hyphae extend beyond the phosphorus depletion zone, to absorb the bioavailable phosphates that are otherwise
inaccessible for plants. In addition, AMF-solubilized phosphates and bacteria are more efficiently taken up by plants through a mycorrhizal-mediated channel
between the plant roots and the surrounding soil; (10) AMF can take up and transfer inorganic phosphorus to the roots by their effective mycorrhizal mycelium,
reaching microhabitats where orthophosphates are made available with phosphorus-mobilizing microorganisms and preventing quick immobilization of
orthophosphates by microbial biomass; (11) PSB can improve the nitrogen and phosphorus availability for AMF and plants through organic matter decomposition;
(12) PSB (ACC deaminase positive), by synthesizing ACC deaminase, can lower the stress ethylene levels, which is involved in stimulating the growth of AMF; (13)
PSB can increase the AMF hyphal growth by hydrolyzing organic phosphorus with secretion of enzyme phosphatases and phytases and providing mineral
phosphorus for the fungi; (14) PSB (IAA positive) can increase the IAA levels, resulting in more lateral roots that form the preferred penetration sites for AM hyphae. In
addition, AMF can use the IAA the related compounds as a part of their colonization strategy to interact with plants, which leads to stimulated plant growth and
modified basal plant defense mechanisms; (15) PSB can promote the induce flavonoid release from plants to promote mycorrhiza formations, thus facilitating root
colonization; and (16) PSB (IAA positive) can loosen plant cell walls to promote root exudation to provide additional nutrients that support the microbial growth of
microbes.

direct evidence for solubilization of P by AM fungi has not
been obtained to date. Despite the fact that AM fungi might not
exude LMWOAAs by themselves, they can, however, improve
P solubilization and/or mineralization indirectly by stimulating
the surrounding soil microbes via the exudation of labile C, thus
increasing local nutrient availability in the hyphosphere and in
soil patches beyond the root hairs (Hodge et al., 2009; Cheng
et al., 2012; Jansa et al., 2013).

PSB solubilize phosphates and release Pi ions from the
sparingly soluble organic/inorganic P compounds found in
nature into a form that AMF can acquire and deliver to the
plant (Toro et al., 1997, 1998; Ordoñez et al., 2016). 32P-Labeling

studies have shown that mycorrhiza increase the absorptive
root surface areas to facilitate P uptake, but do not help in P
solubilization (Gaur, 2003). In another 32P-labeling study, seven
bacterial strains isolated from AMF spores facilitated P uptake
by promoting the development of AM extraradical mycelium
(Battini et al., 2017).

Arbuscular mycorrhizal fungi cannot extract P on their own
from indigenous less-available forms of P sources, such as
rock phosphates, and can only absorb Pi ions from the soil
solution (Antunes et al., 2007). However, with the help of
certain bacteria (Villegas and Fortin, 2001) AMF can acquire
P from rock phosphates and translocate it to the host plant.
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AMF were able to acquire P from sources that were otherwise
inaccessible with the help of PSB (Toro et al., 1997). These
interactions can also indirectly benefit plants; Medicago sativa
shoot P concentrations were observed to be improved (Zhang
et al., 2016). The interaction between the two microorganism
groups may lead to synergistic effects. It has been found that the
AMF–PSB interactions only benefit plants when additional P was
also supplied (Zhang et al., 2016). Zhang et al. (2014a) showed
that P concentrations available in the soil regulate P mobilization
and immobilization to determine the bacterial P contribution to
plants. In general, when the available P level is low in soils, AMF
and PSB compete for the P, and this competition is not stimulated
by the fungi. With additional P supply, PSB improved the AMF
hyphal growth, and the PSB activities were stimulated by the
fungi (Zhang et al., 2016).

Effect of PSB on mineralizing organic P
During evolution with plants, AMF have lost the genes encoding
proteins involved in saprotrophic function (Tisserant et al., 2013),
which means that they cannot directly breakdown soil organic
matter (Leigh et al., 2011; Zhang et al., 2014b). PSB can increase
the AMF hyphal growth by hydrolyzing organic P with secretion
of the phosphatases and phytases and providing mineral P to the
fungi (Dobbelaere et al., 2003; Wang et al., 2016; Zhang et al.,
2016). It has been reported that AMF cannot secrete phosphatases
(Tisserant et al., 2013) and directly decompose organic nutrients
(Smith and Read, 2008; Tisserant et al., 2013). AM fungi possess
many genes encoding acid phosphatases in their genomes, with
at least seven genes expressed in Rhizophagus clarus (Sato et al.,
2015). However, secretion of phosphatases is mostly associated
with the cell wall (Olsson et al., 2002) and their presence in
the rhizosphere has been demonstrated only in limited cases
(Tarafdar and Marschner, 1994; Koide and Kabir, 2000). The
magnitude of these processes is questioned as it is difficult to
isolate the effects of plants, fungi and others microorganisms
present in the experiments under non-sterile conditions (Joner
and Jakobsen, 1995; Joner et al., 2000). In an in vitro monoxenic
culture, Sato et al. (2015) provided evidence that the acid
phosphatase activity originated from R. clarus. Nevertheless, the
interaction of AM association with the phosphatase activity and
the subsequent P acquisition by efficient genotypes is still unclear
(Campos et al., 2018).

Because AMF are unable to release phosphatases outside
the hyphae, AMF’s organic P utilization appears to depend on
the recruitment of other soil microbes (Tisserant et al., 2013;
Zhang et al., 2016). The microbiome associated with the hyphae
may play a key role in AMF’s utilization of organic P. AMF
may shift the microbiome composition to influence organic P
mineralization (Zhang et al., 2016, 2018b). Importantly, AMF
hyphae seem to specifically recruit bacteria that produce alkaline
phosphatase which can mineralize organic P; these species are
not found when AMF is excluded (Zhang et al., 2018b). Despite
the fact that a major AMF function is to increase P availability to
plants (Smith and Read, 2008), AMF cannot release phosphatases
into the soil (Tisserant et al., 2013; Zhang et al., 2016). In a
study under controlled, sterile conditions, the AMF Rhizophagus
irregularis DAOM 197198 released carbon-rich compounds to

stimulate PSB functions, but did not directly influence the
phosphatase activities (Zhang et al., 2016). Thus, AMF cannot
directly utilize organic P, which limits its contribution to plant
uptake of P. PSB accounts for up to 40% of all culturable
bacteria (Jorquera et al., 2008) and can make up for this defect
in AMF. This suggests that AMF and PSB need to interact to help
plants uptake P (Zhang et al., 2018b). Recent results demonstrate
that the AMF hyphal surfaces are colonized by PSB and the
hyphal exudates are utilized as a carbon source (Wang et al.,
2016). In other words, AMF can attract PSB and help them
multiply to improve the organic P utilization by releasing hyphal
exudates and providing a carbon source (Zhang et al., 2014b,
2016; Wang et al., 2016). PSB can then colonize the AMF hyphal
surfaces (Wang et al., 2016). This enhances the activities of the
phosphatases released by the PSB, and stimulates the organic P
mineralization (Zhang et al., 2016). The extraradical AMF hyphae
can then access Pi released from organic P sources (Tarafdar and
Marschner, 1994; Feng et al., 2003). In addition, AMF hyphae-
associated PSB in the soil play an important role in phytate P
mineralization and that the AMF primes the mineralization and
turnover of the organic P (organic P utilization affected by the
AMF-bacteria interaction) (Zhang et al., 2014b). For example, in
a recent study Zhang et al. (2018a) observed that fructose exuded
by an arbuscular mycorrhizal fungus, Rhizophagus irregularis,
stimulated the expression of phosphatase genes in a phosphate
solubilizing bacterium, Rahnella aquatilis, as well as the rate
of phosphatase release into the growth medium by regulating
its protein secretory system. The phosphatase activity was also
subsequently increased, promoting the mineralization of organic
P (i.e., phytate) into Pi, stimulating simultaneously the processes
involved in P uptake by Rh. irregularis. In general, PSB can
increase P availability for AMF, especially from organic P sources,
which may increase the expression of Pi transporter genes in the
AMF hyphae (Zhang et al., 2016; Figure 3).

Effect of PSB on arbuscular mycorrhizal symbiosis
Bacteria are known to influence AMF fitness (Frey-Klett et al.,
2007; Scheublin et al., 2010; Nuccio et al., 2013) and ecological
functions (Hodge et al., 2001; Feng et al., 2003; Cheng et al.,
2012; Zhang et al., 2014b). PSB can lead to increased plant growth
parameters by stimulating the native AMF’s establishment,
growth rate, multiplication, and spore germination (Barea et al.,
2002; Bianciotto and Bonfante, 2002; Artursson et al., 2006;
Frey-Klett et al., 2007; Berta et al., 2014). PSB can promote
AMF extraradical hyphal growth and allow PSB to explore
a greater volume of the mycorrhizosphere and AMF hyphae
to gain access to new solubilized P sources (Ordoñez et al.,
2016). Increased mycelial growth of Glomus mosseae spores,
for example, was reported to be caused by an unidentified
PGP rhizobacterium (Azcón, 1987). These bacteria also helped
mycorrhiza by promoting root colonization by indigenous and
introduced AMF (Toro et al., 1997). Bacteria can promote hyphal
growth and facilitate root penetration by AMF via producing
compounds that increase cell penetrability and result in increased
root exudation rates (Hildebrandt et al., 2002; Jeffries et al.,
2003; Jäderlund et al., 2008). Following hyphal growth, the
rates of root colonization and AMF development also increase
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FIGURE 3 | Schematic representation of role of silicon (Si), arbuscular mycorrhizal fungi (AMF), and phosphate-solubilizing bacteria (PSB) in mineralizing organic
phosphorus (Po). Si increases photosynthetic products in root and rhizosphere by improving photosynthetic parameters of plant. The fructose exuded by AMF
stimulates the expression of phosphatase genes in PSB as well as the rate of phosphatase release into the growth medium by regulating their protein secretory
system. The phosphatase activity is subsequently increased, promoting the mineralization of Po (i.e., phytate) into Pi, stimulating simultaneously the processes
involved in P uptake by the AMF. ST, sugar transporter; fruT, fructose transporter; glut, glucose transporter; PT, phosphate transporter; PSS, protein secretory
system; Pase, phosphatase; Pi, inorganic P; and Po, organic P. For more details, see Zhang et al. (2018a).

(Barea et al., 2005; Richardson et al., 2009). Bacterial IAA
is known to be able to loosen plant cell walls and therefore
promote root exudation which supplies additional nutrition
that can support microbial growth (Chaintreuil et al., 2000;
Sevilla et al., 2001; James et al., 2002; Chi et al., 2005). One of
components of root exudates is enzymes such as amylase, DNase,
phosphatase, polygalacturonase, protease, RNase, sucrase, urease,
and xylanase that can play a role in organic P mineralization,
decomposition of other organic compounds, and release of
mineral elements (Ahemad and Kibret, 2014; Canarini et al.,
2019), and, therefore, provide mineral P and other elements
for the AMF. It is well established that bacterial IAA increases
the ability of plants to convert nutrients from non–available
forms to available forms by increasing the root system, root
discharge and microbial flora (Etesami et al., 2015b). Bacteria
IAA–mediated release of root exudates can enhance P mobility
for plants and AMF by releasing protons (H+) or by forming
amino/organic acid mineral complexes (by chelation of cations
accompanying P e.g., Fe3+, Al3+, and Ca2+), and indirectly
(as a source of nutrients for microorganisms) by stimulating
the microbial activities in the rhizosphere (functioning, growth,
propagation, survival) (Etesami et al., 2015b). The increased soil
saprobiotic microbial populations mediated by root exudates can,
in turn, improve N availability for AMF through organic matter
decomposition (Leigh et al., 2011; Herman et al., 2012; Nuccio
et al., 2013). Other microorganisms attracted to root exudates
stimulate hyphal growth, mycorrhizal colonization, and spore

production, thereby increasing AMF fitness (Frey-Klett et al.,
2007). Flavonoids are the main signaling compounds that are
isolated from plant root exudates, and it’s been suggested that they
play a distinct role in the AM development. Different flavonoids
affect the growth and differentiation of the hyphae as well as
root colonization in a structure–specific manner. Flavonoids
also influence presymbiotic growth differently according to the
genus and species. Furthermore, it has also been proposed that
some of the so-called mycorrhiza helper bacteria that promote
mycorrhiza formation induce flavonoid release from plants, and
facilitate root colonization by mycorrhizal plants (Schrey et al.,
2014). A number of studies have demonstrated that the IAA-
secretion induced stimulation of root hair growth and lateral root
elongation supplies more active sites and access for symbiotic
AMF and PSB associations (Aarab et al., 2015; Etesami et al.,
2015b). Therefore, it seems that PSB (IAA positive) stimulate
root hair elongation to improve root weight and architecture, and
therefore potentially improve mycorrhizal formation. Previous
studies have shown that PGPB modify hormonal signaling in
plants to influence root architecture, stimulate the growth of
the shoots and roots, and increase essential nutrient uptake
(Appanna, 2007; Bhattacharyya and Jha, 2012). AMF-induced
plant growth is in part attributed to modified plant hormone level
(Bi et al., 2019; Wang et al., 2021).

The relationship between the AMF and host roots is
complex and requires a continuous exchange of signals which
leads to a developmental coexistence (Gianinazzi-Pearson, 1996;
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Hause and Fester, 2005). Phytohormones are the signals that
regulate various plant growth processes and can therefore
manage colonization and AM symbiosis formation (Barker and
Tagu, 2000; Ludwig-Müller and Güther, 2007; Foo et al., 2013;
Gutjahr, 2014). For example, bacterial IAA may increase the
number of lateral roots for fungi to colonize in early growth
stages to facilitate host colonization (Kaldorf and Ludwig-Müller,
2000). Increased IAA levels and IAA–induced gene expressions
have been suggested to contribute to phenotypic changes during
mycorrhizal colonization (Ludwig-Müller and Güther, 2007).
Fungi may use IAA and the related compounds as a colonization
strategy to interact with plants, stimulating plant growth and
modifying basal plant defense mechanisms (Prusty et al., 2004;
Contreras-Cornejo et al., 2009). Generally, the increased levels
of IAA result in more lateral roots that form the preferred
penetration sites for the AM hyphae.

Abscisic acid (ABA) is a sesquiterpenoid hormone, derived
from carotenoids, which functions at multiple levels to regulate
AM symbiosis (Ludwig-Müller, 2010). ABA deficiency also
results in the induction of ethylene production, which adversely
affects mycorrhizal interaction with plants (Herrera-Medina
et al., 2007; Martín-Rodríguez et al., 2011). The synthesis of ACC
deaminase produced by PSB lowers the stress ethylene levels
associated with stimulating AMF growth (Gamalero et al., 2008;
Etesami et al., 2015b).

In addition, gibberellins (GAs), key regulators of plant growth
and development, play a role during arbuscular mycorrhizal
(AM) formation (Foo et al., 2013; Martín-Rodríguez et al.,
2015, 2016; Foo et al., 2016; Pons et al., 2020). GAs inhibit
arbuscular mycorrhizal symbioses (McGuiness et al., 2019)
by altering GA response changes in the expression of genes
associated with mycorrhizal colonization (Martín-Rodríguez
et al., 2015), inhibiting AM hyphal entry into the host
root, and suppressing the expression of reduced arbuscular
mycorrhization1 (RAM1) and RAM2 homologs that function
in hyphal entry and arbuscule formation (Takeda et al., 2015).
The balance between ABA and GAs is also essential for
AM formation in plant roots (Martín-Rodríguez et al., 2016;
McGuiness et al., 2019) as the imbalance in the ABA/GAs
ratio can reduce arbuscule abundance in mycorrhizal roots
(Martín-Rodríguez et al., 2015). In addition, GA signaling also
positively interacts with symbiotic responses and promotes
AM colonization of the host root. For example, in one study
(Takeda et al., 2015), low GA conditions suppressed arbuscular
mycorrhiza-induced subtilisin-like serine protease1 (SbtM1)
expression, which is required for AM fungal colonization and
reduced hyphal branching in the host root. In this study,
the reduced hyphal branching and SbtM1 expression due to
the inhibition of GA biosynthesis were recovered by GA
treatment, supporting the theory that insufficient GA signaling
causes inhibitory effects on arbuscular mycorrhiza development.
Accordingly, it seems that PSB positive for ABA and GA-
producing traits can regulate the level of production of these
hormones in the plant and lead to improved arbuscular
mycorrhizal symbioses. The ability to produce GAs in some
bacteria has been reported (Hamayun et al., 2010; Kang et al.,
2012; Tatsukami and Ueda, 2016; Etesami and Glick, 2020).

However, it is not yet clear if mycorrhizal fungi produce GA.
Therefore, the presence of such bacteria is necessary to improve
mycorrhizal symbioses.

Effects of AMF on PSB and PSB-Mediated P
Availability
Mycorrhizae affect both the composition and number of the
rhizospheric and hyphospheric bacterial communities (Offre
et al., 2007; Agnolucci et al., 2015; Taktek et al., 2015), as well
as bacterial communities of the surface of the AMF hyphae
or mycelium closely attached to the soil (Zhang et al., 2014b;
Turrini et al., 2018). AMF result in the establishment of an
extensive soil hyphal network, creating a dedicated niche for
bacteria (Bianciotto and Bonfante, 2002; Agnolucci et al., 2015).
In the cytoplasm of some AMF isolates belonging to the
Gigasporaceae family endophytic bacteria are found, which is a
case where bacteria coexist with fungi (Turrini et al., 2018). The
bacterial colonization of the AMF hyphal and spore surfaces has
been confirmed with molecular and microscopic analyses and
illustrates the existence of a close relationship between the two
microorganism groups (Toljander et al., 2006; Bharadwaj et al.,
2008; Scheublin et al., 2010; Agnolucci et al., 2015). Similar to
roots, AMF hyphae are rapid channels for photosynthates and
release carbon-rich compounds into the soil (Toljander et al.,
2007; Bharadwaj et al., 2012) and can stimulate microbial growth
and function (Drigo et al., 2010; Leigh et al., 2011; Blagodatskaya
and Kuzyakov, 2013; Kaiser et al., 2015; Zhang et al., 2016). The
root exudates are a major nutrient source for the rhizospheric
PSB, and its chemical composition may be influenced by
the AMF (Artursson et al., 2006). Furthermore, the extensive
extraradical AMF hyphae and the exudates create conditions that
can influence bacterial activities and growth (Toljander et al.,
2007; Bharadwaj et al., 2012; Gahan and Schmalenberger, 2015)
including PSB (Taktek et al., 2015; Ordoñez et al., 2016; Wang
et al., 2016; Turrini et al., 2018). The changes in the soil bacterial
community composition induced by AMF are described, both
under in vivo and controlled conditions (Marschner et al., 2001;
Toljander et al., 2006, 2007).

Arbuscular mycorrhizal fungi enhance the chlorophyll
content, PSII photochemical efficiency, and net photosynthetic
rate of plants (Wu and Xia, 2006; Zhu et al., 2014; Augé et al.,
2016; Shi-Chu et al., 2019) and also transfer plant photosynthates
underground, which can stimulate PSB activity and growth
(Zhang et al., 2016) as most PSB are heterotrophic and depend on
nutrient substrates that can be easily decomposed. AMF hyphae
are also rapid channels for the recently produced photosynthates,
which can attract PSB and promote their growth (Kaiser et al.,
2015). In addition, it has been found that the availability of
easily decomposable organic compounds limits microbial P
solubilization in soil extracts from phosphate minerals (Brucker
and Spohn, 2019; Brucker et al., 2020). Saprotrophic phosphate
solubilizing microorganisms in mineral soils generally lack
sufficient carbon (Demoling et al., 2007; Heuck et al., 2015)
because most organic carbon in soils is protected from sorptive
or recalcitrant microbial decomposition or is simply spatially
inaccessible (De Nobili et al., 2001; Dungait et al., 2012).
Accordingly, increased microbial P solubilization rates are
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reported when carbon sources become available (Hameeda et al.,
2006; Patel et al., 2008).

Arbuscular mycorrhizal fungi generate a vast extraradical
hyphae in the soil that microorganisms can inhabit (Gahan and
Schmalenberger, 2015). PSB can grow alongside AMF hyphae
in and out of the root, in sterile conditions as well as with
an indigenous microbial community (Ordoñez et al., 2016),
demonstrating the close relationship of AMF and PSB (Scheublin
et al., 2010; Agnolucci et al., 2015). This may help PSB to use
the hyphae to access areas further away in the soil to acquire
insoluble P. By developing an external mycelium, AMF, upon
root colonization, connect the root with the surrounding soil
microhabitats and can contribute to nutrient capture and supply
(Toro et al., 1997). The PSB can also use the AMF hyphae to
allow growth in the direction toward the plant, colonize the
rhizosphere, and use more plant exudates (Ordoñez et al., 2016).

Phosphate–solubilizing bacteria attachment to the
extraradical AMF hyphae can ensure that P solubilization
would occur in locations where it is the most beneficial for fungi
to access the additional soluble P. The phosphate solubilized
by AMF and PSB is effectively absorbed by plants through a
channel formed by the mycorrhiza between plant roots and the
surrounding soil (Artursson et al., 2006).

Since the mobilized orthophosphates can quickly be
immobilized by microbial biomass, AMF can absorb and transfer
the nutrients to the roots through their effective mycorrhizal
mycelium, and reach microhabitats where orthophosphates are
made available by P-mobilizing microorganisms (Richardson
et al., 2009). AMF cannot directly decompose organic nutrients,
as they have no known saprotrophic capabilities (Smith and
Read, 2008; Tisserant et al., 2013). AMF can also increase the
soil saprobiotic microbe activities, including those of PSB. These
bacteria can decompose organic matter and in turn also improve
the N and P availability for AMF and plants (Leigh et al., 2011;
Herman et al., 2012; Nuccio et al., 2013). Previously, Linderman
(1992) reported that AMF enhance the activity of nitrogen–fixing
bacteria (NFB) and PSB and thus promote plant growth. PSB can
also release diffrent enzymes to decompose the organic matter,
and can provide mineral nutrients for the AMF hyphae (Hodge
and Fitter, 2010; Hodge, 2014; Zhang et al., 2014b). Therefore,
in exchange for using the carbon released by the AMF, these
microbes can provide additional benefits to the fungi. AMF and
PSB may obtain their required nutrients from their partners and
enhance their own fitness through cooperation. By increasing
the root surface areas for nutrient acquisition, or through more
specific mechanisms, AMF can also help plants resist abiotic and
biotic stresses (Artursson et al., 2006; Miransari, 2010; Sikes,
2010; Mohammad and Mittra, 2013). PSB solubilize phosphates
into forms that are usable by the AMF, and AMF can absorb
the P and transport it to the plant using a range of mechanisms.
AMF may also help spread PSB to neighboring rhizospheres.
Therefore, AMF and PSB interact synergistically.

AMF Increase Si Uptake by Plants
The benefits of Si nutrition, although significant, are limited due
to its restricted uptake by plant (Anda et al., 2016). However,
AMF such as Glomus etunicatum, G. versiform, G. coronatum,

Rhizophagus clarus (=Glomus clarum), Rhizophagus irregularis
(=Glomus intraradices), and Funneliformis mosseae (= Glomus
mosseae) were observed to increase Si uptake in the roots and
shoots of mycorrhizal plants (i.e., Saccharum spp., Glycine max
L., Zea mays L., Cajanus cajan L., Cicer arietinum L., strawberry,
and banana) compared to non–mycorrhizal plants (Yost and Fox,
1982; Kothari et al., 1990; Clark and Zeto, 1996; Clark and Zeto,
2000; Nogueira et al., 2002; Hammer et al., 2011; Garg and Singla,
2015; Anda et al., 2016; Garg and Bhandari, 2016a,b; Frew et al.,
2017; Garg and Singh, 2018; Hajiboland et al., 2018; Gbongue
et al., 2019; Moradtalab et al., 2019). AMF play a substantial
role in Si uptake, translocation from the external solution to the
intraradical mycelium, and transfer from the fungal cells to the
root cells. The mechanisms remain unclear but it is not excluded
that active transport is involved via transporters located within
the extraradical hyphae at the soil-fungus interface for the uptake
of Si and at the plant–fungal interface (i.e., arbuscule) for its
transfer across the peri–arbuscular interface in the plant cells
(Yost and Fox, 1982; Hammer et al., 2011; Anda et al., 2016; Garg
and Bhandari, 2016b). These studies highlight the importance
of AMF inoculation as tools to effectively enhance Si uptake
by plants. Therefore, it would be of great interest to investigate
how AM symbiosis enhances the host plant uptake of Si and
how AM symbiosis and Si uptake help to improve P nutrition
and plant growth.

Si Increases Mycorrhizal Effectiveness in
Plants
Mycorrhizal effectiveness (or responsiveness of plants to
mycorrhizae) is defined as the difference in the growth of
plants with and without mycorrhizae (Janos, 2007). Mycorrhizal
effectiveness is influenced by different factors like fungal species,
plant species and genotype, and soil conditions (Tawaraya,
2003). Compared to the studies widely performed on the effects
of P availability as a soil chemical factor on the mycorrhizal
effectiveness, research on how Si affects mycorrhizal effectiveness
are lacking. However, in two recent studies (Hajiboland et al.,
2018; Moradtalab et al., 2019), mycorrhizal effectiveness was
increased with Si treatments in strawberry plants inoculated with
AMF Rhizophagus clarus, Rhizophagus intraradices, and Glomus
versiform compared to AMF plants not treated with Si. Some
known mechanisms by which Si benefits the AMF effectiveness
include: (i) enhancing the uptake and transfer of nutrients for
plants and stimulating the root growth in AMF plants, which can
lead to promoted AMF colonization (Hajiboland et al., 2018); (ii)
increasing the photosynthetic rate such that the fungal partner is
able to receive a greater carbon supply, for example, by increasing
the leaf chlorophyll levels, photosynthetic enzyme activities, and
stomatal conductance (Guntzer et al., 2012; Hajiboland, 2012)
(Figure 3) and improving the leaf stability so that leaves are
oriented more horizontally (Botta et al., 2014). Since 4–20% of
the fixed carbon from photosynthesis is transferred to the AMF,
the mycorrhizal association relies on the organic carbon supplied
from their photosynthetic partners (Smith and Read, 2008).
Furthermore, the photosynthetic rate (organic carbon supply)
is positively correlated with the hyphal absorption capacity and
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arbuscule formation (Smith and Read, 2008; Anda et al., 2016;
Moradtalab et al., 2019); (iii) modifying the phenolic metabolic
pathways in AMF host plants and/or reducing polymerization
and lignin synthesis (Rodrigues et al., 2004; Mandal et al., 2010;
Hajiboland et al., 2018), which can affect how AMF interact
with the host plant. Studies have investigated how Si affects
the metabolism of phenolic compounds in plants (Dragišić
Maksimović et al., 2007; Hajiboland et al., 2017). Phenolic
compounds, such as flavonoids, are known to potentially help
facilitate AMF to interact with their host plants (Vierheilig, 2004;
Mandal et al., 2010), improve fungal growth parameters such
as branching, hyphal growth, spore germination (Steinkellner
et al., 2007) and secondary spore formation, and contribute to
the fungal invasion and root arbuscule formation (Hassan and
Mathesius, 2012); and (iv) increasing the pool of soluble sugars in
the roots, which is crucial for the entry and further establishment
in the roots, of AMF (Moradtalab et al., 2019). Future research
should investigate the metabolic and molecular mechanisms that
are associated with the synergistic relationship of Si and AMF.

PSB Increase the Availability and Uptake
of Si for Plants
Phosphate–solubilizing bacteria generally have the ability to
weather silicates, likely because basic metabolic activities like
organic acid production and respiration can cause the weathering
of minerals (Brucker et al., 2020). PSB mainly solubilize insoluble
Pi by acidifying the microenvironment (Etesami, 2020). In
addition to increasing P availability for plants, there are some
reports that PSB are also able to increase Si availability and
uptake. Lee et al. (2019) observed that the PSB strain Enterobacter
ludwigii GAK2, isolated from paddy soils, was able to significantly
increase P and Si levels in rice plant tissues grown on insoluble
Pi [Ca3(PO4)2] and insoluble silicate (Mg2O8Si3) based soils.
This bacterial strain also increased rice plant growth indices
(chlrophyll content, fresh biomass, root and shoot lengths).
In another study, the PSB strains Bacillus simplex UT1 and
Pseudomonas sp. FA1 significantly increased the shoot Si levels
in sorghum (Sorghum bicolor L.) (Rezakhani et al., 2019a) and
wheat (Triticum aestivum L.) (Rezakhani et al., 2019b). Given
the role of Si in increasing soil P availability, one question
that arises here is whether the Si-mediated increase in soil P
availability has an inhibitory effect on bacterial solubilization
of P from insoluble Pi sources. It is noteworthy that microbial
P solubilization is not influenced by the soil P availability. For
example, in a study (Brucker et al., 2020), adding P (100 mg
of ground apatite) to soil extracts from soils with various P
fractions (bioavailable P between 0.6 to 38 mg kg−1 and total
P between 0.42 to 1.23 g kg−1) and degree of weathering,
which had been incubated 28 days, did not substantially reduce
P solubilization rates, which indicates that the P availability
does not affect the microbial soil P solubilization. It is probable
that microbial P solubilization is not driven by the microbial
P demand but rather is a side effect of microbial metabolism.
It was also observed that P fertilization over several years did
not influence PSB abundance in the grassland soils of different
continents (Widdig et al., 2019). Generally, PSB can benefit plants

by accelerating the weathering of silicates and increasing the
rhizospheric concentration of available Si.

Si Increases the Population of PSB
The potential effect of Si on the soil microbial community
has attracted only a limited amount of attention. However,
there are some reports showing that Si can significantly
influences some soil microbial community components (e.g.,
it increased beneficial bacterial population and reduced soil
fungi/bacteria ratio) (Wainwright et al., 2003; Hordiienko et al.,
2010; Karunakaran et al., 2013; Wang et al., 2013; Lin et al.,
2020). It is reported that bacteria use Si-based autotrophy as
a source of energy to support CO2 fixation (Das et al., 1992).
It is also proposed that the first bacteria may have evolved on
earth because of Si (Wainwright et al., 2003). A number of
bacteria and fungi are able to grow on nutrient-free silica gel
and distilled water (Wainwright et al., 1991). According to a
study (Wainwright et al., 2003), silicic acid increases the number
of both aerobic and facultative anaerobic bacteria in ultra-pure
water incubated under strict oligotrophic conditions. In addition,
organisms use silica through silicification, a process by which
silica is utilized and deposited by bacteria (Perry, 2003) and also
Si-based compounds stimulate the population of oligotrophic
bacteria in soil (Ai-Falih, 2003). In a previous study (Karunakaran
et al., 2013), it was shown that the microbial population increased
with an increase in concentration of nanosilica. In addition,
silica content in biomass also increased with an increase in
the concentration of nanosilica. It is known that nanosilica is
not toxic to the soil bacterial community (Karunakaran et al.,
2013). The reason behind the interaction between nanosilica
and bacteria may reflect a hydration property of the nanosilica
surface, which could facilitate the attraction of silica to the
microbial surface (Gordienko and Kurdish, 2007).

There are a few studies that have focused on the effect of Si
application on the activity and population of PSB. In one study,
the efficiency of nanosilica (0.5 g kg−1 of soil) was evaluated in
terms of its effects on beneficial microbial population such as PSB
in the rhizosphere soil of maize (Rangaraj et al., 2014). When
compared with the control (2.0× 104 CFU g−1), the silica-treated
rhizosphere soils revealed an increase in the PSB population
(4.4 × 104 CFU g−1). This shows that the addition of silica may
act as a substrate for P uptake systems in soil as well as in plants.
An increase in the population of PSB of nanosilica-amended soil
indicates enhanced soil fertility and enhanced available nutrients
to the plants. The increased population of PSB in nanosilica-
treated rhizosphere soil may be due to the availability of more P
to plants, as the Si competes for P in a plant system. Because both
P and Si influence the P content and the population of PSB, the
uptake of either source increases the populations of PSB. Hence,
silica may act as a substrate for PSB, which results in an increase
in the population of PSB and availability of P. The changes in
soil inorganic nutrients with respect to silica fertilization may
also be due to the production of organic compounds by increased
microbial activity and desorption of inorganic nutrients from soil
mineral compounds (Karunakaran et al., 2013). It is also reported
that the bacteria use silica from soil and hence, there is a decrease
in the silica content in the soil (Wainwright et al., 2003). Thus,
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nanosilica can be included for fertilizer formulations to make
the soil more fertile and to improve soil phosphate-solubilizing
bacterial community for improving plant P nutrition.

SSB INCREASE AVAILABILITY OF P AND
Si AND THEIR UPTAKE BY PLANTS

Plants are not able to absorb Si until monosilicic acid (H4SiO4) is
released into the soil solution through weathering or dissolution
(Kang et al., 2017). Monosilicic acid generally originates from
the weathering of soil minerals that contain Si, desorption from
the soil matrix, irrigation water, and Si fertilizers (Klotzbücher
et al., 2015). Si fertilizers, unlike conventional fertilizers, have a
limited availability and are often not affordable for many farmers
(Meena et al., 2014). Therefore, they are rarely used in many
countries, especially in developing countries. Silicate fertilizers
are usually composed of (i) industrial byproducts or slags rich
in Si, whose application may lead to metal contamination of
soils, (ii) bentonite, diatomaceous earth, feldspars, and micas,
which are biologically/minerally derived Si fertilizers with low Si
bioavailability and high application rates and (iii) highly soluble,
but very expensive, potassium silicates (Datnoff et al., 2001). Si-
rich crop residues, construction/demolition wastes that contain
aluminum, calcium, and potassium silicates, mineral/metal
mining wastes, and silicate rocks may be recycled to affordable
silicate fertilizers. The solubility of the primary and secondary
minerals in soils is the main factor that influences the soil Si
concentration (Sommer et al., 2006). The primary and secondary
minerals can be subjected to physico-chemical and biochemical
interventions that accelerate the solubility for soil applications
(Bin et al., 2008), but biochemical action via microbial activities
is considered most important for this process (Vasanthi et al.,
2018). Many studies have observed that microbes isolated from
the surface of silicate minerals weather different silicates (Sheng
et al., 2008; Lapanje et al., 2012; Wang et al., 2015).

Plants and their associated microflora are known to also
influence silicate weathering (the dissolution and mobilization of
silicate minerals in soil) by altering the physical soil properties,
modifying the soil pH, and producing chelating ligands (Cornelis
et al., 2011). It has been reported that among microorganisms,
plant associated bacteria accelerate the dissolution of silicates and
release Si to the plant–soil system (Savant et al., 1996; Hutchens
et al., 2003; Sheng and He, 2006; Uroz et al., 2009; Chandrakala
et al., 2019) through bio-weathering processes (Klotzbücher et al.,
2015). With an increase in knowledge of how Si benefits plants,
rhizospheric soils have been explored in search of new bacteria
that solubilize silicates (Kang et al., 2017; Vasanthi et al., 2018).
SSB have been gathering increasing interest, as rhizospheric
silicate solubilization leads to increased potassium and Si uptake,
which reduces the need for potash fertilizers.

The ability to solubilize silicates (to depolymerize crystalline
silicate) has been reported in various Gram-positive and
Gram-negative bacteria (Burkholderia eburnea CS4-2, Bacillus
sp., Bacillus flexus, Bacillus globisporus, B. mucilaginosus,
B. megaterium and Pseudomonas fluorescens, Burkholderia
susongensis sp., Rhizobium sp., Rhizobium yantingense,

Rhizobium tropici, and Pseudomonas stutzeri) (Malinovskaya
et al., 1990; Lin et al., 2002; Liu et al., 2006; Vasanthi et al.,
2013, 2018; Chen et al., 2015; Gu et al., 2015; Wang et al., 2015;
Umamaheswari et al., 2016; Kang et al., 2017; Chandrakala et al.,
2019).

Silicate-solubilizing bacteria can potentially release soluble
silica from biogenic materials such as diatomaceous earth, rice
husks, rice straw, and siliceous earth, as well as from insoluble,
inorganic (Al, Ca, K, and Mg) silicates and silicate minerals such
as feldspar and biotite (Wang et al., 2015; Chandrakala et al.,
2019). These bacteria have been isolated from different habitats,
such as rice plant rhizospheres (Kang et al., 2017; Chandrakala
et al., 2019), from rice field soil samples (Vasanthi et al., 2013),
weathered feldspar surfaces (Sheng and He, 2006), weathered
rock surfaces (Gu et al., 2015), weathered rock (purple siltstone)
surfaces (Chen et al., 2015), pond sediments, river water, soils,
and talc minerals (Umamaheswari et al., 2016), potassium mine
tailings (Huang et al., 2013), quercus petreae oak mycorrhizal
roots surroundings (Calvaruso et al., 2010), and weathered rocks
(Wang et al., 2015).

Some mechanisms which SSB could utilize to release
soluble silica from insoluble silicates include: (i) production
of organic acids including citric, tartaric, acetic, gluconic,
hexadecanoic, malic, oxalic, phthalic, oleic, heptadecanoic, and
hydroxypropionic acids (Vassilev et al., 2006; Vasanthi et al.,
2018), which have metal complexing properties that may bind
with aluminum and iron silicates and render silicates soluble,
also provide protons (H+) for protonation for silicate hydrolysis
(Duff and Webley, 1959; Avakyan et al., 1986; Drever and
Stillings, 1997); (ii) inorganic acid production (i.e., oxidation
of sulfur, reduction of sulfides to sulfuric acid, oxidation of
ammonia to nitrates, and conversion of nitrates to nitric acid,
which can act on silicates); (iii) synthesis and discharge of
carbonic anhydrase that catalyzes the interconversion between
carbon dioxide produced by soil microbes and water, and
the dissociated ions of carbonic acid (Brucker et al., 2020),
which promotes the microbial conversion of silicate minerals
as observed in orthoclase degradation to kaolinite (Waksman
and Starkey, 1924). In addition, CO2 sequestration in basaltic
acquifers and the associated carbonate mineralization might
maintain an environment suitable for silicate mineral dissolution
(Pokrovsky et al., 2011); (iv) production of siderophores, which
bind and transport iron(III) which can play a part in silicate
solubilization by scavenging iron from silicate minerals as
observed in hornblende degradation (Kalinowski et al., 2000);
(v) the reduction of sulfates and production of H2S, which
reacts with cations like Ca and Fe of silicate minerals forming
sulfides and thus rendering silicate solubilization (Ehrlich
et al., 2015); (vi) absorption and binding of the inorganic
silicate ions on bacterial surfaces, due to having ionizable
carboxylates and phosphates of lipopolysaccharides in Gram-
negative bacteria and peptidoglycan, teichoic acids and teichoic
acids in Gram-positive bacteria and their high reactivity to
the ions, rendering dissolution (Urrutia and Beveridge, 1994);
(vii) extracellular polysaccharide production (Xiao et al., 2016;
Kang et al., 2017), which is implicated in weathering of rocks
and breakdown of silicates due to their wetting and drying
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properties and acting as a sorbent of metal ions (binding
silicates and affecting the equilibrium between the fluid and
mineral phases, rendering them soluble) during this vital
activity. The biofilm formation also solubilizes silicates in their
microenvironment (Malinovskaya et al., 1990); and (viii) alkali
production (Kutuzova, 1969). It is known that SSB can solubilize
silicates by shifting the pH of the environment toward alkalinity
by decomposing the organic matter and fixing nitrogen, to
subsequently form ammonia and amines (Vasanthi et al., 2018);
and acidolysis, the most commonly found mechanism of silicate
mineral weathering (Jongmans et al., 1997; Chandrakala et al.,
2019). Future research should focus on the yet unknown mineral
weathering mechanisms of these bacteria (Kang et al., 2017).

These bacteria, isolated from both plant roots and soil
minerals, could also increase the plant Si uptake and therefore Si
levels in plants (Peera et al., 2016; Kang et al., 2017; Vasanthi et al.,
2018; Chandrakala et al., 2019). In one study (Kang et al., 2017),
it was found that inoculation of japonica rice plants with the SSB
strain Burkholderia eburnea CS4-2 increased the Si content in the
plants grown on the plant growth substrate including insoluble
silicates. In addition, the plant growth attributes (chlorophyll
levels, root and shoot lengths, root and shoot fresh weights, etc.)
were also improved compared to those of the control and of
plants grown on insoluble silica. CS4-2, when applied together
with insoluble silica, significantly promoted the growth of rice
plants (Kang et al., 2017). Chandrakala et al. (2019) found that the
SSB strain Rhizobium sp. IIRR-1 isolated from the rhizospheric
soil around rice plants could colonize and grow on all insoluble
silicates, which resulted in increased silica release into the culture
media (12.45–60.15% over that of the control). This strain also
successfully colonized the roots of rice seedlings and improved
their vigor by 29.18% compared to that of the control.

In addition to providing plants with Si, SSB can also
solubilize P and other nutrients like Ca, Fe, K, Mg, and
Zn, bound to the silicate minerals from insoluble sources
and provide plants with P (Lin et al., 2002; Liu et al.,
2006; Vasanthi et al., 2018; Chandrakala et al., 2019; Lee
et al., 2019). The mechanisms for P solubilization are also
responsible for the biogenic silicate weathering; namely, the
release of extracellular polysaccharides, organic acids, protons,
and siderophores (Vassilev et al., 2006; Gorbushina and
Broughton, 2009; Uroz et al., 2009; Etesami, 2020). Silicate
weathering provides access to minerals that contain P, such
as apatite, which are calcium phosphates, and therefore is
also related to P solubilization (Gorbushina and Broughton,
2009; Uroz et al., 2009). For example, studies have reported
that SSB produce organic acids such as acetic, formic, and
gluconic acids during the solubilization of insoluble tri-calcium
silicates and other insoluble nutrient sources (Park et al., 2009).
The aforementioned studies show that SSB utilization may
improve the solubilization of insoluble P and Si, which could
ultimately increase the plant P and Si uptake and to substantially
improve the plant growth and health. Compared to the studies
performed on PSB and other PGPB, very few studies have been
conducted to isolate SSB with plant growth-promoting activities
from plant-associated soils (Kang et al., 2017; Vasanthi et al.,
2018), likely because SSB only accounts for a low proportion

of the total bacteria that exist in soils and silicate minerals
(Vasanthi et al., 2018).

The outcome of this review paper may widen research
scope for use of Si/nanosilica (or SSB) in combination with
AMF and PSB in improving P use efficiency in sustainable
agriculture (Figure 4).

FUTURE PROSPECTS

Arbuscular mycorrhizal fungi provide their host plants with P
and other nutrients in exchange for photosynthates, by effectively
increasing the volume of the soil solution that host plants can
acquire minerals from via the hyphae that develop from the
roots. AMF prevent the available P from re-precipitating before
plants have access, and their capacity to transport P to plants
can account for up to 80% of a plant’s total P uptake. However,
much of the soil P exists in an insoluble form, and some AMF can
only exploit soluble P sources. PSB can solubilize these insoluble
P forms and potentially make them available for absorption by
AMF hyphae and plants. PSB also increase the AMF hyphal
expression Pi transporter genes. In addition to increasing P
availability in soils, Si also enhances the expression of plant
genes associated with inorganic P absorption under P-deficient
conditions. Previous studies, indicate that AMF and PSB, Si
and AMF, and Si and PSB synergistically act to more effectively
increase the plant uptake of P, improving the growth of different
plants more than when each was applied on its own. Accordingly,
the use of Si along with these two microbial groups may increase
P availability in the rhizosphere.

Several suggestions and avenues of research would move us
closer to adopting this strategy for developing environment-
friendly P-biofertilizer to be used as supplements and/or
alternatives to chemical P fertilizers:

(i) It is known that AMF and PSB cooperate, in addition to
having synergistic effects (Zhang et al., 2016). According to
Zhang et al. (2016) AMF and free–living PSB cooperated
for mutual benefit by supplying the required carbon
or P for each microorganism, though these interactions
were dependent on the environmental P availability. This
indicates that when using co–inoculation of AMF and PSB,
the amount of available P in the soil should be considered;

(ii) AMF hyphae, by secreting certain metabolites such as
carbohydrates (Hooker et al., 2007; Toljander et al.,
2007) (e.g., sugars such as galactose, fructose, glucose,
and trehalose) (Zhang et al., 2018a,b), carboxylates (e.g.,
aconitate, citrate, and succinate) (Tawaraya et al., 2006;
Zhang et al., 2018b), and amino acids (Bharadwaj
et al., 2012), only benefit specific microorganisms and
inhibit others (Nuccio et al., 2013; Bender et al., 2014).
The exact mechanisms of these interactions remains to
be investigated, although previous research has made
suggestions: physical interactions such as the capacity
to attach to the hyphae of the AMF (Scheublin et al.,
2010), niche competition for nutrients (Veresoglou et al.,
2011), and AMF hyphal exudation directly and indirectly
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FIGURE 4 | Synergistic effects of among arbuscular mycorrhizal fungi (AMF), phosphate-solubilizing bacterium (PSB), and silicon (Si) on P Availability and its uptake
by plant.

manipulating the community (Toljander et al., 2007).
In addition, it is important to note that the stimulated
microbes positively affect AMF fitness in general (Scheublin
et al., 2010; Nuccio et al., 2013);

(iii) It has also been found that relative to other PSB
strains, the different bacteria may positively or negatively
influence the AMF hyphal growth. Future research
should investigate which combination and plant-growth-
promoting characteristics are the most affected by fungal
secretions, as the knowledge is yet unclear. Furthermore,
it should be investigated which soil conditions (available P
content, pH, organic matter composition, etc.) lead to the
best results in plants when the co–inoculation of AMF and
PSB with Si is provided;

(iv) Further research is necessary to identify the different
mechanisms with which spore- and AMF hyphae-
associated PSB affect plant growth with and without AMF
in non-sterile conditions in the field. Evidence to date is still
inconsistent regarding significant organic P mineralization
by AMF. Continuous monitoring of the characteristics of
the different AMF mycelial exudates, and how they interact
with the biotic and abiotic environments in situ will also
help further the understanding AMF’s ecological roles
(Toljander, 2006);

(v) The relationship between certain soil bacteria and
mycorrhizal fungi provides new insights into the design
of mixed inoculation, while identifying fungal strains that
contain plant growth-promoting endosymbiotic bacteria
and mycorrhiza helper bacteria (bacterial communities

living strictly associated with AMF spores extraradical
mycelium and mycorrhizal roots, in the mycorrhizosphere)
evidenced by ACC deaminase activities, IAA production,
siderophore production, Pi solubilization, and N2 fixation
ability enables new strategies for AMF use (Turrini et al.,
2018). A better understanding of such relationships
between certain bacteria and fungi should lead to
substantial ecological benefits and contribute to sustainable
agriculture;

(vi) To make optimal use of soil microorganisms to maximize
the benefits for plant growth and development, future
research should investigate how the soil bacteria and fungi
interact. Calcareous soils with a high pH and low P
availability could benefit greatly from making use of such
microorganism interactions;

(vii) Since the coexistence of AMF and PSB in the rhizosphere
spans millions of years, numerous interactions should have
evolved between the two microorganism groups. The exact
mechanisms between AMF and PSB should be identified.
It is not clear whether the phosphate-solubilizing ability of
any bacteria allows them to attach to the extraradical AMF
hyphae (Scheublin et al., 2010);

(viii) Most research has been done using culturable
bacteria. Since most bacteria are unculturable, more
research is needed dealing with unculturable bacteria
in the mycorrhizosphere, which will lead to an
improved knowledge of the microbial community
and the associated mycorrhizospheric interactions
(Toljander, 2006);
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FIGURE 5 | Synergetic role of among arbuscular mycorrhizal fungi (AMF), phosphate-solubilizing bacterium (PSB), and silicon (Si) in improving phosphorus (P)
uptake by plant.

(ix) Further research to evaluate the application and the efficacy
of AMF, PSB, and SSB (or Si fertilizers) as co–inoculants
or as independent inoculants under various environmental
stresses on crops fertilized with different low-solubility
P sources in real world conditions is necessary, where
the survival of AMF, PSB, and SSB, as well as how the
mechanisms with which they promote plant growth is
affected by competition with the endemic microorganisms,
environmental stresses, and soil conditions;

(x) Further research is necessary to validate the AMF and PSB
performance in conjunction with SSB or suitable insoluble
silicate sources, as silica itself is considered as agronomically
beneficial and its mobilization is always accompanied by the
release of other macronutrients and macronutrients that are
bound to silicate minerals, under various field conditions
and different ecosystems; and

(xi) Because AMF are unable to release phosphatases outside
the hyphae, organic P utilization by AMF seems to
depend on the presence of other soil microbes. Since
different bacterial genera possess different organic P
mineralization abilities (Rodrìguez and Fraga, 1999) and
multiple plant-growth-promoting characteristics, bacteria
are expected to promote plant growth more effectively
in comparison to microorganisms that only possess a
single plant growth-promoting trait (Shahi et al., 2011;
Etesami and Maheshwari, 2018); manipulation of the

bacterial community associated with the AMF hyphae (i.e.,
introduction of superior PSB and SSB into the hyphae)
may influence the organic P mineralization and Si uptake
processes in plants.

CONCLUSION

P is a vital element in crop nutrition. Adverse environmental
effects of chemical-based P fertilizers have compelled us to
find a sustainable approach for efficient P availability in
agriculture to meet the ever-increasing global demand of food.
According to the review paper, the use of AMF, PSB, and
the addition of Si can be an effective and economical way
to improve the availability and efficacy of P. Based on what
is known about them, the combination of AMF, PSB, and
Si (or SSB) may be utilized as a strategy for improving
plant growth in P-deficient soils and minimizing chemical
fertilization to exercise sustainable agriculture (Figure 5).
The combination can help plants effectively utilize the low-
solubility P sources by solubilizing them into utilizable forms
that are later absorbed by plants. This may assist in solving
problems encountered with the crop production economy
and food shortages, which also make the co-inoculation with
Si or SSB a promising technique for use in commercial
inoculant formulations.
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Pavlovic, J., Samardzic, J., Maksimović, V., Timotijevic, G., Stevic, N., Laursen,
K. H., et al. (2013). Silicon alleviates iron deficiency in cucumber by promoting
mobilization of iron in the root apoplast. New Phytol. 198, 1096–1107. doi:
10.1111/nph.12213

Peera, S. K. P. G., Balasubramaniam, P., and Mahendran, P. P. (2016). Effect of
fly ash and silicate solubilizing bacteria on yield and silicon uptake of rice in
Cauvery Delta Zone. Environ. Ecol. 34, 1966–1971.

Pepe, A., Giovannetti, M., and Sbrana, C. (2020). Appressoria and phosphorus
fluxes in mycorrhizal plants: connections between soil-and plant-based hyphae.
Mycorrhiza 30, 589–600. doi: 10.1007/s00572-020-00972-w

Perry, C. C. (2003). Silicification: the processes by which organisms capture
and mineralize silica. Rev. Mineral. Geochem. 54, 291–327. doi: 10.1515/
9781501509346-015

Planavsky, N. J., Rouxel, O. J., Bekker, A., Lalonde, S. V., Konhauser, K. O.,
Reinhard, C. T., et al. (2010). The evolution of the marine phosphate reservoir.
Nature 467, 1088–1090. doi: 10.1038/nature09485

Plaxton, W. C. (2004). Plant Response to Stress: Biochemical Adaptations to
Phosphate Deficiency. Encyclopedia of Plant and Crop Science. Marcel Dekker,
New York, 976–980.

Plaxton, W. C., and Carswell, M. C. (1999). “Metabolic aspects of the phosphate
starvation response in plants,” in Plant Responses to Environmental Stresses:
from Phytohormones to Genome Reorganization ed H. R. Lerner (New York,
NY: Marcel Dekker), 349–372. doi: 10.1201/9780203743157-16

Pokrovsky, O., Shirokova, L., Stockman, G., Zabelina, S., Bénézeth, P., Gerard,
E., et al. (2011). Quantifying the role of microorganisms in silicate mineral
dissolution at the conditions of CO2 storage in basalts. Geophys. Res. Abstracts
13:13904.

Pons, S., Fournier, S., Chervin, C., Bécard, G., Rochange, S., Frei Dit Frey, N.,
et al. (2020). Phytohormone production by the arbuscular mycorrhizal fungus
Rhizophagus irregularis. PLoS One 15:e0240886. doi: 10.1371/journal.pone.
0240886

Pothier, J. F., Wisniewski-Dye, F., Weiss-Gayet, M., Moenne-Loccoz, Y.,
and Prigent-Combaret, C. (2007). Promoter-trap identification of wheat
seed extract-induced genes in the plant-growth-promoting rhizobacterium
Azospirillum brasilense Sp245. Microbiology 153, 3608–3622. doi: 10.1099/mic.
0.2007/009381-0

Prusty, R., Grisafi, P., and Fink, G. R. (2004). The plant hormone indoleacetic acid
induces invasive growth in Saccharomyces cerevisiae. Proc. Natl. Acad. Sci. U S
A. 101, 4153–4157. doi: 10.1073/pnas.0400659101

Raghothama, K. G., and Karthikeyan, A. S. (2005). Phosphate acquisition. Plant
Soil 274:37.

Rajan, S. S. S. (1975). Phosphate adsorption and the displacement of structural
silicon in an allophane clay. J. Soil Sci. 26, 250–256. doi: 10.1111/j.1365-2389.
1975.tb01949.x

Ramaekers, L., Remans, R., Rao, I. M., Blair, M. W., and Vanderleyden,
J. (2010). Strategies for improving phosphorus acquisition efficiency of
crop plants. Field Crops Res. 117, 169–176. doi: 10.1016/j.fcr.2010.
03.001

Rangaraj, S., Gopalu, K., Rathinam, Y., Periasamy, P., Venkatachalam, R., and
Narayanasamy, K. (2014). Effect of silica nanoparticles on microbial biomass
and silica availability in maize rhizosphere. Biotechnol. Appl. Biochem. 61,
668–675. doi: 10.1002/bab.1191

Rashid, M., Khalil, S., Ayub, N., Alam, S., and Latif, F. (2004). Organic
acids production and phosphate solubilization by phosphate solubilizing
microorganisms (PSM) under in vitro conditions. Pak. J. Biol. Sci. 7, 187–196.
doi: 10.3923/pjbs.2004.187.196

Redecker, D., Schüßler, A., Stockinger, H., Stürmer, S. L., Morton, J. B., and Walker,
C. (2013). An evidence-based consensus for the classification of arbuscular
mycorrhizal fungi (Glomeromycota). Mycorrhiza 23, 515–531. doi: 10.1007/
s00572-013-0486-y

Reithmaier, G. -M. S., Knorr, K. -H., Arnhold, S., Planer-Friedrich, B., and
Schaller, J. (2017). Enhanced silicon availability leads to increased methane
production, nutrient and toxicant mobility in peatlands. Sci. Rep. 7:
8728.

Rengel, Z., and Marschner, P. (2005). Nutrient availability and management in
the rhizosphere: exploiting genotypic differences. New Phytol. 168, 305–312.
doi: 10.1111/j.1469-8137.2005.01558.x

Rezakhani, L., Motesharezadeh, B., Tehrani, M. M., Etesami, H., and Hosseini,
H. M. (2019a). Effect of silicon and phosphate-solubilizing bacteria on
improved phosphorus (P) uptake is not specific to insoluble P-fertilized
sorghum (Sorghum bicolor L.) Plants. J. Plant Growth Regulat. 39, 239–253.
doi: 10.1007/s00344-019-09978-x

Rezakhani, L., Motesharezadeh, B., Tehrani, M. M., Etesami, H., and Hosseini,
H. M. (2019b). Phosphate–solubilizing bacteria and silicon synergistically
augment phosphorus (P) uptake by wheat (Triticum aestivum L.) plant fertilized
with soluble or insoluble P source. Ecotoxicol. Environ. Safety 173, 504–513.
doi: 10.1016/j.ecoenv.2019.02.060

Richardson, A. E., Barea, J. -M., Mcneill, A. M., and Prigent-Combaret, C. (2009).
Acquisition of phosphorus and nitrogen in the rhizosphere and plant growth
promotion by microorganisms. Plant Soil 321, 305–339. doi: 10.1007/s11104-
009-9895-2

Frontiers in Plant Science | www.frontiersin.org 26 July 2021 | Volume 12 | Article 699618270

https://doi.org/10.1111/1462-2920.12081
https://doi.org/10.1007/s11104-010-0650-5
https://doi.org/10.1007/s11104-010-0650-5
https://doi.org/10.1128/aem.02042-06
https://doi.org/10.1104/pp.009639
https://doi.org/10.1371/journal.pone.0154438
https://doi.org/10.1371/journal.pone.0154438
https://doi.org/10.1071/ar01102
https://doi.org/10.1016/s0167-8809(02)00201-3
https://doi.org/10.1016/s0167-8809(02)00201-3
https://doi.org/10.1016/j.ejsobi.2013.02.002
https://doi.org/10.1016/j.ejsobi.2013.02.002
https://doi.org/10.1081/lcss-200030686
https://doi.org/10.1111/ppl.12297
https://doi.org/10.1111/j.1472-765x.2009.02642.x
https://doi.org/10.1007/bf01573868
https://doi.org/10.1007/bf01573868
https://doi.org/10.1007/s00284-007-9053-0
https://doi.org/10.1111/nph.12213
https://doi.org/10.1111/nph.12213
https://doi.org/10.1007/s00572-020-00972-w
https://doi.org/10.1515/9781501509346-015
https://doi.org/10.1515/9781501509346-015
https://doi.org/10.1038/nature09485
https://doi.org/10.1201/9780203743157-16
https://doi.org/10.1371/journal.pone.0240886
https://doi.org/10.1371/journal.pone.0240886
https://doi.org/10.1099/mic.0.2007/009381-0
https://doi.org/10.1099/mic.0.2007/009381-0
https://doi.org/10.1073/pnas.0400659101
https://doi.org/10.1111/j.1365-2389.1975.tb01949.x
https://doi.org/10.1111/j.1365-2389.1975.tb01949.x
https://doi.org/10.1016/j.fcr.2010.03.001
https://doi.org/10.1016/j.fcr.2010.03.001
https://doi.org/10.1002/bab.1191
https://doi.org/10.3923/pjbs.2004.187.196
https://doi.org/10.1007/s00572-013-0486-y
https://doi.org/10.1007/s00572-013-0486-y
https://doi.org/10.1111/j.1469-8137.2005.01558.x
https://doi.org/10.1007/s00344-019-09978-x
https://doi.org/10.1016/j.ecoenv.2019.02.060
https://doi.org/10.1007/s11104-009-9895-2
https://doi.org/10.1007/s11104-009-9895-2
https://www.frontiersin.org/journals/plant-science
https://www.frontiersin.org/
https://www.frontiersin.org/journals/plant-science#articles


fpls-12-699618 June 25, 2021 Time: 19:20 # 27

Etesami et al. Effects of AMF-PSB-Si on P

Ringeval, B., Augusto, L., Monod, H., Apeldoorn, D., Bouwman, L., Yang, X., et al.
(2017). Phosphorus in agricultural soils: drivers of its distribution at the global
scale. Global Change Biol. 23, 3418–3432 doi: 10.1111/gcb.13618

Rodrigues, F. Á., Mcnally, D. J., Datnoff, L. E., Jones, J. B., Labbé, C., Benhamou,
N., et al. (2004). Silicon enhances the accumulation of diterpenoid phytoalexins
in rice: a potential mechanism for blast resistance. Phytopathology 94,
177–183.

Rodrìguez, H., and Fraga, R. (1999). Phosphate solubilizing bacteria and their role
in plant growth promotion. Biotechnol. Adv. 17, 319–339. doi: 10.1016/s0734-
9750(99)00014-2

Römer, W., and Schenk, H. (1998). Influence of genotype on phosphate uptake
and utilization efficiencies in spring barley. Eur. J. Agronomy 8, 215–224. doi:
10.1016/s1161-0301(97)00061-0

Sahebi, M., Hanafi, M. M., Siti nor Akmar, A., Rafii, M. Y., Azizi, P., Tengoua, F. F.,
et al. (2015). Importance of silicon and mechanisms of biosilica formation in
plants. BioMed Res. Int. 2015:396010.

Sánchez-Calderón, L., López-Bucio, J., Chacón-López, A., Gutiérrez-Ortega, A.,
Hernández-Abreu, E., and Herrera-Estrella, L. (2006). Characterization of low
phosphorus insensitive mutants reveals a crosstalk between low phosphorus-
induced determinate root development and the activation of genes involved
in the adaptation of Arabidopsis to phosphorus deficiency. Plant Physiol. 140,
879–889. doi: 10.1104/pp.105.073825

Sarathambal, C., and Ilamurugu, K. (2013). Saline tolerant plant growth promoting
diazotrophs from rhizosphere of Bermuda grass and their effect on rice. Indian
J. Weed Sci. 45, 80–85.

Sato, T., Ezawa, T., Cheng, W., and Tawaraya, K. (2015). Release of acid
phosphatase from extraradical hyphae of arbuscular mycorrhizal fungus
Rhizophagus clarus. Soil Sci. Plant Nutrition 61, 269–274. doi: 10.1080/
00380768.2014.993298

Sauer, D., Saccone, L., Conley, D. J., Herrmann, L., and Sommer, M. (2006). Review
of methodologies for extracting plant-available and amorphous Si from soils
and aquatic sediments. Biogeochemistry 80, 89–108. doi: 10.1007/s10533-005-
5879-3

Savant, N. K., Snyder, G. H., and Datnoff, L. E. (1996). Silicon management and
sustainable rice production. Adv. Agronomy 58, 151–199. doi: 10.1016/s0065-
2113(08)60255-2

Schachtman, D. P., Reid, R. J., and Ayling, S. M. (1998). Phosphorus uptake by
plants: from soil to cell. Plant Physiol. 116, 447–453. doi: 10.1104/pp.116.2.447

Schaller, J., Faucherre, S., Joss, H., Obst, M., Goeckede, M., Planer-Friedrich, B.,
et al. (2019). Silicon increases the phosphorus availability of Arctic soils. Sci.
Rep. 9:449.

Scheublin, T. R., Sanders, I. R., Keel, C., and Van Der Meer, J. R. (2010).
Characterisation of microbial communities colonising the hyphal surfaces of
arbuscular mycorrhizal fungi. ISME J. 4, 752–763. doi: 10.1038/ismej.2010.5

Schrey, S., Hartmann, A., and Hampp, R. (2014). “Rhizosphere interactions,” in
Ecological Biochemistry: Environmental and Interspecies Interactions, eds G.-
J. Krauss and D. H. Nies (New Jersey, USA: John Wiley & Sons, Inc.), 292–311.
doi: 10.1002/9783527686063.ch15

Schwertmann, U., and Fechter, H. (1982). The point of zero charge of natural and
synthetic ferrihydrites and its relation to adsorbed silicate. Clay Minerals 17,
471–476. doi: 10.1180/claymin.1982.017.4.10

Seeling, B., and Zasoski, R. J. (1993). Microbial effects in maintaining organic and
inorganic solution phosphorus concentrations in a grassland topsoil. Plant Soil
148, 277–284. doi: 10.1007/bf00012865

Sevilla, M., Gunapala, N., Burris, R., and Kennedy, C. (2001). Comparison
of benefit to sugarcane plant growth and 15N2 incorporation following
inoculation of sterile plants with Acetobacter diazotrophicus wild-type and nif-
mutant strains. Mol. Plant–Microbe Interact. 14, 358–366. doi: 10.1094/mpmi.
2001.14.3.358

Shahi, S. K., Rai, A. K., Tyagi, M. B., Sinha, R. P., and Kumar, A. (2011).
Rhizosphere of rice plants harbor bacteria with multiple plant growth
promoting features. Afr. J. Biotechnol. 10, 8296–8305. doi: 10.5897/ajb11.602

Shahzad, S. M., Khalid, A., Arif, M. S., Riaz, M., Ashraf, M., Iqbal, Z., et al. (2014).
Co-inoculation integrated with P-enriched compost improved nodulation
and growth of Chickpea (Cicer arietinum L.) under irrigated and rainfed
farming systems. Biol. Fertility Soils 50, 1–12. doi: 10.1007/s00374-013-
0826-2

Sharif, M., and Claassen, N. (2011). Action mechanisms of arbuscular mycorrhizal
fungi in phosphorus uptake by Capsicum annuum L. Pedosphere 21, 502–511.
doi: 10.1016/s1002-0160(11)60152-5

Sharma, S. B., Sayyed, R. Z., Trivedi, M. H., and Gobi, T. A. (2013). Phosphate
solubilizing microbes: sustainable approach for managing phosphorus
deficiency in agricultural soils. SpringerPlus 2:587.

Sheng, X. F., and He, L. Y. (2006). Solubilization of potassium-bearing minerals by
a wild-type strain of Bacillus edaphicus and its mutants and increased potassium
uptake by wheat. Can. J. Microbiol. 52, 66–72. doi: 10.1139/w05-117

Sheng, X. F., Zhao, F., He, L. Y., Qiu, G., and Chen, L. (2008). Isolation and
characterization of silicate mineral-solubilizing Bacillus globisporus Q12 from
the surfaces of weathered feldspar. Can. J. Microbiol. 54, 1064–1068. doi:
10.1139/w08-089

Shenoy, V. V., and Kalagudi, G. M. (2005). Enhancing plant phosphorus use
efficiency for sustainable cropping. Biotechnol. Adv. 23, 501–513. doi: 10.1016/
j.biotechadv.2005.01.004

Shi-Chu, L., Yong, J., Ma-Bo, L., Wen-Xu, Z., Nan, X., and Hui-Hui, Z. (2019).
Improving plant growth and alleviating photosynthetic inhibition from salt
stress using AMF in alfalfa seedlings. J. Plant Interact. 14, 482–491. doi: 10.
1080/17429145.2019.1662101

Sigg, L., and Stumm, W. (1981). The interaction of anions and weak acids with the
hydrous goethite (α-FeOOH) surface. Colloids Surf. 2, 101–117. doi: 10.1016/
0166-6622(81)80001-7

Sikes, B. A. (2010). When do arbuscular mycorrhizal fungi protect plant roots
from pathogens? Plant Signal. Behav. 5, 763–765. doi: 10.4161/psb.5.6.
11776

Singh, K. P., and Sarkar, M. C. (1992). Phosphorus availability in soils as affected
by fertilizer phosphorus, sodium silicate and farmyard manure. J. Ind. Soc. Soil
Sci. 40, 762–767.

Smith, S. E., and Read, D. J. (2008). Mycorrhizal Symbiosis. London: Academic
Press.

Smith, S. E., and Smith, F. A. (2011). Roles of arbuscular mycorrhizas in plant
nutrition and growth: new paradigms from cellular to ecosystem scales.
Annu. Rev. Plant Biol. 62, 227–250. doi: 10.1146/annurev-arplant-042110-10
3846

Smith, S. E., Jakobsen, I., Grønlund, M., and Smith, F. A. (2011). Roles of
arbuscular mycorrhizas in plant phosphorus nutrition: interactions between
pathways of phosphorus uptake in arbuscular mycorrhizal roots have
important implications for understanding and manipulating plant phosphorus
acquisition. Plant Physiol. 156, 1050–1057. doi: 10.1104/pp.111.174581

Smyth, T. J., and Sanchez, P. A. (1980). Effects of lime, silicate, and phosphorus
applications to an Oxisol on phosphorus sorption and ion retention. Soil Sci.
Soc. Am. J. 44, 500–505. doi: 10.2136/sssaj1980.03615995004400030012x

Sommer, M., Kaczorek, D., Kuzyakov, Y., and Breuer, J. (2006). Silicon pools
and fluxes in soils and landscapes—a review. J. Plant Nutrition Soil Sci. 169,
310–329. doi: 10.1002/jpln.200521981

Stamford, N. P., Santos, P. R. D., Moura, A. M. M. F. D., and Freitas, A. D. S. D.
(2003). Biofertilzers with natural phosphate, sulphur and Acidithiobacillus in
a siol with low available-P. Sci. Agricola 60, 767–773. doi: 10.1590/s0103-
90162003000400024

Steenhoudt, O., and Vanderleyden, J. (2000). Azospirillum, a free-living nitrogen-
fixing bacterium closely associated with grasses: genetic, biochemical and
ecological aspects. FEMS Microbiol. Rev. 24, 487–506. doi: 10.1111/j.1574-6976.
2000.tb00552.x

Steinkellner, S., Lendzemo, V., Langer, I., Schweiger, P., Khaosaad, T., Toussaint,
J. -P., et al. (2007). Flavonoids and strigolactones in root exudates as signals in
symbiotic and pathogenic plant-fungus interactions. Molecules 12, 1290–1306.
doi: 10.3390/12071290

Struyf, E., and Conley, D. J. (2009). Silica: an essential nutrient in wetland
biogeochemistry. Front. Ecol. Environ. 7, 88–94. doi: 10.1890/070126

Struyf, E., Smis, A., Van Damme, S., Garnier, J., Govers, G., Van Wesemael, B., et al.
(2010). Historical land use change has lowered terrestrial silica mobilization.
Nat. Commun. 1:129.

Takeda, N., Handa, Y., Tsuzuki, S., Kojima, M., Sakakibara, H., and Kawaguchi,
M. (2015). Gibberellins interfere with symbiosis signaling and gene expression
and alter colonization by arbuscular mycorrhizal fungi in Lotus japonicus. Plant
Physiol. 167, 545–557. doi: 10.1104/pp.114.247700

Frontiers in Plant Science | www.frontiersin.org 27 July 2021 | Volume 12 | Article 699618271

https://doi.org/10.1111/gcb.13618
https://doi.org/10.1016/s0734-9750(99)00014-2
https://doi.org/10.1016/s0734-9750(99)00014-2
https://doi.org/10.1016/s1161-0301(97)00061-0
https://doi.org/10.1016/s1161-0301(97)00061-0
https://doi.org/10.1104/pp.105.073825
https://doi.org/10.1080/00380768.2014.993298
https://doi.org/10.1080/00380768.2014.993298
https://doi.org/10.1007/s10533-005-5879-3
https://doi.org/10.1007/s10533-005-5879-3
https://doi.org/10.1016/s0065-2113(08)60255-2
https://doi.org/10.1016/s0065-2113(08)60255-2
https://doi.org/10.1104/pp.116.2.447
https://doi.org/10.1038/ismej.2010.5
https://doi.org/10.1002/9783527686063.ch15
https://doi.org/10.1180/claymin.1982.017.4.10
https://doi.org/10.1007/bf00012865
https://doi.org/10.1094/mpmi.2001.14.3.358
https://doi.org/10.1094/mpmi.2001.14.3.358
https://doi.org/10.5897/ajb11.602
https://doi.org/10.1007/s00374-013-0826-2
https://doi.org/10.1007/s00374-013-0826-2
https://doi.org/10.1016/s1002-0160(11)60152-5
https://doi.org/10.1139/w05-117
https://doi.org/10.1139/w08-089
https://doi.org/10.1139/w08-089
https://doi.org/10.1016/j.biotechadv.2005.01.004
https://doi.org/10.1016/j.biotechadv.2005.01.004
https://doi.org/10.1080/17429145.2019.1662101
https://doi.org/10.1080/17429145.2019.1662101
https://doi.org/10.1016/0166-6622(81)80001-7
https://doi.org/10.1016/0166-6622(81)80001-7
https://doi.org/10.4161/psb.5.6.11776
https://doi.org/10.4161/psb.5.6.11776
https://doi.org/10.1146/annurev-arplant-042110-103846
https://doi.org/10.1146/annurev-arplant-042110-103846
https://doi.org/10.1104/pp.111.174581
https://doi.org/10.2136/sssaj1980.03615995004400030012x
https://doi.org/10.1002/jpln.200521981
https://doi.org/10.1590/s0103-90162003000400024
https://doi.org/10.1590/s0103-90162003000400024
https://doi.org/10.1111/j.1574-6976.2000.tb00552.x
https://doi.org/10.1111/j.1574-6976.2000.tb00552.x
https://doi.org/10.3390/12071290
https://doi.org/10.1890/070126
https://doi.org/10.1104/pp.114.247700
https://www.frontiersin.org/journals/plant-science
https://www.frontiersin.org/
https://www.frontiersin.org/journals/plant-science#articles


fpls-12-699618 June 25, 2021 Time: 19:20 # 28

Etesami et al. Effects of AMF-PSB-Si on P

Taktek, S., Trépanier, M., Servin, P. M., St-Arnaud, M., Piché, Y., Fortin, J. A., et al.
(2015). Trapping of phosphate solubilizing bacteria on hyphae of the arbuscular
mycorrhizal fungus Rhizophagus irregularis DAOM 197198. Soil Biol. Biochem.
90, 1–9. doi: 10.1016/j.soilbio.2015.07.016

Tarafdar, J. C., and Marschner, H. (1994). Phosphatase activity in the rhizosphere
and hyphosphere of VA mycorrhizal wheat supplied with inorganic and organic
phosphorus. Soil Biol. Biochem. 26, 387–395. doi: 10.1016/0038-0717(94)
90288-7

Tarafdar, J. C., Yadav, R. S., and Meena, S. C. (2001). Comparative efficiency of acid
phosphatase originated from plant and fungal sources. J. Plant Nutrition Soil
Sci. 164, 279–282. doi: 10.1002/1522-2624(200106)164:3<279::aid-jpln279>3.
0.co;2-l

Tatsukami, Y., and Ueda, M. (2016). Rhizobial gibberellin negatively regulates host
nodule number. Sci. Rep. 6:27998.

Tawaraya, K. (2003). Arbuscular mycorrhizal dependency of different plant species
and cultivars. Soil Sci. Plant Nutrition 49, 655–668. doi: 10.1080/00380768.2003.
10410323

Tawaraya, K., Naito, M., and Wagatsuma, T. (2006). Solubilization of insoluble
inorganic phosphate by hyphal exudates of arbuscular mycorrhizal fungi.
J. Plant Nutrition 29, 657–665. doi: 10.1080/01904160600564428

Tipping, E. (1981). The adsorption of aquatic humic substances by iron oxides.
Geochimica et Cosmochimica Acta 45, 191–199. doi: 10.1016/0016-7037(81)
90162-9

Tisserant, E., Kohler, A., Dozolme-Seddas, P., Balestrini, R., Benabdellah, K.,
Colard, A., et al. (2012). The transcriptome of the arbuscular mycorrhizal
fungus Glomus intraradices (DAOM 197198) reveals functional tradeoffs in an
obligate symbiont. New Phytol. 193, 755–769. doi: 10.1111/j.1469-8137.2011.
03948.x

Tisserant, E., Malbreil, M., Kuo, A., Kohler, A., Symeonidi, A., Balestrini, R., et al.
(2013). Genome of an arbuscular mycorrhizal fungus provides insight into the
oldest plant symbiosis. Proc. Natl. Acad. Sci. U S A. 110, 20117–20122.

Tittarelli, A., Milla, L., Vargas, F., Morales, A., Neupert, C., Meisel, L., et al. (2007).
Isolation and comparative analysis of the wheat TaPT2 promoter: identification
in silico of new putative regulatory motifs conserved between monocots and
dicots. J. Exp. Bot. 58, 2573–2582. doi: 10.1093/jxb/erm123

Toljander, J. (2006). Interactions Between Soil Bacteria and Arbuscular Mycorrhizal
Fungi. Disseration Uppsala : Sveriges lantbruksuniv

Toljander, J. F., Artursson, V., Paul, L. R., Jansson, J. K., and Finlay, R. D.
(2006). Attachment of different soil bacteria to arbuscular mycorrhizal fungal
extraradical hyphae is determined by hyphal vitality and fungal species. FEMS
Microbiol. Lett. 254, 34–40. doi: 10.1111/j.1574-6968.2005.00003.x

Toljander, J. F., Lindahl, B. D., Paul, L. R., Elfstrand, M., and Finlay, R. D. (2007).
Influence of arbuscular mycorrhizal mycelial exudates on soil bacterial growth
and community structure. FEMS Microbiol. Ecol. 61, 295–304. doi: 10.1111/j.
1574-6941.2007.00337.x

Toro, M., Azcon, R., and Barea, J. (1997). Improvement of arbuscular mycorrhiza
development by inoculation of soil with phosphate-solubilizing rhizobacteria
to improve rock phosphate bioavailability ((sup32) P) and nutrient cycling.
Appl. Environ. Microbiol. 63, 4408–4412. doi: 10.1128/aem.63.11.4408-4412.
1997

Toro, M., Azcón, R., and Barea, J. M. (1998). The use of isotopic dilution techniques
to evaluate the interactive effects of Rhizobium genotype, mycorrhizal fungi,
phosphate-solubilizing rhizobacteria and rock phosphate on nitrogen and
phosphorus acquisition by Medicago sativa. New Phytol. 138, 265–273. doi:
10.1046/j.1469-8137.1998.00108.x

Treder, W., and Cieslinski, G. (2005). Effect of silicon application on
cadmium uptake and distribution in strawberry plants grown on
contaminated soils. J. Plant Nutrition 28, 917–929. doi: 10.1081/pln-20005
8877

Trolove, S., Hedley, M., Kirk, G., Bolan, N., and Loganathan, P. (2003). Progress
in selected areas of rhizosphere research on P acquisition. Soil Res. 41, 471–499.
doi: 10.1071/sr02130

Turrini, A., Avio, L., Giovannetti, M., and Agnolucci, M. (2018). Functional
complementarity of arbuscular mycorrhizal fungi and associated microbiota:
the challenge of translational research. Front. Plant Sci. 9:1407. doi: 10.3389/
fpls.2018.01407

Uhde-Stone, C., Zinn, K. E., Ramirez-Yáñez, M., Li, A., Vance, C. P., and Allan,
D. L. (2003). Nylon filter arrays reveal differential gene expression in proteoid

roots of white lupin in response to phosphorus deficiency. Plant Physiol. 131,
1064–1079. doi: 10.1104/pp.102.016881

Umamaheswari, T., Srimeena, N., Vasanthi, N., Cibichakravarthy, B., Anthoniraj,
S., and Karthikeyan, S. (2016). Silica as biologically transmutated source for
bacterial growth similar to carbon. Matt. Arch. 2:e201511000005.

Uroz, S., Calvaruso, C., Turpault, M. -P., and Frey-Klett, P. (2009). Mineral
weathering by bacteria: ecology, actors and mechanisms. Trends Microbiol. 17,
378–387. doi: 10.1016/j.tim.2009.05.004

Urrutia, M. M., and Beveridge, T. J. (1994). Formation of fine grained silicate
minerals and metal precipitates by a bacterial surface and the implications on
the global cycling of silicon. Chem. Geol. 116, 261–280. doi: 10.1016/0009-
2541(94)90018-3

Vance, C. P., Uhde-Stone, C., and Allan, D. L. (2003). Phosphorus acquisition and
use: critical adaptations by plants for securing a nonrenewable resource. New
Phytol. 157, 423–447. doi: 10.1046/j.1469-8137.2003.00695.x

Vasanthi, N., Saleena, L. M., and Anthoni, A. R. (2013). Evaluation of media for
isolation and screening of silicate solubilising bacteria. Int. J. Curr. Res. 5,
406–408.

Vasanthi, N., Saleena, L. M., and Raj, S. A. (2018). Silica solubilization potential of
certain bacterial species in the presence of different silicate minerals. Silicon 10,
267–275. doi: 10.1007/s12633-016-9438-4

Vassilev, N., Vassileva, M., and Nikolaeva, I. (2006). Simultaneous P-solubilizing
and biocontrol activity of microorganisms: potentials and future trends. Appl.
Microbiol. Biotechnol. 71, 137–144. doi: 10.1007/s00253-006-0380-z

Veneklaas, E. J., Lambers, H., Bragg, J., Finnegan, P. M., Lovelock, C. E., Plaxton,
W. C., et al. (2012). Opportunities for improving phosphorus-use efficiency in
crop plants. New Phytol. 195, 306–320. doi: 10.1111/j.1469-8137.2012.04190.x

Veresoglou, S. D., Chen, B., and Rillig, M. C. (2012). Arbuscular mycorrhiza and
soil nitrogen cycling. Soil Biol. Biochem. 46, 53–62. doi: 10.1016/j.soilbio.2011.
11.018

Veresoglou, S. D., Sen, R., Mamolos, A. P., and Veresoglou, D. S. (2011).
Plant species identity and arbuscular mycorrhizal status modulate potential
nitrification rates in nitrogen-limited grassland soils. J. Ecol. 99, 1339–1349.
doi: 10.1111/j.1365-2745.2011.01863.x

Vierheilig, H. (2004). Regulatory mechanisms during the plant arbuscular
mycorrhizal fungus interaction. Can. J. Botany 82, 1166–1176. doi: 10.1139/
b04-015

Villegas, J., and Fortin, J. A. (2001). Phosphorus solubilization and pH changes as a
result of the interactions between soil bacteria and arbuscular mycorrhizal fungi
on a medium containing NH4+ as nitrogen source. Can. J. Botany 79, 865–870.
doi: 10.1139/b01-069

Wainwright, M., Al-Wajeeh, K., Wickramasinghe, N. C., and Narlikar, J. V. (2003).
Did silicon aid in the establishment of the first bacterium? Int. J. Astrobiol. 2,
227–229. doi: 10.1017/s1473550403001587

Wainwright, M., Barakah, F., Al-Turk, I., and Ali, T. A. (1991). Oligotrophic
micro-organisms in industry, medicine and the environment. Sci. Prog. 75,
313–322.

Waksman, S. A., and Starkey, R. L. (1924). Microbiological analysis of soil as an
index of soil fertility: VII. carbon dioxide evolution1. Soil Science 17, 141–162.
doi: 10.1097/00010694-192402000-00004

Wang, B., and Qiu, Y. L. (2006). Phylogenetic distribution and evolution of
mycorrhizas in land plants. Mycorrhiza 16, 299–363. doi: 10.1007/s00572-005-
0033-6

Wang, F., Shi, N., Jiang, R., Zhang, F., and Feng, G. (2016). In situ stable isotope
probing of phosphate-solubilizing bacteria in the hyphosphere. J. Exp. Botany
67, 1689–1701. doi: 10.1093/jxb/erv561

Wang, L., Cai, K., Chen, Y., and Wang, G. (2013). Silicon-mediated tomato
resistance against Ralstonia solanacearum is associated with modification of
soil microbial community structure and activity. Biol. Trace Elem. Res. 152,
275–283. doi: 10.1007/s12011-013-9611-1

Wang, R. R., Wang, Q., He, L. Y., Qiu, G., and Sheng, X. F. (2015). Isolation and the
interaction between a mineral-weathering Rhizobium tropici Q34 and silicate
minerals. World J. Microbiol. Biotechnol. 31, 747–753. doi: 10.1007/s11274-
015-1827-0

Wang, Y., Zhang, W., Liu, W., Ahammed, G. J., Wen, W., Guo, S., et al. (2021).
Auxin is involved in arbuscular mycorrhizal fungi-promoted tomato growth
and NADP-malic enzymes expression in continuous cropping substrates. BMC
Plant Biol. 21:48. doi: 10.1186/s12870-020-02817-2

Frontiers in Plant Science | www.frontiersin.org 28 July 2021 | Volume 12 | Article 699618272

https://doi.org/10.1016/j.soilbio.2015.07.016
https://doi.org/10.1016/0038-0717(94)90288-7
https://doi.org/10.1016/0038-0717(94)90288-7
https://doi.org/10.1002/1522-2624(200106)164:3<279::aid-jpln279>3.0.co;2-l
https://doi.org/10.1002/1522-2624(200106)164:3<279::aid-jpln279>3.0.co;2-l
https://doi.org/10.1080/00380768.2003.10410323
https://doi.org/10.1080/00380768.2003.10410323
https://doi.org/10.1080/01904160600564428
https://doi.org/10.1016/0016-7037(81)90162-9
https://doi.org/10.1016/0016-7037(81)90162-9
https://doi.org/10.1111/j.1469-8137.2011.03948.x
https://doi.org/10.1111/j.1469-8137.2011.03948.x
https://doi.org/10.1093/jxb/erm123
https://doi.org/10.1111/j.1574-6968.2005.00003.x
https://doi.org/10.1111/j.1574-6941.2007.00337.x
https://doi.org/10.1111/j.1574-6941.2007.00337.x
https://doi.org/10.1128/aem.63.11.4408-4412.1997
https://doi.org/10.1128/aem.63.11.4408-4412.1997
https://doi.org/10.1046/j.1469-8137.1998.00108.x
https://doi.org/10.1046/j.1469-8137.1998.00108.x
https://doi.org/10.1081/pln-200058877
https://doi.org/10.1081/pln-200058877
https://doi.org/10.1071/sr02130
https://doi.org/10.3389/fpls.2018.01407
https://doi.org/10.3389/fpls.2018.01407
https://doi.org/10.1104/pp.102.016881
https://doi.org/10.1016/j.tim.2009.05.004
https://doi.org/10.1016/0009-2541(94)90018-3
https://doi.org/10.1016/0009-2541(94)90018-3
https://doi.org/10.1046/j.1469-8137.2003.00695.x
https://doi.org/10.1007/s12633-016-9438-4
https://doi.org/10.1007/s00253-006-0380-z
https://doi.org/10.1111/j.1469-8137.2012.04190.x
https://doi.org/10.1016/j.soilbio.2011.11.018
https://doi.org/10.1016/j.soilbio.2011.11.018
https://doi.org/10.1111/j.1365-2745.2011.01863.x
https://doi.org/10.1139/b04-015
https://doi.org/10.1139/b04-015
https://doi.org/10.1139/b01-069
https://doi.org/10.1017/s1473550403001587
https://doi.org/10.1097/00010694-192402000-00004
https://doi.org/10.1007/s00572-005-0033-6
https://doi.org/10.1007/s00572-005-0033-6
https://doi.org/10.1093/jxb/erv561
https://doi.org/10.1007/s12011-013-9611-1
https://doi.org/10.1007/s11274-015-1827-0
https://doi.org/10.1007/s11274-015-1827-0
https://doi.org/10.1186/s12870-020-02817-2
https://www.frontiersin.org/journals/plant-science
https://www.frontiersin.org/
https://www.frontiersin.org/journals/plant-science#articles


fpls-12-699618 June 25, 2021 Time: 19:20 # 29

Etesami et al. Effects of AMF-PSB-Si on P

Whitelaw, M. A. (1999). Growth promotion of plants inoculated with phosphate-
solubilizing fungi. Adv. Agronomy 69, 99–151. doi: 10.1016/s0065-2113(08)
60948-7

Whitelaw, M. A., Harden, T. J., and Helyar, K. R. (1999). Phosphate solubilisation
in solution culture by the soil fungus Penicillium radicum. Soil Biol. Biochem.
31, 655–665. doi: 10.1016/s0038-0717(98)00130-8

Widdig, M., Schleuss, P. M., Weig, A. R., Guhr, A., Biederman, L. A., Borer,
E. T., et al. (2019). Nitrogen and phosphorus additions alter the abundance
of phosphorus-solubilizing bacteria and phosphatase activity in grassland soils.
Front. Environ. Sci. 7:185. doi: 10.3389/fenvs.2019.00185

Wright, D. P., Read, D. J., and Scholes, J. D. (1998). Mycorrhizal sink strength
influences whole plant carbon balance of Trifolium repens L. Plant Cell Environ.
21, 881–891. doi: 10.1046/j.1365-3040.1998.00351.x

Wu, L., Jacobson, A. D., and Hausner, M. (2008). Characterization of elemental
release during microbe–granite interactions at T= 28 C. Geochimica et
Cosmochimica Acta 72, 1076–1095. doi: 10.1016/j.gca.2007.11.025

Wu, Q. -S., and Xia, R. -X. (2006). Arbuscular mycorrhizal fungi influence growth,
osmotic adjustment and photosynthesis of citrus under well-watered and water
stress conditions. J. Plant Physiol. 163, 417–425. doi: 10.1016/j.jplph.2005.04.
024

Xiao, B., Sun, Y. -F., Lian, B., and Chen, T. -M. (2016). Complete genome sequence
and comparative genome analysis of the Paenibacillus mucilaginosus K02.
Microb. Pathog. 93, 194–203. doi: 10.1016/j.micpath.2016.01.016

Xun, F., Xie, B., Liu, S., and Guo, C. (2015). Effect of plant growth-promoting
bacteria (PGPR) and arbuscular mycorrhizal fungi (AMF) inoculation on oats
in saline-alkali soil contaminated by petroleum to enhance phytoremediation.
Environ. Sci. Pollut. Res. 22, 598–608. doi: 10.1007/s11356-014-3396-4

Yang, X., and Post, W. M. (2011). Phosphorus transformations as a function of
pedogenesis: a synthesis of soil phosphorus data using Hedley fractionation
method. Biogeosciences 8, 2907–2916. doi: 10.5194/bg-8-2907-2011

Yao, Q., Li, X., Feng, G., and Christie, P. (2001). Mobilization of sparingly soluble
inorganic phosphates by the external mycelium of an abuscular mycorrhizal
fungus. Plant Soil 230, 279–285.

Ye, M., Song, Y., Long, J., Wang, R., Baerson, S. R., Pan, Z., et al. (2013). Priming
of jasmonate-mediated antiherbivore defense responses in rice by silicon. Proc.
Natl. Acad. Sci. U S A. 110, E3631–E3639.

Yost, R. S., and Fox, R. L. (1982). Influence of mycorrhizae on the mineral contents
of cowpea and soybean grown in an Oxisol 1. Agronomy J. 74, 475–481. doi:
10.2134/agronj1982.00021962007400030018x

Zarei, M., Saleh-Rastin, N., Alikhani, H. A., and Aliasgharzadeh, N. (2006).
Responses of lentil to co-inoculation with phosphate-solubilizing rhizobial
strains and arbuscular mycorrhizal fungi. J. Plant Nutrition 29, 1509–1522.
doi: 10.1080/01904160600837667

Zhang, L., Ding, X., Chen, S., He, X., Zhang, F., and Feng, G. (2014a). Reducing
carbon: phosphorus ratio can enhance microbial phytin mineralization and
lessen competition with maize for phosphorus. J. Plant Interact. 9, 850–856.
doi: 10.1080/17429145.2014.977831

Zhang, L., Fan, J., Ding, X., He, X., Zhang, F., and Feng, G. (2014b). Hyphosphere
interactions between an arbuscular mycorrhizal fungus and a phosphate
solubilizing bacterium promote phytate mineralization in soil. Soil Biol.
Biochem. 74, 177–183. doi: 10.1016/j.soilbio.2014.03.004

Zhang, L., Feng, G., and Declerck, S. (2018a). Signal beyond nutrient, fructose,
exuded by an arbuscular mycorrhizal fungus triggers phytate mineralization
by a phosphate solubilizing bacterium. ISME J. 12, 2339–2351. doi: 10.1038/
s41396-018-0171-4

Zhang, L., Shi, N., Fan, J., Wang, F., George, T. S., and Feng, G. (2018b). Arbuscular
mycorrhizal fungi stimulate organic phosphate mobilization associated with
changing bacterial community structure under field conditions. Environ.
Microbiol. 20, 2639–2651. doi: 10.1111/1462-2920.14289

Zhang, L., Xu, M., Liu, Y., Zhang, F., Hodge, A., and Feng, G. (2016). Carbon
and phosphorus exchange may enable cooperation between an arbuscular
mycorrhizal fungus and a phosphate-solubilizing bacterium. New Phytol. 210,
1022–1032. doi: 10.1111/nph.13838

Zhu, X. Q., Wang, C. Y., Chen, H., and Tang, M. (2014). Effects of arbuscular
mycorrhizal fungi on photosynthesis, carbon content, and calorific value of
black locust seedlings. Photosynthetica 52, 247–252. doi: 10.1007/s11099-014-
0031-z

Conflict of Interest: The authors declare that the research was conducted in the
absence of any commercial or financial relationships that could be construed as a
potential conflict of interest.

Copyright © 2021 Etesami, Jeong and Glick. This is an open-access article distributed
under the terms of the Creative Commons Attribution License (CC BY). The use,
distribution or reproduction in other forums is permitted, provided the original
author(s) and the copyright owner(s) are credited and that the original publication
in this journal is cited, in accordance with accepted academic practice. No use,
distribution or reproduction is permitted which does not comply with these terms.

Frontiers in Plant Science | www.frontiersin.org 29 July 2021 | Volume 12 | Article 699618273

https://doi.org/10.1016/s0065-2113(08)60948-7
https://doi.org/10.1016/s0065-2113(08)60948-7
https://doi.org/10.1016/s0038-0717(98)00130-8
https://doi.org/10.3389/fenvs.2019.00185
https://doi.org/10.1046/j.1365-3040.1998.00351.x
https://doi.org/10.1016/j.gca.2007.11.025
https://doi.org/10.1016/j.jplph.2005.04.024
https://doi.org/10.1016/j.jplph.2005.04.024
https://doi.org/10.1016/j.micpath.2016.01.016
https://doi.org/10.1007/s11356-014-3396-4
https://doi.org/10.5194/bg-8-2907-2011
https://doi.org/10.2134/agronj1982.00021962007400030018x
https://doi.org/10.2134/agronj1982.00021962007400030018x
https://doi.org/10.1080/01904160600837667
https://doi.org/10.1080/17429145.2014.977831
https://doi.org/10.1016/j.soilbio.2014.03.004
https://doi.org/10.1038/s41396-018-0171-4
https://doi.org/10.1038/s41396-018-0171-4
https://doi.org/10.1111/1462-2920.14289
https://doi.org/10.1111/nph.13838
https://doi.org/10.1007/s11099-014-0031-z
https://doi.org/10.1007/s11099-014-0031-z
http://creativecommons.org/licenses/by/4.0/
http://creativecommons.org/licenses/by/4.0/
http://creativecommons.org/licenses/by/4.0/
http://creativecommons.org/licenses/by/4.0/
http://creativecommons.org/licenses/by/4.0/
https://www.frontiersin.org/journals/plant-science
https://www.frontiersin.org/
https://www.frontiersin.org/journals/plant-science#articles


fpls-12-644229 July 20, 2021 Time: 15:47 # 1

ORIGINAL RESEARCH
published: 26 July 2021

doi: 10.3389/fpls.2021.644229

Edited by:
Youssef Rouphael,

University of Naples Federico II, Italy

Reviewed by:
Vitor L. Nascimento,

Universidade Federal de Lavras, Brazil
Luciano Pasqualoto Canellas,

State University of the North
Fluminense Darcy Ribeiro, Brazil

*Correspondence:
Weijie Jiang

email@uni.edu;
jiangweijie@caas.cn

Hongjun Yu
yuhongjun@caas.cn

†These authors have contributed
equally to this work

Specialty section:
This article was submitted to

Plant Nutrition,
a section of the journal

Frontiers in Plant Science

Received: 20 December 2020
Accepted: 06 April 2021
Published: 26 July 2021

Citation:
Xu J, Mohamed E, Li Q, Lu T,

Yu H and Jiang W (2021) Effect
of Humic Acid Addition on Buffering

Capacity and Nutrient Storage
Capacity of Soilless Substrates.

Front. Plant Sci. 12:644229.
doi: 10.3389/fpls.2021.644229
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Substrates
Jingcheng Xu1,2†, Esraa Mohamed1†, Qiang Li1, Tao Lu1, Hongjun Yu1* and Weijie Jiang1*

1 Key Laboratory of Horticultural Crops Genetic Improvement (Ministry of Agriculture), Institute of Vegetables and Flowers,
Chinese Academy of Agricultural Sciences, Beijing, China, 2 Taizhou Academy of Agricultural Sciences, Taizhou, China

Excessive application of fertilizers has become a major issue in croplands of intensive
agricultural systems in China, resulting in severe non-point source pollution; thus,
reduction in the use of chemical fertilizers has received significant attention. Improving
the nutrient storage capacity of soils or substrates is an effective approach for solving
this problem. Humic acids (HA) are excellent soil conditioners. Thus, in the present
study, their ability to improve the physico-chemical properties of three substrates with
different textures was evaluated. HA treatments included 1% HA root application in
three different types of substrates, including pure sand, pure cocopeat, and a mixture of
sand:cocopeat (1:1, v/v) and their relative controls. We examined the morphological
parameters of cucumber seedlings as well as pH buffering capacity (pHBC), total
organic carbon (TOC), organic matter (OM), cation exchange capacity (CEC), and
nutrient storage capacity of the three substrates. The results show that HA application
improved the morphological parameters of cucumber seedlings (plant height, stem
diameter, and biomass) in pure cocopeat and cocopeat-sand mixture treatments. On
the contrary, HA addition had harmful effects on the cucumber seedlings cultivated
in sand due to the low pHBC of sand. The seedlings cultivated in pure cocopeat
showed the best morphological parameter performances among the seedlings grown
in the three substrates. Furthermore, pHBC, TOC, OM, and CEC were enhanced
by HA application. Incorporation of HA improved ammonium (NH4

+) and potassium
(K+) storage capacity while decreasing phosphorus (P) storage. Pure cocopeat had
the highest pHBC, TOC, OM, CEC, and nutrient storage capacity among the three
substrates. In conclusion, mixing 1% HA into substrates promoted cucumber growth,
improved substrate properties, and enhanced fertilizer use efficiency. Pure cocopeat is
a suitable substrate for cucumber cultivation, and mixing cocopeat with sand amends
the substrate properties and consequently improves plant growth.

Keywords: humic acid, substrate properties, cucumber, pH buffering capacity, storage capacity

Abbreviations: CEC, Cation exchange capacity; HA, humic acid; OM, Organic carbon; pHBC, pH buffering capacity; TOC,
Total organic carbon.
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INTRODUCTION

Chemical fertilizers are one of the most important factors in
the agricultural production of modern civilization, and they can
dramatically enhance crop yield. In China, the unprecedented
population boom is threatening food production self-sufficiency
(Wei et al., 2015). In an attempt to make the most of the
limited productive arable land and achieve high food production
sustainably, farmers tend to cultivate high-yielding varieties
which have a high demand for nutrients. Therefore, substantial
quantities of synthetic fertilizers are chronically input into fields
(Cai et al., 2002; Chen et al., 2004; Cui et al., 2008; He et al.,
2009; Yan et al., 2012). However, irrational agricultural practices
lead to low fertilizer use efficiency and severe agricultural non-
point source pollution (Sun et al., 2012; Fan et al., 2014).
Compared with developed countries, China lost more nutrients
in agricultural production, and fertilizer use efficiency of nitrogen
(N), phosphorus (P), and potassium (K) was less than 35, 20,
and 50%, respectively (Li et al., 2010); thus, taking a deep look
into the improvement of fertilizer use efficiency is of great
significance and necessity.

In general, after fertilization, some nutrients are absorbed by
the soil, and others are lost, such as leaching and volatilization
loss (Ahmad et al., 1982; Dong et al., 2009). The storage capacity
of nutrients (mainly N, P, and K) is considered a crucial index
of soil productivity evaluation. Nutrient absorption and release
play a vital role in fertilizer use efficiency as they affect soil
nutrient supplies, which are important for crop nutrient uptake
(Anderson and Magdoff, 2005; Simonsson et al., 2009; Nieder
et al., 2011). With the current concerns regarding environmental
protection and the demand for production of more food with
less fertilizer application, the focus is directed toward enhancing
soil nutrient storage capacity, which could be a way to improve
fertilizer use efficiency to minimize fertilizer loss and leaching
into the environment.

Humic acids (HA) are a new type of biostimulant that have
become popular in recent years and are mainly derived from
the decomposition of animal and plant remains by microbes
under aerobic and anaerobic conditions and during various
geochemical processes (Dogan et al., 2014). HA perform various
functions in agricultural production; for instance, HA could be
used as growth regulators to alter hormone levels in plants and to
alleviate the deleterious effects of abiotic stress on plants (Mora
et al., 2012; Bijanzadeh et al., 2019). A previous study shows that
soil properties, such as aggregation, aeration, and permeability,
could be greatly improved by HA application in saline-sodic
soils (Nan et al., 2016). K fixation was significantly reduced by
incorporation of HA in brown soils (Liang et al., 2005; Lan et al.,
2016). In addition, previous studies demonstrate that the addition
of HA significantly improved P availability in inceptisol (Cimrin
and Yilmaz, 2005). In general, previous studies mainly focus on
the effects of HA application on natural soil types with similar
physico-chemical properties. For example, the bulk density of
saline-sodic soils and brown soils is about 1.40 g·cm−3, and the
organic matter (OM) content of saline-sodic soils, brown soils,
and inceptisol is about 10 g·kg−1. Soilless substrates have proper
pH value, lighter bulk density and no soil-borne disease, which

can replace soil to provide a good growth environment for plants
(Vaughn et al., 2011; Banitalebi et al., 2021). Nowadays, more and
more farmers are inclined to use soilless substrates for vegetable
cultivation in protected fields (Gao et al., 2018). Limited studies
have been carried out on the effects of HA application on soilless
substrates with significantly different bulk density, porosity, OM,
pH buffering capacity (pHBC), and nutrient storage capacity.
Cocopeat is an organic soilless substrate made of coir, which is
suitable for use as a growing substrate due to its excellent physical
properties, such as high water-holding capacity and porosity
(Abad et al., 2005). Cucumber is widely cultivated in China on
account of its delicious taste, short nutritional cycle and high
economic benefits (Zhao et al., 2019). According to the results of
preliminary experiments, the addition of HA to cocopeat at a rate
of 1% (HA:water, w/w) significantly improved cucumber yield
under 15% fertilizer reduction (unpublished). Seedling quality
has a significant effect on the yield of plants (Markovic et al.,
1997). Thus, in the present study, our primary aim was to
investigate the effects of 1% HA application to substrates with
significantly different physico-chemical properties on cucumber
seedling growth and substrate properties, especially on the pHBC
and nutrient storage capacity.

MATERIALS AND METHODS

Growth Conditions and Experimental
Materials
The experiment was conducted in a glasshouse at the Soilless
Culture Department, Institute of Vegetables and Flowers (IVF),
Chinese Academy of Agricultural Sciences (CAAS), Beijing,
China, in the period from February to April 2019. Cucumber
(Cucumis sativus L.) (cv. Zhongnong No. 26) was selected as the
plant material. Cucumber seedlings were kept in a glasshouse
under natural light intensity and a natural photoperiod. Cocopeat
and sand were provided by the Beijing Yinong Agricultural
Technology Company (Beijing, China). Characteristics of the
three different substrates used in the study are shown in Table 1.
Humic acid (pH: 5.74, fulvic acid: 43.94%, organic matter: 47.3%,
total N: 5.98%, total K: 2.25%, total P: 0.04%, SiO2: 0.18%) was
obtained from Shandong Quanlinjiayou Humic Acid Technology
Company (Shandong, China) and was extracted from wheat
straw, and there is no hormone in this humic acid.

Experimental Design
The trial consisted of two treatments [no HA application and
1% HA (HA:water, w/w) root application], using three types
of substrates: pure sand, pure cocopeat, and a mixture of
sand:cocopeat (1:1, v/v), for a total of six treatment combinations
[T1: pure sand without HA, T2: pure sand with 1% HA, T3:
pure cocopeat without HA, T4: pure cocopeat with 1% HA, T5:
mixture of sand: cocopeat (1:1, v/v) without HA, T6: mixture
of sand: cocopeat (1:1, v/v) with 1% HA]. The treatments were
organized in a randomized complete block design with three
replicates for each treatment, and each treatment included 18
plants. The addition rate of HA, 1% (HA:water, w/w), was
determined according to previous experiments (unpublished).
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TABLE 1 | Basic physico-chemical properties of three different substrates.

Substrates pH Total N Total P Total K Bulk density Total porosity Water-holding Air-filled
(g kg−1) (g kg−1) (g kg−1) (g cm−3) (%) porosity (%) porosity (%)

Pure sand 8.17 0.47 0.02 0.24 1.34 36.57 9.53 27.04

Pure cocopeat 6.50 6.35 0.60 8.28 0.13 76.66 57.96 18.70

Mixture of sand and cocopeat (1:1, v/v) 7.00 3.19 0.24 4.17 0.52 55.29 33.22 22.07

TABLE 2 | Composition of nutrient solution for cucumber proposed by Yamazaki.

Macronutrients Final Micronutrients Final
concentration concentration

(mg/L) (mg/L)

KNO3 607 H3BO3 2.86

Ca(NO3)2·4H2O 826 MnSO4·4H2O 2.13

NH4H2PO4 115 ZnSO4·7H2O 0.22

MgSO4·7H2O 483 CuSO4·5H2O 0.08

(NH4)6Mo7O24·4H2O 0.02

Na-Fe-EDTA 30

Cucumber seeds were germinated and sown in the trays filled
with peat until the seedlings developed three true leaves. Before
transplanting, HA was thoroughly mixed with different substrates
[pure sand, pure cocopeat, and a mixture of sand:cocopeat (1:1,
v/v)]. The seedlings were then transplanted into plastic pots
containing 1.2 L of substrate [T1: pure sand without HA, T2:
pure sand with 1% HA, T3: pure cocopeat without HA, T4: pure
cocopeat with 1% HA, T5: mixture of sand: cocopeat (1:1, v/v)
without HA, T6: mixture of sand: cocopeat (1:1, v/v) with 1%
HA]. The same management practices were applied across all
treatments. The nutrient solution used in the experiment was
a special Yamazaki cucumber cultivation formula as shown in
Table 2. The pots were watered with this nutrient solution once
or twice a week, depending on substrate humidity, and the same
quantity of nutrient solution was applied to all treatments.

Morphological Measurements
At the end of the experiment, 18 plants were randomly sampled
from each treatment to measure plant height and stem diameter
using a ruler and an electronic vernier caliper, respectively.
Thereafter, the roots and shoots of these plants were separated.
Fresh weights of shoots and roots were measured immediately
after harvesting using an electronic balance. The plant materials
were then dried in a ventilated oven at 70◦C for 4–5 days until the
dry weights were constant, and their dry weight was determined
by an electronic balance.

Substrate Properties
Substrate samples were air-dried, ground, and sieved through a
2-mm sieve to attain homogeneity in their properties.

The pH buffering capacity (pHBC) was determined using
acid-base titration techniques (Xu et al., 2012).

Substrate samples were analyzed for TOC using the dry
combustion method. OM was calculated as OM (g/kg) = TOC
(g/kg) × 1.724 (Gao et al., 2018). CEC of the substrates

was measured using the ammonium acetate compulsory
displacement method (Xu et al., 2012).

The storage capacity of NH4
+ of different substrates was

measured by a modified method (Nieder et al., 2011). In
detail, 1 g of substrate was weighed into each of three 50-mL
polyethylene tubes, and 30 mL of different concentration NH4Cl
solutions were added, whose concentrations were 0.001, 0.005,
0.01, 0.05, 0.1, 0.3, 0.5, and, 1 M (standardized), respectively.
The suspensions were shaken for 24 h at 25◦C and equilibrated
for 1 day at 25◦C, after that collected 10 mL of supernatant.
The residual NH4

+ in supernatants were determined by Kjeldahl
procedure. Due to the addition amount of NH4

+ was known,
which could be calculated, combined with the data of the residual
NH4

+ in supernatants, and the total adsorption quantity of
NH4

+ of substrates treated by different concentration NH4Cl
solutions were calculated. According to the above-mentioned
data, the curves of NH4

+ concentration and total adsorption
quantity of NH4

+ of treated substrates were fitted by Excel,
absorption saturation point of different substrates were known.
The treated substrates corresponding to the absorption saturation
point were then dried at 50◦C for 72 h prior to fixed NH4

+

measurement. The method for the determination of fixed NH4
+

is that 0.5 g of dried substrate was weighed into each of three 50
mL polyethylene tubes, and 20 mL of alkaline KOBr solution was
added into each tube; the suspensions were shaken for 30 min
and equilibrated for 2 h and then heated in a water bath and
boiled for 5 min. After that, it was cooled and equilibrated
the suspension overnight. The next day, the supernatants were
discarded and the residues were washed by 40 mL of 0.5 M
KCl three times, then 20 mL 5 N HF:1 N HCl was added into
each tube and shaken for 24 h; all fixed NH4

+ of substrates
were released into the suspensions after the above procedure.
Finally, the NH4

+ released was determined by steam distillation
of the substrate-sulfuric acid mixture after adding 1M NaOH by
Kjeldahl procedure.

The storage capacity of P of different substrates was measured
by a modified method (Butegwa et al., 1995). In detail, 1 g of
substrate was weighed into each of three 50-mL polyethylene
tubes, and 30 mL of different concentration KH2PO4 solutions
were added, whose concentrations of P were 100, 300, 500,
1,000, 1,500, 2,000, 3,000, 4,000, 5,000, and 6,000 mg/L
(standardized), respectively. The suspensions were shaken for
24 h at 25◦C and equilibrated for 1 day at 25◦C; after that were
collected 10 mL of supernatant, the residual P in supernatants
were determined by ICP-AES (ICP6300, Britain). Due to the
additional amount of P being known, which could be calculated,
combined with the data of residual P in supernatants, the
total adsorption quantity of P of substrates treated by different
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concentration KH2PO4 solutions were calculated. According
to the above-mentioned data, the curves of P concentration
and total adsorption quantity of P of treated substrates was
fitted by Excel, and absorption saturation point of different
substrates were known. The treated substrates corresponding
to the absorption saturation point were then dried at 50◦C
for 72 h prior to fixed phosphorus measurement. Exchangeable
P was determined by extractions in 1% NH4HCO3 (pH 7.0)
and analysis of the extracts with ICP-AES (ICP6300, Britain)
following filtration through filter paper. Fixed P was calculated
by subtracting the amount of exchangeable P from the total
adsorption quantity of P.

The storage capacity of K+ of different substrates was
measured by a modified method (Simonsson et al., 2009). In
detail, 1 g of substrate was weighed into each of three 50
mL polyethylene tubes, and 30 mL of different concentration
KCl solutions were added, whose concentrations of K+ were
100, 200, 400, 1,000, 1,500, 2,000, 3,000, 4,000, 6,000, and
8,000 mg/L (standardized), respectively. The suspensions were
shaken for 24 h at 25◦C and equilibrated for 1 day at
25◦C; after that was collected 10 mL of supernatant, the
residual K+ in supernatants was determined by ICP-AES
(ICP6300, Britain). Due to the additional amount of K+ being
known, which could be calculated, combined with the data
of residual K+ in supernatants, the total adsorption quantity
of K+ of substrates treated by different concentration KCl
solutions was calculated. According to the above-mentioned
data, the curves of K+ concentration and total adsorption
quantity of K+ of treated substrates was fitted by Excel,
and the absorption saturation point of different substrates
were known. The treated substrates corresponding to the
absorption saturation point underwent two additional wetting-
drying cycles, which each involved shaking with 5 mL distilled
water for 6 h and drying at 105◦C for 16 h prior to
fixed K+ measurement. Exchangeable K+ was determined
by repeated extractions in 1 M NH4Ac (pH 7.0) and
analysis of the extracts with ICP-AES (ICP6300, Britain)
following centrifugation (2,000 rpm × 10 min) and filtration
through a filter paper. Fixed K+ was calculated by subtracting
the amount of exchangeable K+ from the total adsorption
quantity of K+.

Statistical Analysis
All data were analyzed using Excel 2019 and SPSS 17.0 software,
and the statistical significance of the differences between
treatments was determined by Duncan’s multiple range test
(significance level P < 0.05).

RESULTS

Morphological Parameters
There was a difference in plant height among the six treatments
(Table 3). HA application increased the height of cucumber
seedlings cultivated in pure cocopeat and the mixture of
sand:cocopeat (1:1, v/v) by 17.59 and 20.02%, respectively,
whereas the pure sand treatments showed an opposite trend

when HA was applied, indicating that the three substrates
responded differently to the application of HA. HA application
to cocopeat or the mixture of sand:cocopeat (1:1, v/v) did
not have effect on the stem diameter, whereas it decreased
the stem diameter of cucumber seedlings grown in sand (by
16.29%) compared with that of cucumber seedlings grown
in sand without HA addition. To investigate whether HA
utilization affected cucumber biomass, we analyzed the fresh
and dry weights of shoots and roots at the end of the trial
period. Incorporation of 1% HA to the cocopeat increased
the fresh and dry weight of roots by 26.37 and 17.86%,
respectively, compared with that of roots of plants grown in
cocopeat without HA application. HA addition to the mixture
of sand:cocopeat (1:1, v/v) significantly increased the fresh
and dry weight of shoots and roots compared with those of
the groups without HA application. In contrast, there was a
decrease in the fresh and dry weight of cucumber shoots and
roots when 1% HA was applied to sand compared with that
without HA addition.

pH Buffering Capacity
The pH buffering capacity (pHBC) was defined as the number
of moles of H+ or OH− necessary to increase and decrease
the pH of 1 kg of soil by 1 pH unit (Mowbray and
Schlesinger, 1988). The acid and alkali buffering curves for
the six treatments are presented in Figures 1, 2, respectively,
and all correlation coefficients of the quadratic regression curve
(R2) were > 0.95. The pHBC values for the six treatments
were calculated using the corresponding regression equations
of the buffering curves. In the case when the same amount
of acid was added, the faster the pH value decreased, the
lower the acid buffering capacity of the substrate, whereas
in the case when the same amount of alkali was added, the
faster the pH value increased, the lower the alkali buffering
capacity of the substrate. The substrates with poor acid or
alkali buffering capacity showed a more dramatic change in
the acid or alkali buffering curve. As shown in Figures 1, 2,
the pHBC of the groups without HA addition fluctuated more
sharply after acid or alkali addition than that of the groups
to which HA was applied. As shown in Figure 3, there was
a great variation in pHBC among the different groups. The
presence of HA contributed to an increase in acid and alkali
pHBC compared with those in groups without HA application.
In addition, among the three types of substrates, the greatest
acid and alkali pHBC were observed in the cocopeat groups,
whereas the groups with the mixture of sand:cocopeat (1:1, v/v)
showed better performance of acid and alkali pHBC than that of
the sand groups.

TOC, OM, and CEC
As shown in Table 4, higher TOC and OM were observed in the
substrates with 1% HA application than those in the substrates
without HA application, and CEC was consistently influenced
by HA application. Moreover, in comparison to sand and the
mixture of sand:cocopeat (1:1, v/v) treatments, the cocopeat
treatment performed better with respect to TOC, OM, and CEC.
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TABLE 3 | Effects of 1% HA addition on the morphological parameters of cucumber seedlings.

Treatments Plant height Stem diameter Fresh weight Dry weight Fresh Dry weight
(cm) (mm) of shoots (g) of shoots (g) of roots (g) of roots (g)

T1 15.22 ± 1.01 e 3.50 ± 0.18 c 11.89 ± 0.42 d 2.52 ± 0.26 d 4.27 ± 0.13 e 0.88 ± 0.02 e

T2 12.33 ± 0.66 f 2.93 ± 0.29 d 9.59 ± 0.14 e 2.12 ± 0.07 e 2.35 ± 0.06 f 0.42 ± 0.07 f

T3 29.67 ± 1.45 b 4.31 ± 0.31 ab 18.77 ± 0.74 a 7.34 ± 0.92 a 7.62 ± 0.46 b 1.40 ± 0.18 b

T4 34.89 ± 2.71 a 4.77 ± 0.18 a 19.99 ± 1.68 a 7.70 ± 1.08 a 9.63 ± 0.39 a 1.65 ± 0.12 a

T5 18.33 ± 1.15 d 3.99 ± 0.19 b 14.16 ± 0.42 c 6.10 ± 0.48 c 6.41 ± 0.32 d 1.10 ± 0.04 d

T6 22.00 ± 0.33 c 4.31 ± 0.12 ab 16.14 ± 0.20 b 6.67 ± 0.31 b 6.88 ± 0.10 c 1.21 ± 0.05 c

T1, sand; T2, sand + 1% HA; T3, cocopeat; T4, cocopeat + 1% HA; T5, 1:1 sand:cocopeat; T6, 1:1 sand:cocopeat + 1% HA. Data represents the average of three
replicates ± SE. Different letters indicate significant differences at P < 0.05.

FIGURE 1 | Relationships between the amount of acid added to substrate weight (sw) and the pH of sand (A), sand+1% HA (B), cocopeat (C), cocopeat+1% HA
(D), 1:1 sand:cocopeat (E), and 1:1 sand:cocopeat +1% HA (F) suspensions.

Frontiers in Plant Science | www.frontiersin.org 5 July 2021 | Volume 12 | Article 644229278

https://www.frontiersin.org/journals/plant-science
https://www.frontiersin.org/
https://www.frontiersin.org/journals/plant-science#articles


fpls-12-644229 July 20, 2021 Time: 15:47 # 6

Xu et al. Humic Acid Improves Substrate Properties

FIGURE 2 | Relationships between the amount of alkali added to substrate weight (sw) and the pH of sand (A), sand+1% HA (B), cocopeat (C), cocopeat+1% HA
(D), 1:1 sand:cocopeat (E), and 1:1 sand:cocopeat +1% HA (F) suspensions.

Storage Capacity of NH4
+ in Different

Substrates
As shown in Figure 4, it could be clearly noted that the
adsorption saturation points varied among the substrates. In
the case of pure sand and pure cocopeat groups, total NH4

+

absorption tended to be saturated when the concentration
of NH4Cl solution reached 0.3 and 0.5 M, respectively. The
total NH4

+ adsorption curves of all treatments could be
divided into two distinct parts. In the first part, NH4Cl
solution concentrations were below the saturation point, and
the total NH4

+ adsorption quantity increased greatly with
increasing solution concentrations. The second part of the
curve was associated with the NH4Cl solution concentrations

beyond the saturation point, at which all absorption curves
became relatively flat, which indicated that they were almost
saturated. Furthermore, all substrates were already saturated
with 1.0 M NH4Cl solution. In relation to the abovementioned
results, we calculated the storage capacity of NH4

+ at the
complete saturation point (the corresponding concentration
of NH4Cl solution was 1.0 M). The storage capacity of
NH4

+ was related to three parameters, including total NH4
+,

fixed NH4
+, and exchangeable NH4

+ adsorption quantities.
Among the three types of substrates, the storage capacity of
NH4

+ in cocopeat and in sand were the highest and the
lowest, respectively. As shown in Table 5, HA application
seemed to be an important factor that influenced the NH4

+
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FIGURE 3 | Acid (A) and alkali (B) buffering capacity of different substrates. Bars represent standard errors. T1, sand; T2, sand + 1% HA; T3, cocopeat; T4,
cocopeat + 1% HA; T5, 1:1 sand:cocopeat; T6, 1:1 sand:cocopeat + 1% HA. Different letters above the bars indicate significant differences at P < 0.05 according
to Duncan’s multiple range test.

TABLE 4 | Effects of 1% HA addition on total organic carbon (TOC), organic
matter (OM), and cation exchange capacity (CEC) of different substrates.

Treatments TOC (g/kg) OM (g/kg) CEC (cmol/kg)

T1 2.40 ± 0.60 f 4.14 ± 1.03 f 1.37 ± 0.29 f

T2 10.20 ± 0.60 e 17.58 ± 1.03 e 4.77 ± 0.25 e

T3 67.20 ± 1.59 b 115.85 ± 2.74 b 17.33 ± 0.86 b

T4 76.80 ± 1.59 a 131.89 ± 2.74 a 27.43 ± 0.58 a

T5 21.40 ± 1.83 d 36.89 ± 3.16 d 9.37 ± 0.76 d

T6 41.80 ± 0.92 c 72.06 ± 1.58 c 12.47 ± 0.46 c

T1, sand; T2, sand + 1% HA; T3, cocopeat; T4, cocopeat + 1% HA; T5, 1:1
sand:cocopeat; T6, 1:1 sand:cocopeat + 1% HA. Data represents the average of
three replicates ± SE. Different letters indicate significant differences at P < 0.05.

FIGURE 4 | Relationships between the concentrations of NH4Cl solution
added and the total NH4

+ adsorption quantity. T1, sand; T2, sand + 1% HA;
T3, cocopeat; T4, cocopeat + 1% HA; T5, 1:1 sand:cocopeat; T6, 1:1
sand:cocopeat + 1% HA.

adsorption of substrates due to the significantly higher total
NH4

+, fixed NH4
+, and exchangeable NH4

+ adsorption in the
substrates to which 1% HA was applied. Additionally, most
of the adsorbed NH4

+ was present in the exchangeable form,
which could easily be released from substrates and used by
crops when needed.

TABLE 5 | Effects of 1% HA addition on NH4
+ storage capacity of different

substrates.

Treatments Total NH4
+ Exchangeable Fixed

adsorption NH4
+ adsorption NH4

+ adsorption

quantity (mg/kg) quantity (mg/kg) quantity(mg/kg)

T1 2800.00 ± 396.76 f 2798.94 ± 306.15 f 1.07 ± 0.12 f

T2 3500.00 ± 401.22 e 3498.76 ± 298.11 e 1.64 ± 0.11 e

T3 43715.00 ± 1243.85 b 43702.46 ± 1243.69 b 12.54 ± 0.51 b

T4 49350.00 ± 1050.00 a 49335.45 ± 1049.78 a 16.55 ± 0.43 a

T5 20650.00 ± 1212.44 d 20643.91 ± 1212.84 d 6.09 ± 0.43 d

T6 26950.00 ± 613.25 c 26942.23 ± 606.36 c 7.77 ± 0.18 c

T1, sand; T2, sand + 1% HA; T3, cocopeat; T4, cocopeat + 1% HA; T5, 1:1
sand:cocopeat; T6, 1:1 sand:cocopeat + 1% HA. Data represents the average of
three replicates ± SE. Different letters indicate significant differences at P < 0.05.

Storage Capacity of P in Different
Substrates
The relationships between the concentrations of KH2PO4
solution added and the total phosphorus adsorption quantities
of different substrates are shown in Figure 5. The total
P adsorption quantity increased with increasing solution
concentrations until the substrates were completely saturated
with P. The absorption saturation points of pure sand, pure
cocopeat, and the mixture of sand:cocopeat (1:1, v/v) were
approximately 2,000, 3,000, and 2,000 mg/L, respectively.
To ensure that all substrates were in a state of complete
saturation and to obtain accurate results, we selected the
6,000 mg/L point to calculate the storage capacity of P for
different types of substrates, and the corresponding results
are presented in Table 6. Cocopeat treatments absorbed the
greatest amount of P, whereas sand treatments absorbed
the least, which was in accordance with the results of the
NH4

+ absorption measurement. According to the analysis
of the variance, no significant difference in exchangeable
P was detected between HA application and no HA
application treatments, whereas the treatments without
HA addition were higher than those with HA addition
on both total and fixed P adsorption quantity for three
types of substrates.
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FIGURE 5 | Relationships between the concentrations of KH2PO4 solution
added and the total P adsorption quantity. T1, sand; T2, sand + 1% HA; T3,
cocopeat; T4, cocopeat + 1% HA; T5, 1:1 sand: cocopeat; T6, 1:1 sand:
cocopeat + 1% HA.

TABLE 6 | Effects of 1% HA addition on phosphorus storage capacity of
different substrates.

Treatments Total P adsorption Exchangeable P Fixed P
quantity (mg/kg) adsorption quantity adsorption

(mg/kg) quantity (mg/kg)

T1 106.00 ± 4.58 e 89.90 ± 5.25 c 16.10 ± 1.91 c

T2 93.00 ± 3.00 f 86.03 ± 2.72 c 6.97 ± 0.39 d

T3 953.00 ± 12.12 a 889.71 ± 15.37 a 63.29 ± 8.71 a

T4 896.00 ± 10.54 b 874.04 ± 13.35 a 21.96 ± 3.88 b

T5 451.00 ± 8.08 c 424.67 ± 16.71 b 26.33 ± 4.98 b

T6 427.00 ± 9.17 d 412.24 ± 10.48 b 14.76 ± 2.39 c

T1, sand; T2, sand + 1% HA; T3, cocopeat; T4, cocopeat + 1% HA; T5, 1:1 sand:
cocopeat; T6, 1:1 sand: cocopeat + 1% HA. Data represents the average of three
replicates ± SE. Different letters indicate significant difference at P < 0.05.

Storage Capacity of K+ in Different
Substrates
We found that there was a difference in the K adsorption
saturation point among different substrates. Pure sand, pure
cocopeat, and the mixture of both were nearly saturated when the
concentration of KCl solution was 2,000, 3,000, and 2,000 mg/L,
respectively. The shapes of the total K adsorption curves were
similar to those of the NH4

+ adsorption curves, and the
substrates were completely saturated when they were treated
with the 8,000 mg/L KCl solution. Based on these results, we
calculated the storage capacity of K at the saturation point
(the concentration of the corresponding KCl solution was
8,000 mg/L). The storage capacity parameters of K included total
K, fixed K, and exchangeable K adsorption quantities. It was
apparent that the storage capacity parameters of K in cocopeat
were the highest among the three substrate types (Figure 6). As
shown in Table 7, for the three types of substrates, the total K,
fixed K, and exchangeable K adsorption quantities were enhanced
by HA addition compared with those without HA addition.
Moreover, we also observed that exchangeable K played a key role

FIGURE 6 | Relationships between the concentrations of KCl solution added
and the total K adsorption quantity. T1, sand; T2, sand + 1% HA; T3,
cocopeat; T4, cocopeat + 1% HA; T5, 1:1 sand: cocopeat; T6, 1:1 sand:
cocopeat + 1% HA.

TABLE 7 | Effects of 1% HA addition on potassium storage capacity of different
substrates.

Treatments Total K+ Exchangeable K+ Fixed K+

adsorption adsorption adsorption

quantity (mg/kg) quantity (mg/kg) quantity (mg/kg)

T1 104.00 ± 6.39 f 81.67 ± 5.80 f 22.33 ± 2.31 d

T2 132.00 ± 9.17 e 103.87 ± 7.41 e 28.13 ± 2.92 c

T3 938.00 ± 25.43 b 698.53 ± 37.04 b 239.47 ± 21.37 a

T4 1004.00 ± 18.33 a 782.93 ± 15.03 a 221.07 ± 33.35 a

T5 500.00 ± 9.29 d 397.48 ± 15.90 d 102.52 ± 12.57 b

T6 526.00 ± 9.17 c 426.59 ± 4.81 c 99.41 ± 11.38 b

T1, sand; T2, sand + 1% HA; T3, cocopeat; T4, cocopeat + 1% HA; T5, 1:1 sand:
cocopeat; T6, 1:1 sand: cocopeat + 1% HA. Data represents the average of three
replicates ± SE. Different letters indicate significant difference at P < 0.05.

in the amount of total adsorbed K, and this was consistent with
the results of NH4

+ absorption.

DISCUSSION

Effects of HA Addition to Different
Substrates on Plant Morphological
Parameters
We comparatively evaluated the effects of HA addition on three
differently textured substrates and found that the effects varied.
The results revealed that the addition of 1% HA to the pure
cocopeat substrate and to a mixture of sand:cocopeat (1:1, v/v)
had a positive effect on the morphological characteristics of
cucumber plants, which was consistent with previous results
related to soil measurements (Dobbss et al., 2007). The
reason for this may be that HA benefits various biochemical
processes. Several studies indicate that HA has auxin-like activity,
stimulating root development through a significant proliferation
of lateral roots and activation of H+-ATPases and H+-PPase in
vacuoles as well as in the plasmalemma (Zandonadi et al., 2007).

Frontiers in Plant Science | www.frontiersin.org 8 July 2021 | Volume 12 | Article 644229281

https://www.frontiersin.org/journals/plant-science
https://www.frontiersin.org/
https://www.frontiersin.org/journals/plant-science#articles


fpls-12-644229 July 20, 2021 Time: 15:47 # 9

Xu et al. Humic Acid Improves Substrate Properties

Roots are the main plant organ for the absorption of nutrients
and water, and an optimal root system is one of the requirements
for yield formation (Liu et al., 2015). In the present study, the
root biomass of cucumber seedlings with HA addition was higher
than that of cucumber seedlings without HA addition in the
pure cocopeat and in the mixture of sand:cocopeat (1:1, v/v)
treatments. In addition, HA can also increase the water-holding
capacity of the substrate to alleviate water stress, which may
explain why HA benefits plants (García et al., 2014). HA addition
achieved favorable results in pure cocopeat and in the mixture
of sand:cocopeat (1:1, v/v), whereas the results were completely
opposite in the pure sand groups. This may be attributed to
the poor acid pHBC of sand as shown in Figure 3A. There
were differences in acid pHBC between sand and the other
substrates. HA is an acidic substance, and pH is one of the
most representative indicators of substrate chemical properties
(Gao et al., 2018). When HA was added to sand, pH decreased
dramatically, owing to the poor acidic pHBC, and improper
rhizospheric pH led to physiological disorder of roots, thereby
severely affecting plant uptake of water and nutrients, which
consequently resulted in low plant biomass (Wang et al., 2016).

Morphological plant parameters can indirectly reflect
substrate quality. In the present study, all morphological
parameters of cucumber seedlings differed among the three
substrates, and seedlings in the cocopeat groups showed the
best performance. Previous studies demonstrate that cocopeat
is suitable for use as a growing substrate because of its excellent
physical properties, such as high water-holding capacity and
porosity, which are beneficial to root development (Zhu et al.,
2019). In addition, the root system releases some CO2 during
root respiration that must dissipate from the root environment
(Li et al., 2018), and because cocopeat has high porosity, CO2
could rapidly dissipate from the rhizosphere. Compared with
cocopeat, sand was more compact and had a lower water
retention capacity, which led to a severe restriction of root
growth (Liu et al., 2015). Therefore, significant differences were
observed in the morphological parameters of plants grown in
pure cocopeat and those grown in pure sand.

Effects of HA Addition to Different
Substrates on pHBC, TOC, OM, and CEC
Soil pHBC refers to the ability of soil to mitigate the change
in pH after the addition of acidic or alkaline substances,
and it includes acid and alkali buffering capacity (Lieb et al.,
2011). In general, the application of chemical fertilizers greatly
affects soil pH; for instance, NH4

+ application results in
acidification because plants absorb more cations than anions
and consequently release protons to the soil, whereas excess
nitrates lead to soil alkalization (Schaller, 1987). Logically, soils
with low pHBC are sensitive to acidification or alkalization,
which greatly influences their nutrient availability and
thereby the acquisition of nutrients by plants (Shi et al.,
2017). Therefore, substrates with high pHBC are beneficial
for cultivation. In the present study, the incorporation
of HA resulted in stronger pH buffering behavior of the
three substrates (Figure 3), indicating that HA addition is

beneficial for stabilizing the rhizosphere pH, and consequently
promoting plant growth.

As shown in Table 4, compared with the treatments without
HA addition, the treatments with HA addition increased TOC
and OM in the three different substrates. HA is a macromolecular
organic substance rich in organic carbon (Saidimoradi et al.,
2019), which is why mixing HA into substrates enhanced TOC
and OM in the three substrates (Table 4). A previous study
reported that the content of OM in the soil was positively
correlated with soil pHBC (Xu et al., 2012). This is because there
is an ample amount of oxygen-containing functional groups,
such as carboxyl and phenolic hydroxyl groups, on the surface
of OM (Liang et al., 2011). These groups accept protons when
pH decreases and provide protons when pH increases (Kida
et al., 2005), making a great contribution to pHBC improvement.
Furthermore, we found that in the HA application treatments, the
alkali buffering capacity of the three substrates was greater than
their acid buffering capacity. The reason for this was because HA
carries abundant acidic functional groups which can effectively
neutralize alkaline components.

Cation exchange capacity (CEC) is a crucial index for assessing
substrate quality, and it describes the potential of a substrate to
absorb and release nutrients. High CEC can reduce fluctuations
in ion concentrations (Pincus et al., 2017). As shown in Table 4,
there was a difference in CEC between the treatments with and
without HA addition. Previous studies have demonstrated that
there was a positive correlation between CEC and OM. The
reason for this positive correlation is that OM possesses a large
number of functional groups which can be hydrolyzed to produce
negative charges; these negative charges are able to adsorb a high
amount of exchangeable cations and consequently improve CEC
(Shekofteh et al., 2017).

Our results show that the TOC and OM of cocopeat groups
were higher than those of the other groups (Table 4). Cocopeat
is an agricultural by-product manufactured after the selection of
fiber from coconut husks (Hongpakdee and Ruamrungsri, 2017);
thus, it is rich in OM. On the other hand, sand is an inorganic
substrate; therefore, TOC and OM differed significantly among
the three substrates. In addition, it could be clearly observed that
pHBC of cocopeat was significantly higher than that of the other
two substrates (Figure 3), which was consistent with the high OM
content of cocopeat. Furthermore, the CEC results coincided with
OM measurements as shown in Table 4. The CEC of the cocopeat
was significantly higher than that of the other two substrates.
Additionally, in the mixture of sand:cocopeat (1:1, v/v), cocopeat
addition compensated for the deficiency of OM in sand and
consequently improved the CEC.

Effects of HA Addition to Different
Substrates on N, P, and K Storage
Capacities
The results show that the presence of HA increased the NH4

+

storage capacity in the three different substrates (Table 5). CEC
affects the soil storage capacity for nutrients (Wang et al., 2019);
therefore, a difference in CEC between HA groups and no HA
groups might lead to differences in NH4

+ storage capacity.
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Additionally, the chemical reaction of NH4
+ with HA is closely

linked to NH4
+ storage because these two substances frequently

form NH4
+ humate, which has higher stability than other NH4

+

salts. NH4
+ volatilization loss was reduced by this process, and

this ultimately increased the storage capacity of NH4
+ (Dong

et al., 2009). Furthermore, NH4
+ could be incorporated into HA

through covalent bonding, and the majority of NH4
+ appears to

be in the form of indole and pyrrole N (Thorn and Mikita, 1992).
This may also explain why HA addition actively modified NH4

+

storage capacity. Moreover, a previous study showed that HA
could easily bind with NH4

+ owing to its strong complexation
and absorption capabilities. In the present study, HA showed
significant slow-release effects on N release and utilization, which
consequently increased fertilizer use efficiency (Chen et al., 2017).
Fixed NH4

+ and exchangeable NH4
+ are the main constituents

of adsorbed NH4
+ in the soil (Egashira et al., 1998). Exchangeable

NH4
+ can be directly used by plants (Beuters et al., 2014),

and this accounted for the majority of absorbed NH4
+ in the

present study (Table 5), implying that the adsorption of NH4
+

by the three substrates was temporary and easily taken up by
plants. Compared with that in the groups without HA addition,
higher exchangeable NH4

+ was observed in the HA addition
groups, indicating that HA could improve the exchangeable
NH4

+ storage capacity in the three substrates.
P is an essential nutrient for plant growth, and phosphate

deficiency can disrupt plant metabolism (Yang et al., 2004);
therefore, the availability of phosphates is an important
agricultural issue. Once phosphate fertilizers are applied to soils,
a series of complex reactions that decrease phosphate availability
may gradually occur. The main reactions include phosphate
adsorption into soil and precipitation in the form of calcium
phosphate minerals (Parfitt et al., 2010; Perassi and Borgnino,
2014), which can adversely affect the uptake of phosphorus by
plant roots. In our experiment, the results showed that HA
addition decreased total P adsorption, indicating that it has a
desirable impact on the improvement of phosphate availability.
It is generally accepted that HA is rich in anions, such as
hydroxyl and carboxyl ions (Liang et al., 2011), and that it can
reduce the adsorption of soil minerals to phosphates because of
the strong competition of both anions for the same adsorption
sites on the surface of soil minerals. In addition, HA can
bind with Ca2+ in the soil and interact with Ca-P to inhibit
the formation of Ca-P precipitates. These effects improved the
mobility of P and ultimately enhanced P availability in the
soil (Cimrin and Yilmaz, 2005; Antelo et al., 2007; Perassi and
Borgnino, 2014; Zhou et al., 2015). The results of our study
were in accordance with those of previous studies as shown
in Table 6. HA addition could suppress phosphate fixation in
the three different substrates; in other words, the availability of
phosphates was increased.

The release of absorbed K+ in the soil occurred in the
rhizosphere when K+ concentration in the rhizosphere solution
decreased below the threshold (Hinsinger and Jaillard, 2010). HA
exerts a regulatory effect on nutrient forms in fertilizers, and it
could react with K+ in fertilizers to form K+ humate, which is not
easily lost with water, and the presence of potassium humate can
provide the ability to slowly release potassium (Liu et al., 2006).

This means that HA application directly enhances the storage
capacity of K+ in the soil and modifies the potassium supply
pattern. Our results are in accordance with the results of earlier
research as shown in Table 7. The total K+ adsorption of the
three different substrates with HA application was significantly
higher than that of the three groups without HA application.
The total adsorbed K+ comprises exchangeable K+ and fixed
K+ (Askegaard et al., 2003). In the present study, exchangeable
K+ accounted for the majority of adsorbed K+. Exchangeable
K+ in the rhizosphere serves as the main source of K for plants
(Madaras and Koubová, 2016). In our experiment, the amount
of absorbed exchangeable K+ in the HA addition groups was
significantly higher than that in the groups without HA addition,
and the difference in this indicator might explain the difference
in plant growth between the treatments with and without
HA addition. Furthermore, a previous study demonstrated that
HA could enhance the proportion of exchangeable K+ in
adsorbed K+ (Olk and Cassman, 1995). In the present study, the
presence of HA increased the proportion of exchangeable K+ in
adsorbed K+.

CONCLUSION

Incorporation of HA to different texture substrates had different
effects on plant growth parameters (plant height, stem diameter,
and biomass). In pure cocopeat and the mixture of sand:
cocopeat (1:1, v/v), HA application improved the growth of
cucumber seedlings, whereas in sand, HA addition was harmful
to plant growth. The comprehensive evaluation showed that
pHBC, organic matter content, and CEC in the HA groups were
higher than those in the groups without HA. Treatments with
HA addition resulted in higher NH4

+ and K+ storage capacity,
while decreasing P fixation, thus increasing P availability,
indicating that HA application enhanced fertilizer efficiency.
Among the three substrates, cocopeat was the best substrate for
cultivation, and incorporating cocopeat into sand was beneficial
to plant growth. Overall, cocopeat with 1% HA was the best
treatment in this study.
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Seed priming has been for a long time an efficient application method of biofertilizers and

biocontrol agents. Due to the quick degradation of the priming agents, this technique

has been limited to specific immediate uses. With the increase of awareness of the

importance of sustainable use of biofertilizers, seed coating has presented a competitive

advantage regarding its ability to adhere easily to the seed, preserve the inoculant,

and decompose in the soil. This study compared primed Phaseolus vulgaris seeds

with Rhizobium tropici and trehalose with coated seeds using a silk solution mixed

with R. tropici and trehalose. We represented the effect of priming and seed coating

on seed germination and the development of seedlings by evaluating physiological

and morphological parameters under different salinity levels (0, 20, 50, and 75mM).

Results showed that germination and morphological parameters have been significantly

enhanced by applying R. tropici and trehalose. Seedlings of coated seeds show higher

root density than the freshly primed seeds and the control. The physiological response

has been evaluated through the stomatal conductance, the chlorophyll content, and the

total phenolic compounds. The stability of these physiological traits indicated the role of

trehalose in the protection of the photosystems of the plant under low andmedium salinity

levels. R. tropici and trehalose helped the plant mitigate the negative impact of salt stress

on all traits. These findings represent an essential contribution to our understanding of

stress responses in coated and primed seeds. This knowledge is essential to the design

of coating materials optimized for stressed environments. However, further progress in

this area of research must anticipate the development of coatings adapted to different

stresses using micro and macro elements, bacteria, and fungi with a significant focus on

biopolymers for sustainable agriculture and soil microbiome preservation.
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INTRODUCTION

Seed production is one of the critical agri-businesses that relies
not only on exploiting potential genetic resources of the crop-
seed itself but also on advances in multiple technologies that
enable efficient use of different biological resources such as
beneficial microorganisms.

Seed priming or pretreatment was used in agriculture a
century ago. However, the use of bioagents was first reported
by Callan et al. (1990). The method implies seed inoculation
with beneficial microorganisms. According to Bisen et al.
(2015), the biopriming with beneficial microbes offers an
innovative crop protection tool by improving the seed quality,
germination rate, seedling vigor and uniformity, and plant
ability to withstand harsh growth conditions, thus ensuring
sustainable crop production (Bisen et al., 2015). Another use
of biopriming has sprung by understanding plant growth
promoting bacteria functions and mechanisms. The discovery of
phosphate solubilizing bacteria has led to its use in agriculture as
a potential biofertilizer. For example, it has been reported that
phosphate solubilizing rhizobacteria strongly influences wheat
root traits and aboveground physiology (Elhaissoufi et al., 2020).
Although seed priming is facing many challenges related to
the conservation of bioformulation, storage, and difficulties in
upscaling management. We can overcome challenges by coating
seeds using biofertilizers embodied within films synthesized from
biomaterials (Zvinavashe et al., 2021).

Among the most important features that a germinating
seed may exhibit would be a coating agent that preserves
seed health, guarantees a high germination rate, tolerates
stresses, delivers beneficial microorganisms, and contributes to
sustainable agriculture (Pedrini et al., 2017; Rocha et al., 2019).
Thus, the importance of biopolymers designed for agriculture
and inspired by nature. Silk was one of the most promising
biopolymers due to its natural properties. The combination of
beta-sheet structures with inter-and intra-molecular hydrogen
bonds that provides high flexibility in the natural fiber also
guarantees extreme conformability in regenerated film format
(Marelli et al., 2016).

Many research activities are conducted to develop a good
coating agent and components that could play a role in crucial
stages in plant growth in stressed environments (Maity et al.,
2019; Soumare et al., 2020; Meftah Kadmiri et al., 2021). To
develop new strategies to enhance abiotic stress tolerance of crop
plants (Iordachescu and Imai, 2008), bioinspired coating using
silk was developed (Zvinavashe et al., 2019), combining trehalose
and R. tropici. Both have been known for their effect on different
stages of the crop cycle and their ability to promote growth.

Trehalose has been identified as an osmoprotectant and
signaling molecule controlling various processes ranging from
seed development and germination to guard cell movement
and overall plant growth (Gómez et al., 2010). Trehalose is
biosynthesized through different pathways in different living
organisms except for mammals (Elbein et al., 2003). The
catabolism enzymes are trehalase, trehalose phosphorylase,
trehalose-6-phosphate phosphorylase, and trehalose-6-
phosphate hydrolase which are widespread in living cells

and may be of considerable importance in regulating the level
of trehalose in the cell and managing the trehalose/sugar ratio
in the demanding sink (Chen and Haddad, 2004). The level of
trehalose is significantly increased in various cells when exposed
to various environmental stresses, reflecting that abiotic stresses
differentially regulate trehalose biosynthesis genes in higher
plants (Bae et al., 2005).

The second component of the newly designed coating called
“Silk Coating” is R. tropici. Besides its ability to promote growth
and increase stress tolerance in legumes, trehalose accumulation
has also been described in Rhizobium in response to several
stressful conditions such as high external osmolarity, low oxygen
concentrations, or desiccation (McIntyre et al., 2007). Trehalose
also acts as an osmoprotectant when exogenously supplied to
R. leguminosarum (Gouffi et al., 1999). It is also a common
disaccharide in the root nodules of legumes and is present in
bacteroids serving asmolecular signals during biological nitrogen
fixation (Gómez et al., 2010; Zvinavashe et al., 2019), which
could reflect an important role for this molecule in symbiosis.
It was also demonstrated by Müller et al. (1998) that the
addition of exogenous trehalose to the growth medium increased
sucrose synthase and alkaline invertase activities in soybean.
Besides, the inoculation of common bean (Phaseolus vulgaris)
with the symbiotic bacterium R. etli, which was engineered to
overexpress the Escherichia coli trehalose-6-phosphate synthase
(otsA), resulted in more trehalose production and formation
of more nodules with higher nitrogenase activity (Suárez et al.,
2008). In agreement with this, deletion of the endogenous otsA
gene in R. etli reduced the number of nodules, nitrogenase
activity, and plant biomass.

Due to the well-known stress-protecting properties of
trehalose in microorganisms and plants, “trehalose/bacteria”
could be a valuable mixture to target to improve abiotic stress
tolerance in crop plants.

The objectives of this study were (1) to investigate the effect of
exogenous application of trehalose and R. tropici in two different
methods (Priming and coating) on different parameters; (2) to
compare the freshly primed P. vulgaris seeds with trehalose and
R. tropiciwith seeds coated with trehalose and R. tropici using silk
as a coating agent; and (3) and to explore the potential of silk as a
coating agent.

MATERIALS AND METHODS

Plant Material
Seeds of common bean (P. vulgaris) commercial variety White
Kidney, with an initial germination rate above 95% and initial
seed moisture content below 10% (on a dry weight basis), were
used in this study. To minimize fungal contamination during
the experiment, seeds were surface sterilized with 2% NaOCl
solution (household bleach diluted with sterile water) for 15min
and rinsed three times with sterile water.

Before seed preparation, the coating solution was prepared
using the protocol developed by Zvinavashe et al. A 6% silk
solution was prepared based on Rockwood et al. (2011) protocol
to which we added trehalose at 6% and R. tropici grown in
Lysogeny broth (LB) media at 28◦C until achieving an OD600
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value of 2. The bacterial solution was centrifuged for 5min.
The pellet was rinsed two times using sterile water, as shown
in Figure 1. Before usage, seeds were stored at cool temperature
(4◦C) for 70 days.

Experimental Details
In addition to seeds coated with silk, trehalose, and R. tropici
(named: Coating) previously described, healthy seeds were
primed at the laboratory using sterile water for the negative
control and Trehalose 6% and R. tropici (cultivated at LB media
and watched and centrifuged twice with distilled and sterilized
water) as a positive control with constant gentle agitation for
30min (Figure 1). To ensure that the priming solution covered
all the seed surfaces, a volume of 1:5 is used for negative and
positive control treatments. This methodology was inspired by
On-farm seed priming described by Harris et al. (2001).

To assess the effect of each treatment on common bean
germination, 15 healthy seeds from each treatment were evenly
germinated on two layers of filter paper in 10 cm diameter Petri
dishes. After adding 10mL of NaCl solutions (S0 = 0, S1 =

15, S2 = 25, and S3 = 50mM) to each replicate, Petri dishes
were covered with lids and placed in the dark. An equal volume
of distilled water was applied to all Petri dishes when their
moisture content declined. All the treatments were laid out in a
randomized complete block design, replicated three times, and
kept recording physiological attributes.

To ascertain the role of seed priming in alleviating salinity, the
pots experiment was conducted using large pots (20/30 cm) filled
with local soil without any physical treatment. The four previous
seed treatments were applied to determine the effect of salinity
on the plant establishment and behavior along the growth cycle.
Five salinity levels (0, 25, 50, 75, and 100mM) were applied.

Morphological and Physiological Response
of the Seed and Plant
During the experiment, different levels of analysis were
conducted to dissociate the components of the combined effects
of the treatment. At the seed level: (1) daily germination and (2)
germination rate. At the shoot level: (1) shoot length; (2) stomatal
conductance using an SC-1 Leaf Porometer (Decagon Devices,
Inc., Pullman, WA); and (3) chlorophyll content using the CL-01
Chlorophyll Content System. Moreover, at the root level, (1) root
density; (2) primary root length; and (3) lateral root length were
measured using the root scanner WinRhizo (Regent Instruments
Inc., Quebec, Canada).

Biochemical Response
Extraction of Total Phenolic Compounds (TPC)
Fragments of leaves and roots (0.5 g FM) were ground in a
mortar containing a specific volume, usually 5mL, of ethanol
50% (water-alcohol solution). The extracts were collected
in tubes with lids and well-numbered, then left overnight
at 4◦C to let ethanol extracting the maximum amount of
phenol present in the leaves extract as described by Singleton
and Rossi (1965). In the tubes containing the leaf extracts,
there was a risk of the existence of chlorophylls, eliminated
by adding 3mL of the extract on 0.5mL of chloroforms.

Tubes were vortexed and centrifuged for 5min at 5 × 1,000
mtp; two phases were separated, supernatant was added,
and pellet.

Determination of TPC
We followed the method based on the Folin–Ciocalteu reagent,
described by Singleton and Rossi (1965) and Hazzoumi et al.
(2017). The following mixture was prepared in test tubes: 0.5mL
of extract, 3mL of distilled water, 0.5mL of Na2CO3 (20%), to
which 0.5mL of Folin–Ciocalteu reagent was added after 3min.
The tubes were agitated and then placed for 30min at 40◦C.
After that, the absorbance was read at 760 nm. The content of
phenolic compounds was calculated using gallic acid for the
standard curve and expressed in milligrams per gram of fresh
leaf matter.

Statistical Analysis
A two-way ANOVA was performed using the general linear
model to compare seed treatments and saline levels. Descriptive
statistics and ANOVA were carried out using the software R
version 3.6.0 with the Agricolae, followed by Tukey’s multiple
comparison test (p < 0.05) to discriminate statistically different
values. Graphs were generated using the ggplot2 in R version
4.0.5 version.

RESULTS

Germination and Seedlings Development
Seed germination is a critical phase that impacts crop
establishment and yield. It is considered a bottleneck, and once
surpassed, the plant can use other strategies to tolerate an
excess of salt in the environment. To evaluate the effect of
salinity on seed germination and seedlings, a daily record was
conducted. ANOVA test (Table 1) shows that seed treatment
and salinity significantly affect germination throughout the
experiment. A highly significant interaction was observed
between the treatments.

Table 2 illustrates the effect of increasing salt (0mM to
50mM) on the percent of germinating seeds. It was observed
that the percentage of germination decreases with increasing
salt concentrations for the control seeds. However, a significant
increase happens when applying a seed treatment. The ANOVA
(Table 1) showed that coated seeds behave better at a high salinity
level than the freshly treated seeds because the silk preserves the
bacteria and the trehalose in its fibroins.

Besides germination rate, ANOVA analysis showed that
hypocotyl diameter (HD) varies significantly between seed
treatments and saline levels (Table 1). Presented data showed that
salinity stress distinctly decreases hypocotyl diameter (Figure 2).
However, the seed treatment affects the behavior of the seedling
and induces an increase in hypocotyl diameter. At a low salinity
level (S1), the Silk Coating presents the largest diameter with
0.67 cm, followed by trehalose and bacteria (0.50 and 0.46 cm,
respectively). The same trend is observed at 15, 25, and 50mM
of salinity levels.

At S2 (25mM), the common bean is intensely influenced
by salinity, and seed treatments reinforce the seedling by
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FIGURE 1 | Illustration of seed priming and seed coating protocol created with BioRender.com.

TABLE 1 | ANOVA table of the evolution of germination throughout the experience, germination rate (GR), and hypocotyl diameter (HD) in early germination test.

df Day 2 Day 3 Day 4 Day 5 GR HD

Seed Treatment 5 0.090. 0.046* 0.0436* 0.130 0.0240* 5.41e-08***

Salinity level 3 0.009** 0.020* 0.0128* 0.001** 0.0018** 7.84e-07***

Seed Trt: Salinity 15 0.174 0.002** 0.0009*** 0.003** 0.0002*** 0.0265*

Residual 48

Signif. codes: 0 ‘***’ 0.001 ‘**’ 0.01 ‘*’ 0.05 ‘.’ 0.1 ‘’ 1.

TABLE 2 | Means and SD of Phaseolus vulgaris germination rate (GR) in percent under different seed treatments and salinity levels.

Salinity levels Control R. tropici Trehalose Coating Means

S0 87 ± 9a 87 ± 9abc 80 ± 16cd 87 ± 9abc 85 ± 12

S1 87 ± 9abc 80 ± 0cd 93 ± 9ab 87 ± 9abc 87 ± 9

S2 67 ± 9cd 87 ± 9abc 87 ± 9abc 93 ± 9ab 83 ± 14

S3 53 ± 9d 73 ± 9cd 87 ± 9abc 93 ± 9a 77 ± 18

Means 73 ± 17 82 ± 10 87 ± 12 90 ± 10 83 ± 14

a−dDifferent letters indicate significant statistical differences (p < 0.05, Tukey’s test).

increasing the hypocotyl diameter. At S3, the highest
salinity level (50mM), the inoculated seed with R. Tropici,
presented a diameter equivalent to the control seeds. The
Silk Coating and trehalose remained higher with 0.45
and 0.44 cm. Nevertheless, the control presents the lowest
diameter in all salinity levels. At 15mM, salinity concentration
stimulates the growth for the control, indicating that salt
at low concentration can be used as a priming agent even
for glycophytes.

Physiological Activity
The ANOVA for different physiological parameters showed that
the effects of seed treatments and salinity on common bean plants
are significant (Table 3).

Stomatal Conductance
The effects of salinity on stomatal conductance are shown in
Figure 2. Stomatal conductance always declines with increasing
salinity concentration. The effect of salinity was more dramatic
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FIGURE 2 | Effect of seed treatments on hypocotyl diameter (A), stomatal conductance (B), chlorophyll content (C), and total phenolic compounds [TPC, (D)], under

different salinity levels (S0 = 0mM, S1 = 25mM, S2 = 50mM, and S3 = 75 mM).

TABLE 3 | ANOVA table of physiological parameters measured from pot experiment.

df SEm StC Chll TPC

Seed Trt 3 0.0102* 1.64e-14*** 0.0001*** 0.0073**

Salinity level 3 3.54e-16*** 1.84e-12*** < 2e-16*** 4.53e-06***

Seed Trt:Salinity 9 0.0301* 3.14e-07*** 0.0003*** 0.1214

Residual 80

Signif. codes: 0 ‘***’ 0.001 ‘**’ 0.01 ‘*’ 0.05 ‘.’ 0.1 ‘’ 1.

SEm, seed emergence; Chll, chlorophyll content; StC, stomatal conductance; TPC, total phenolic compounds.

in control seeds than in the other treatments. At S3 (50mM),
Silk Coating performs better than seeds treated with trehalose
and the bacteria, while the control remains at the last
position, indicating that plant reaction to salinity relies on the
seed treatments.

Chlorophyll Content
Data for stomatal conductance as a gas exchange characteristic
and a level of plant control showed that, upon exposure to
saline stress, the plant significantly reduces its photosynthetic
activity through the control of the stomata. Damages caused
by salinity are felt at the photosynthesis machinery. Data
presented in Figure 2 shows that the application of saline stress
significantly reduced the photosynthetic activity at the branching
and vegetative growth stage of the common bean. This decrease

in the chlorophyll index was more intense for the control as
compared with the other treatments. However, freshly treated
seeds presented a high photosynthetic activity in comparison
with the coated seeds.

At S0, seeds soaked in trehalose showed the highest
photosynthetic activity, followed equally by the seeds soaked in
the bacteria, the Silk Coating, and the control. By increasing
the salinity level to 25mM, the plant activity decreases slightly
compared with 50mM salinity level where the control reduces
its photosynthetic activity to half, while the treated seeds with
R. tropici and trehalose maintain their activity. Silk Coating and
trehalose treated seeds showed a different reaction compared to
the control and the bacteria in 75mM because of the existing
charge of bacteria and trehalose that could be preserved in the
silk fibroins.
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TABLE 4 | ANOVA table of Phaseolus vulgaris morphological parameters

measured from pot experiment.

Df SFL RD FRL-P FRL-L

Seed Trt 3 0.00898** 4.81e-11*** 2.01e-15*** < 2e-16***

Salinity level 3 <2e-16*** 7.15e-07*** 7.76e-08*** < 2e-16***

Seed Trt:Salinity 9 0.65123 0.0553. 0.987 2.31e-15***

Residual 80

Signif. Codes: 0 ‘***’ 0.001 ‘**’ 0.01 ‘*’ 0.05 ‘.’ 0.1 ‘’ 1.

SFL, shoot final length; RD, roots density; FRL, root final length; P, primary; L, lateral.

TPCs
Content of TPC changes with the coating application, trehalose,
and salinity level. According to Figure 2, the quantity of phenolic
compounds in the control plant increases progressively with
salinity levels, reflecting a natural response of the plant against
the ions of the salt in the medium. However, the seeds soaked in
the trehalose reflect a significant reduction of the TPC level. The
soaked seeds with bacteria presented the best response against
salts in the medium. By recording the most significant decrease
of TPC, the content of this latter was less than the control, which
means that the plant did not need to synthesize more TPC to
tolerate salt stress.

The biosynthesis of phenolic compounds is proportionally
linked to salts concentration in the plant microenvironment,
whatever the treatment is. About 0mM showed one-third
<75mM; this variation keeps the same trend in R. tropici and
Silk Coating, but the trehalose showed a different reaction for
25mM and 50mM salinity levels. These treatments reflect almost
the same TPC content, highlighting the ability of the trehalose
ability to mitigate the negative impact of salt stress on the plant
up to an optimal concentration (50mM in this case).

Using a formulation based on Silk material enriched by
R. tropici helped the plant to tolerate salt stress, especially
in the lowest and highest concentrations; however, the
trehalose showed a significant effect in the medium salt
stress concentration (50 mM).

Morphology of the Plant
Length of the Shoot
Application of salt stress significantly reduced the plant length
for all seed treatments (Table 4). A similar decreasing trend was
observed due to salt stress. However, this decrease was not the
same in all seed treatments. The control seeds were more severely
affected by salinity than were the primed and coated seeds. The
trehalose and the bacteria significantly increased the length under
stress and non-stress conditions (Figure 3).

Architecture of the Root

Density of the Root
At different salinity levels, seed treatments have increased the
root density compared to the untreated control (Figure 4).
Nevertheless, data indicate that gradually increasing salinity
levels from 0 to 75mM NaCl has decreased root density. The
application of trehalose induces an additive stimulatory effect on

roots. The same growth pattern was observed for seeds freshly
inoculated with R. tropici. However, the effect is reduced with
increased salinity level testifying to the impact of salinity on the
bacterial development in soil. In addition, it was noticed that the
Silk Coating has a more pronounced and significant increase of
roots than the control. At 75mM of NaCl, the uncoated control
and the seed treated with the bacteria did not tolerate the high
salinity level and died after 35 days. In contrast, seeds treated with
trehalose and coated seeds are behaving well and produce mature
plants. This salt concentration is a threshold concentration for
common bean; the cultivar used in this experiment does not
survive beyond it. The plant viability at this salt concentration
may be due to trehalose that promotes roots formation and
growth at an early stage. The coated seeds with silk also showed
viable plants, and this could be evidence of the role of the
silk-based coating on the protection of the bacteria in a high
salinity environment.

Primary and Lateral Roots
After 90 days of growth, it was observed that common bean
seedlings produce a highly branched root system with abundant
lateral roots and a short primary root. Changes in root
parameters of common bean under three seed treatments are
presented in Figure 5. Response to seed treatments did not
differ significantly for primary root length under stress and non-
stress conditions. However, they are significantly higher than
the control.

Irrigation of common bean plants with saline water caused
significant decreases in root development relative to control
plants. On the other hand, plants from treated seeds enhanced
lateral root length under unstressed and salinity-stressed
environments. At a low salinity level, inoculation with R. tropici
was more effective, followed by trehalose. Coated seeds have
presented the same principal root length but less lateral root
length. Even though it has better performance than the control at
unstressed and salinity-stressed conditions, these results suggest
that, in P. vulgaris, Silk Coating, trehalose, and R. tropicimay play
a crucial role in changing root architecture under saline stress.

DISCUSSION

Germination and Seedlings Development
Germination is a critical stage in the crop cycle. It has been
demonstrated that this stage is susceptible to all stresses. In
this study, the effect on germination rate induced by seed
treatment underlines the importance of priming and biopriming
in seed production to improve plant behavior under stressed
environments. To alleviate saline stress, a seed coating was
developed using Silk as a binding agent, trehalose for its ability
to stimulate germination and growth in saline stress and R.
tropici for its ability to colonize common bean roots and produce
nodules for an efficient Nitrogen fixation (Zvinavashe et al.,
2019).

Seed priming is one of the universal methods used in
fertilizers application. Freshly primed seeds usually contain a
high concentration of the priming agents, but it is susceptible
to degradation or leaching after irrigation. Results are proof of
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FIGURE 3 | Effect of different salinity levels (S0 = 0mM, S1 = 25mM, S2 = 50mM, and S3 = 75mM) on Phaseolus vulgaris shoot length in centimeters.

FIGURE 4 | Effect of different salinity levels (S0 = 0mM, S1 = 25mM, S2 = 50mM, and S3 = 75mM) on Phaseolus vulgaris root density.

the efficiency of the Silk Coating since it exceeds all the seed
treatments, mainly in the high salinity levels by maintaining the
trehalose and the bacteria in the seed microenvironment. It has
also shown a high germination rate and high seedlings diameter
at the highest salinity level, supporting the hypothesis of the
conservation of the formulation elements by the Silk fibroins in
saline conditions.

To further understand the priming effect on germination,
independent experimentation was conducted in vitro using a

Petri dish to evaluate the germination rate and the seedling vigor
under saline treatments. The same trend was observed, and the
coated seeds performed better than the other treatments for
inducing germination in saline treatments. Besides, it confers
to the seedling a significant vigor, explaining the plant strength
during the growth cycle. The observed effects are mainly due
to the combined action of trehalose and R. Tropici, both of
which promote growth through differentmechanisms. Trehalose,
a disaccharide, is an essential signal metabolite in plants
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FIGURE 5 | Phaseolus vulgaris primary roots length (left) and lateral root length (right) under different seed treatments and salinity levels.

and an essential regulator of many physiological processes,
including seed germination and stress response. Within the
seed germination process, trehalose plays an essential role in
regulating the growth of vegetative and embryogenic tissue in a
mechanism involving ABA and sugar metabolism (Gómez et al.,
2010). It also plays a vital role as an osmolyte, stress signaling,
and stress protectant of the membrane and proteins against the
adverse effects of stress (Crowe et al., 1984).

Trehalose regulates many genes, among them the
transcription factor bZIP11, which affects the regulation
of carbohydrate metabolism, inducing a regulation of the
developmental phase transitions (like germination and
flowering), carbohydrate, and amino acid metabolisms
(Gazzarrini and Tsai, 2014). Accordingly, it has been reported
that, in rice, the [trehalose:sucrose] ratio in germinating
tissues leads to a regulation of amylase activation for increased
starch mobilization and contributes through its regulators
OsTPP7 to anaerobic germination tolerance (Kretzschmar et al.,
2015). Trehalose hydrolysis is a major reaction during early
germination. Presumably, it serves as a source of carbon for
synthesis and glucose for energy, and its use in seed coating has
been efficient.

R. tropici was added to the silk and trehalose to increase
the efficiency of the coating formulation. This bacterium has
been widely studied and has proven its ability to increase
yield components during the crop cycle, even in areas with
medium salinity where untreated seeds do not perform very well.
However, it has been observed that it is sensitive to high salinity.
Therefore, an exogenous application of trehalose may also help
the bacteria tolerate abiotic stress (Cardoso et al., 2007), which
supports our results showing the performance of the coated
seeds with a mixture of trehalose, R. tropici, and silk in high
salinity levels.

Physiological Response
Salt stress presents one of the most limiting abiotic factors that
affect plant growth and production by altering physiological
and biochemical activities (Rockwood et al., 2011; Hazzoumi
et al., 2017). Protection of the photosynthetic machinery

significantly contributes to the ability of the plant to withstand
stress and reactive oxygen species (ROS) produced upon
exposure to saline stress. This study demonstrated that the
coated and primed seeds maintained several physiological
processes under saline treatments, including photosynthesis
through stomatal conductance and chlorophyll content. Many
studies highlighted the effect of salinity on photosynthetic
activity due to the sensitivity of Photosystem II to NaCl as
a non-stomatal regulation (Brugnoli and Lauteri, 1991; Taïbi
et al., 2016). While there is stomatal regulation that has
also been reported for several plant species, both halophytes
and non-halophytes, which refers to stomatal conductance,
correlated with photosynthetic capacity (Wong et al., 1979).
In this study, and to attenuate the effect of salinity on
photosynthetic activity, seeds were treated with trehalose and
R. tropici. Both directly affect photosynthesis by allocating and
metabolizing carbohydrates (Gazzarrini and Tsai, 2014) and
contributing to a higher N2 fixation rate (Bethlenfalvay et al.,
1978), respectively.

Previous studies have shown that supplementation of
trehalose in saline medium protects Catharanthus roseus from
the inhibitory effects of salt on growth and photosynthesis
(Crowe et al., 1984; Gazzarrini and Tsai, 2014; Hazzoumi
et al., 2017). Trehalose accumulation was correlated with higher
soluble carbohydrate levels, and a high photosynthesis capacity
under stress and non-stress conditions, supporting the increase
observed in non-saline treatment. In this study, variation in
stomatal conductance and chlorophyll content were strongly
expressed in high salinity levels, where coated seeds performed
better than the treated seeds and the control, showing that
combining trehalose and R. tropici helps to maintain a high
photosynthetic activity. These increments probably may be
attributed to the protective effects of trehalose on photosynthetic
systems (Abdallah et al., 2016). Besides, it has been discovered
that trehalose plays an important role in plant-microorganism
interactions through a higher number of nodules and nitrogenase
activity, greater biomass, and an increase in grain yield in
inoculated plants under normal or stress conditions (Iturriaga
et al., 2009). Photosynthetic and chlorophyll parameters in our
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study indicated that trehalose helps the plant mitigate the adverse
effects of salinity and increase R. tropici performance under
saline stress.

To tolerate salt ions, the plant accumulates polyphenols which
are involved in the defense mechanism. The role of TPCs in the
stimulation of plant resistance was provided in many species and
for different biotic and abiotic stress situations (Benhamou et al.,
2000). Phenolic compounds are directly involved in scavenging
free radicals and protect plants against the damaging effects of
increased ROS levels (Petridis et al., 2012). The negative impact
of salinity was mainly attributed to water deficit due to lowered
water potential in the root zone, specific ion toxicity arising
from a higher concentration of sodium and chloride, and the
nutritional imbalance.

The osmotic adjustment is a central part of the physiological
mechanisms by which plants respond to salinity stress. The
salinity generates water stress by disturbance of plant water
balance (caused by ions disequilibrium). The accumulation
of specific osmotic adjustment solutes (e.g., proline, soluble
sugars, and soluble protein) in the cytosol and organelles helps
in the osmotic adjustment and improving the growth and
development of plants. We note that salt stress causes an
increase in TPC accumulation. Increasing polyphenols content
in tissue is reported to be a plant response to salinity and
indicates the induction of synthesis of secondary metabolism
to defend against salt stress. This considerable accumulation
is confirmed in Anethum graveolens L. (Mehr et al., 2012)
and Vetiveria zizanioides L. (Manebr et al., 2011). However,
the plants treated with trehalose presents better performance
in stressful environments. According to Sadak et al. (2019),
trehalose foliar application in different concentrations (0,1mM
and 0,5mM) improves the antioxidant defense system of the
quinoa plant against reactive oxygen species (Sadak et al., 2019).
The impact of trehalose was accompanied by a significant
decrease in lipid peroxidation, hydrogen peroxide contents, and
LOX (Lipoxygenase) activity. These decreases were correlated
with significant increases in total phenolic contents as compared
with untreated plants. A similar positive impact of trehalose was
recorded in maize plants exposed to salt stress by increasing
the growth parameters and photosynthetic activity of the plant
(Rohman et al., 2019).

The antioxidant activity of phenolic compounds was
principally due to their role as electron and hydrogen donors,
which stabilize the unpaired electron (Huang et al., 2005).
The stimulation of TPC by trehalose might be due to the role
of this latter as signaling function and their implication in
different metabolic pathways in stress conditions by inducing the
synthesis of TPC (Alam et al., 2014; Sadak et al., 2019).

Shoots and Root Development Under
Salinity Stress
The present study includes the effect of seed treatments on
photosynthetic activity through the regulation of stomata.
Previous studies demonstrate that the effect of salinity on the
CO2 assimilation rate was mainly due to the reduction of
stomatal conductance (Brugnoli and Lauteri, 1991). Evidence of
the impact on biomass production.

Exogenous trehalose application was effective in mitigating
the harmful effects of saline stress conditions on gas exchange
attributes. The ameliorative effect of trehalose on photosynthesis
indicates that it plays a role in protecting the photosynthetic
system, as already reported, through trehalose signaling
mechanisms that can enhance this capacity. Furthermore,
trehalose induces an ameliorative effect in plant biomass when
carbon supply is not a limiting factor (Rady et al., 2011).

Such effects of exogenously applied trehalose might have
been due to its contribution to lowering the cell osmotic
potential, which helps plants absorb water from the soil. Plant
length is one of the biomass components in addition to the
total leaf area and dry biomass. This study demonstrated that
seed treatments, under saline and normal conditions, help to
maintain and improve plant biomass relative to the control.
Other studies emphasized the role of trehalose in the regulation
of Na+ in plant tissues, including leaves (Garcia et al., 1997),
indicating that it may play a direct or indirect role in determining
ion selectivity by controlling cellular exclusion of Na+. A
hypothesis was supported by Joshi et al. (2020), where transgenic
lines had higher K+/Na+ ratios than the wild type under
salinity stress

Our studies showed that coated and primed seeds and
seedlings were less affected by saline stress in comparison to
the control, as evidenced by their higher germination rates and
better subsequent growth under these stress conditions due to
efficient sequestration of sodium that has been considered as one
of the critical components differentiating between control and
treated seeds. Moreover, the degree of damage increases with
stress intensity.

Based on the present results, it could be concluded that
salinity stress adversely affected growth and physiological
parameters compared with control plants. Trehalose can
neutralize the effect of salinity stress and result in a significant
improvement of morphological traits, physiological parameters,
and phytochemical activity (Ding et al., 2018). Trehalose
pretreatment alleviated damages through efficient stimulation
of the antioxidant defense. Exogenous application of trehalose
enhanced the level of internal trehalose, which mainly stimulated
the protective activities for the plants (Abdallah et al., 2016).

The P. vulgaris root system undergoes significant architectural
changes in root density and lateral root length due to the
exogenous seed treatments. Those modifications in the root
architecture may determine the capacity of the plant to
acquire available water and nutrient. Analysis of plants from
treated seeds showed that trehalose and R. tropici increase
the root density. It also promotes the principal and lateral
root formation under saline treatments. The same result was
observed for coated seeds, indicating the effect of trehalose
and the bacteria after 3 months of conservation at 4◦C.
Lateral root development has been suggested to be under
the control of polar auxin transport (Casimiro et al., 2001).
Many studies have confirmed that trehalose is an essential
signal metabolite in plants, linking growth and development
to carbon metabolism (Figueroa and Lunn, 2016). A recent
study suggests that auxin acts downstream of trehalose 6
Phosphate to promote seed filling, thereby providing an
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outstanding example of how a metabolic signal governs the
hormonal control in a critical phase transition in a crop
plant (Meitzel et al., 2021).

CONCLUSION

Exogenous application of trehalose and R. tropici, ingredients
of the seed coating, impacts plant growth under non-stressed
and stressed environments. The roots readily absorb trehalose
and are easily transported to the aerial parts to function
as a major defensive response to several abiotic stresses.
This experiment is evidence of the role of trehalose in seed
priming. This sugar induces osmotic stress that stimulates
the growth of shoots and roots. This study proves that
fresh soaking seems to be more productive. Using silk-based
coating can be more efficient for preserving the formulation
in stored seeds and delivering it to seedlings. This study
shines a new light on the role of trehalose in the biofertilizers
preservation, plant survival under osmotic stress conditions,
and the development of new functional seed coatings that
integrate Rhizobium preservation with precise delivery in
the soil.
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and Katerina Karamanoli 2*

1 Institute of Plant Breeding and Genetic Resources, Hellenic Agricultural Organization DEMETER (ex NAGREF), Thermi,

Greece, 2 Laboratory of Agricultural Chemistry, School of Agriculture, Aristotle University of Thessaloniki, Thessaloniki,
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Plant-associated beneficial strains inhabiting plants grown under harsh ecosystems can

help them cope with abiotic stress factors by positively influencing plant physiology,

development, and environmental adaptation. Previously, we isolated a potential plant

growth promoting strain (AXSa06) identified as Pseudomonas oryzihabitans, possessing

1-aminocyclopropane-1-carboxylate deaminase activity, producing indole-3-acetic acid

and siderophores, as well as solubilizing inorganic phosphorus. In this study, we aimed

to further evaluate the effects of AXSa06 seed inoculation on the growth of tomato

seedlings under excess salt (200mM NaCl) by deciphering their transcriptomic and

metabolomic profiles. Differences in transcript levels and metabolites following AXSa06

inoculation seem likely to have contributed to the observed difference in salt adaptation

of inoculated plants. In particular, inoculations exerted a positive effect on plant growth

and photosynthetic parameters, imposing plants to a primed state, at which they

were able to respond more robustly to salt stress probably by efficiently activating

antioxidant metabolism, by dampening stress signals, by detoxifying Na+, as well as

by effectively assimilating carbon and nitrogen. The primed state of AXSa06-inoculated

plants is supported by the increased leaf lipid peroxidation, ascorbate content, as

well as the enhanced activities of antioxidant enzymes, prior to stress treatment. The

identified signatory molecules of AXSa06-mediated salt tolerance included the amino

acids aspartate, threonine, serine, and glutamate, as well as key genes related to ethylene

or abscisic acid homeostasis and perception, and ion antiporters. Our findings represent

a promising sustainable solution to improve agricultural production under the forthcoming

climate change conditions.

Keywords: abiotic tolerance, ACC-deaminase, antioxidant metabolism, bio-stimulants, priming state,

Pseudomonas oryzihabitans
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INTRODUCTION

In the forthcoming years, global challenges due to climate change
and environmental stresses, including soil salinity, are expected
to significantly alter soil properties, causing detrimental effects
not only on plant growth and crop production, but also on
cultivable area worldwide due to salinization (Liu et al., 2017;
Kozminska et al., 2018; Corwin, 2021). Apart from disrupting
ion balance and cellular homeostasis, high Na+ concentrations
in the soil trigger osmotic stress that impairs water usage,
photosynthesis, and biosynthesis of proteins and lipids, as
well as cell redox state by over-accumulating reactive oxygen
species (ROS) (Liu et al., 2017). Excess salt may activate a
wide range of physiological and biochemical adjustments to
support plant growth and cellular functions. These include the
effective compartmentalization of Na+ in vacuoles by specific
transporters, long-distance ion transport from roots to leaves and
stems, alterations in leaf or root morpho-anatomical structures,
as well as the production of osmotically active compounds
and the accumulation of plant hormones and other signaling
molecules (Shabala, 2013; Mellidou et al., 2016; Devkar et al.,
2020).

Among the effective strategies to cope with soil salinity,
the use of improved management practices in highly saline
regions, as well as the implication of conventional or molecular
technologies toward the development of salt tolerant crop
species are of outmost importance. However, these strategies
are often time consuming and cost-demanding. The application
of beneficial microbes represents an alternative environmental-
friendly strategy to address this issue (Chauhan et al., 2019).
The plant rhizosphere represents a delicate and dynamic
ecosystem that hosts a variety of microorganisms with diverse
and multifaceted functions in plant growth and development,
or survival under unfavorable environmental conditions (Kearl
et al., 2019; Genitsaris et al., 2020). Plant Growth Promoting
Rhizobacteria (PGPR) can provide cross-protection against
multiple stress factors by facilitating the growth of their plant
symbionts in many different ways (Bruto et al., 2014). Among
others, they supply atmospheric nitrogen, synthesize siderophore
and phytohormones, solubilize inorganic phosphorus (P),
release volatiles, form biofilm, or produce stress alleviating
enzymes, such as the 1-aminocyclopropane-1-carboxylate (ACC)
deaminase, and cell-wall degrading enzymes (Mayak et al., 2004;
Yang et al., 2009; Shariati et al., 2017; Leontidou et al., 2020;
Jiao et al., 2021). PGPR-mediated salt tolerance may be achieved
via modifications in Na+, K+, and Ca+2 homeostasis thereby
allowing plants to sustain a higher K+/Na+ within cells (Bharti
et al., 2016; Safdarian et al., 2019). At the molecular level, salt
stress regulates the expression of several genes coding for late
embryogenesis (LEA) proteins, osmoregulatory proteins, redox-
regulated proteins, transcription factors (TFs) such as WRKY,
transporters/antiporters, and salt overly sensitive (SOS) proteins
(Safdarian et al., 2019).

In an attempt to investigate plant microbiomes and the co-
evolutionary signature of host-microorganism interactions, a
large number of emblematic PGPR model strains have been
isolated, characterized and applied as “biostimulants” to enhance

plant abiotic stress tolerance (Liu et al., 2017; Olanrewaju et al.,
2017; Leontidou et al., 2020; Yadav et al., 2020). The physiological,
transcriptomic, and metabolomic profiles of PGPR-mediated
salt tolerance have been explored in differed crops including
Arabidopsis (Liu et al., 2017), rice (Chauhan et al., 2019), and
wheat (Safdarian et al., 2019), suggesting intricate metabolic and
hormonal signaling events implicated in plant responses against
salt stress.

Plant-associated beneficial strains inhabiting arid and harsh
ecosystems may help plants survive under abiotic and biotic
stress factors, as these microbes have developed complex adaptive
traits in co-evolution with their plant hosts, in contrast to those
found in frequently cultivated areas (Fierer, 2017). Previously, we
were able to isolate a potential PGPR strain (AXSa06), identified
as Pseudomonas oryzihabitans, from the National Park of Delta
Axios (Leontidou et al., 2020), a highly diverse ecosystem which
includes the estuaries of four rivers and has been included in the
Natura 2000 network of European ecological regions with code
GR122000268 (Vokou et al., 2016). In vitro experiments showed
that AXSa06 possessed ACC deaminase activity, produced a
considerable amount of IAA and siderophores, as well as
solubilized inorganic P (Leontidou et al., 2020). PGPR strains
containing ACC deaminase activity may help plants ameliorate
stress injury by promoting plant and root growth, through
scavenging plant ACC, thereby reducing ethylene production
(Orozco-Mosqueda et al., 2020). Although this strain has been
isolated from a perennial Sarcocornia sp. grown in highly saline
soils, it could efficiently colonize the rhizosphere of tomato plants
(Leontidou et al., 2020).

Due to its interesting phyto-beneficial traits, we aimed to
further evaluate the effects of AXSa06 seed inoculation on
the growth of tomato seedlings under excess salt (200mM
NaCl). Deciphering transcriptomic and metabolomic changes
of inoculated plants exposed to salt stress provided important
insights into the complicated mechanism that allowed our novel
strain to induce salt tolerance in plants. The proposed model
suggests that AXSa06 forced plants to a “primed” state. This state
is related to specific metabolite accumulation, repressed stress-
inducing signals through a dampened ethylene and abscisic acid
(ABA) metabolism, and eventually in effective trade-off between
growth and defense responses. The identified signatorymolecules
including AsA, and the amino acids aspartate, threonine, serine,
and glutamate, may serve as possible biomarkers for PGPR
priming in tomato.

MATERIALS AND METHODS

Plant Material, Growth Conditions, and Salt
Treatment
Tomato seeds of cv “ACE 55” were used to explore plant
responses to salt stress upon AXSa06 inoculation. The strain
has been previously isolated from an adverse—highly saline—
ecosystem (National Park of Delta Axios, Greece) and genetically
characterized as Pseudomonas oryzihabitans using a Whole
Genome Sequencing approach (Leontidou et al., 2020). Seeds
were surface sterilized in 70% ethanol (v/v) and subsequently in
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2.4% (v/v) sodium hypochlorite. Prior sterilization, seeds were
kept in the dark for 24 h at 4◦C and then incubated for 72 h in
PNS agar plates (1.8% agar) at 25◦C to ensure synchronization
in growth.

For inoculation with the selected bacteria, called AXSa06,
spontaneous rifampicin-resistant mutants were prepared as
described earlier (Karamanoli et al., 2005) in order to
easily monitor bacterial dynamics in the rhizosphere during
experimentation. Seeds were “bacterized” for 30min in a mixture
of the bacterial suspension and 2% methyl cellulose (MC)
solution (w/v) (Sigma, Germany) in a 1:1 (v/v) ratio, as previously
described (Leontidou et al., 2020). The control seeds were
immersed in a mixture of Phosphate Buffer Saline (PBS) and MC
(1:1). In turn, seeds of both treatments were placed in pots filled
with sterilized peat and perlite (3:1 v/v) in a growth chamber
(Snijders Microclima 1,750, Snijders Scientific BV, Netherlands)
for 3 weeks at 16/8 h and 25/22◦C, receiving plant nutrient
medium containing 0.5% (w/v) sucrose (PNS). Salt stress was
applied to 21-day old seedlings by the addition of 200mM NaCl
for 7 days based on our preliminary experiments in tobacco
(Mellidou et al., 2016) and tomato (Leontidou et al., 2020).
Plants received equal volume of 200mM NaCl solution or
tap water (control plants), without leaching. The concentration
of NaCl in the pots was regularly monitored by measuring
the Electrical Conductivity (EC) after the completion of the
irrigation, and values had to be in the range of 3.0–3.5 dS
m−1. In total, there were four treatments, (1) non-inoculated
non-stressed (0mM NaCl), (2) non-inoculated salt-stressed
(200mM NaCl), (3) AXSa06-inoculated non-stressed, and (4)
AXSa06-inoculated salt-stressed, each consisted of 20 plants
(Supplementary Figure 1). At the end of the stress period, plant
growth-related and physiological parameters were evaluated,
while leaf and root tissues were frozen in liquid nitrogen and kept
at−80◦C until further analysis.

Plant Growth and Physiological
Measurements
Shoot length and total leaf number were recorded for all plants
exposed to 200mM NaCl for 7 days, while above the ground
biomass (stems and leaves), on a fresh weight basis, was evaluated
for 10 plants per treatment, at the end of stress treatment.
Among the physiological parameters, net photosynthetic rate
(Anet, mmol m−2 s−1), and chlorophyll content index [CCI
= (% transmittance at 931 nm)/(% transmittance at 653 nm)]
were assessed in 10 plants per treatment using a portable
photosynthesis meter (LCPROT-001/BW, ADC BiosScientific
Ltd., UK), and an Opti-Sciences CCM-200 chlorophyll content
meter (OptiSciences Inc.), respectively. Measurements were
taken on the second fully expanded leaf (counting from the apex)
as described earlier (Mellidou et al., 2016, 2017).

Salt Stress Markers Evaluation
The accumulation of Na+ in tomato leaves inoculated with
AXSa06 following treatments with 200mM NaCl for 7 days was
determined as previously described (Mellidou et al., 2016).

Briefly, leaf samples (0.5 g) were heated in a muffle furnace at
500◦C for at least 4 h, and the residue was dissolved in a 3.6M

HCl/1.4M HNO3 aqueous solution. In turn, Na+ content was
determined in a flame photometer (Jenway PFP 7, Gransmore
Green, Felsted England).

Malonyldialdehyde (MDA) content was determined in leaf
samples to estimate the degree of lipid peroxidation using
the thiobarbituric acid (TBA) test (Heath and Packer, 1968),
with a few modifications (Mellidou et al., 2020). Briefly, frozen
leaf powder (200mg) was homogenized in 600mL 0.1% (w/v)
trichloroacetic acid (TCA) solution, and centrifuged at 14,000
rpm for 15min at 4◦C. In turn, 0.5mL of the supernatant was
added to 1.5mL 0.5% (w/v) TBA in 20% TCA, the mixture was
boiled for 25min, and the reaction was completed by immersing
the reaction tubes on ice. The MDA content was calculated
by measuring the absorbance of supernatant at 532 nm, after
subtracting the value for non-specific absorption at 600 nm, using
an extinction coefficient of 155 mM−1 cm−1.

REL was determined essentially as previously described
(McKay, 1998). Briefly, at the end of stress treatment, roots
were thoroughly rinsed with tap water, immersed in glass tubes
containing 15ml of deionized water with known EC and vortexed
vigorously. After 24 h in dark, EC was measured before and
after boiling at 110◦C for 20min using the electrical conductivity
meter ConductoMeter (Metrohm, Herisau, Switzerland). The
injury index was estimated from the formula: REL (%) = [(EC
before/EC after boiling)×100]/initial root weight.Measurements
were performed using five replicates per treatment.

Proline content was also assayed in leaf tissues according to
Bates (1976). Briefly, 100mg of leaf powder was homogenized in
5ml of 3% (w/v) aqueous sulfosalicylic acid and then centrifuged
at 14,000 rpm for 10min at 4◦C. One ml acid-nynhydrin reagent
and 1ml glacial acetic acid was added to 1ml of supernatant, and
the mixture was heated at 100◦C for 1 h. After terminating the
reaction in an ice bath, the reaction mixture was extracted with
2ml toluene, vortexed vigorously, and left at room temperature
for 30min. Proline content was determined by measuring the
absorbance of the fraction with toluene at 520 nm, based on a
standard curve with pure proline of known concentrations.

For all measurements, five biological replications per
treatment were used, corresponding to five individual plants.

Determination of Non-enzymatic and
Enzymatic Antioxidants
Ascorbic acid (AsA) was determined spectrophotometrically
using the ascorbate oxidase (AO) enzyme as previously described
(Pateraki et al., 2004). Calculations were based upon the
difference in absorbance at 265 nm before and 3min after the
addition of AO (1 U/µl) to a 200 µL aliquot of extract in
200mM sodium phosphate buffer (pH 5.6). Total AsA (totAsA)
content was determined by measuring absorbance 10min after
adding 10mM DTT to a separate extract aliquot. Measurements
were performed using five biological and two technical replicates
per treatment.

For enzyme activities, total proteins were extracted from
500mg of leaf tissues, and purified using ion-exclusion Sephadex
G-25 column (PD 10, GE Healthcare) essentially as previously
described (Mellidou et al., 2012). Bovine serum albumin (Sigma)
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was used as standard for the quantification of protein content of
the extracts according to Bradford method (Bradford, 1976). The
activities of catalase (EC 1.11.1.6, CAT), superoxide dismutase
(SOD; EC 1.15.1.1), pyrogallol-based peroxidase (EC 1.11.1.7,
POX), and ascorbate peroxidase (EC 1.11.1.11, APX) were
determined based on optimized “in-house” protocols (Mellidou
et al., 2012, 2017). All technical measurements were conducted in
duplicates for each of the five biological replicates per treatment.

Quantification of ACC and MACC Content
in Leaves and Roots
As AXSa06 strain possesses ACC deaminase gene, as well as in
vitro ACC activity (Leontidou et al., 2020), metabolites from
the ethylene biosynthetic pathway (ACC and MACC) were
quantified in leaves and roots of the plants at exposure to 200mM
NaCl, essentially as previously described (Bulens et al., 2011; Van
de Poel et al., 2014). Enzyme activities of ACC synthase and ACC
oxidase were below the threshold of detection limit, and thus not
able to be quantified.

Ethylene Quantification in Excised Tomato
Leaves
Ethylene production was quantified in excised non-inoculated
and AXSa06-inoculated tomato leaves upon salt stress as
previously described (Kim et al., 2013, 2016). Briefly, leaves
were excised, weighted, and placed in a glass tube. After 30min
without sealing, the glass tubes were capped with a septa stopper,
and incubated for an hour at room temperature. One ml gas
sample was removed from the tube using a syringe and injected
into a gas chromatograph (GC-2014ATF Shimadzu), equipped
with a flame ionization detector (FID) and a stainless-steel
column (filled with Porapak P, Q, R, S), to quantify ethylene
gas levels. Measurements were performed using five individual
biological replicates per treatment.

RNA Isolation, Library Construction, and
Sequencing
Leaf tissues were used for total RNA extraction using RNeasy
Plant Mini Kit (QIAGEN) according to the manufacturer’s
instructions. Three biological replicates were employed per
treatment. Quantification and qualification of the extracted RNA
was checked using the RNA Nano 6000 Assay Kit of the Agilent
Bioanalyzer 2100 system (Agilent, CA, USA) to ensure that the
RNA Integrity Number (RIN) values were above 7. In total,
12 RNA-Seq libraries were prepared and purified using QIAseq
Stranded mRNA Select Kit (QIAGEN) following manufacturer’s
instructions. After generating the index-coded samples, each
cDNA library was sequenced in a single lane of Illumina
platforms (Novaseq 6000 System) with 150 bp paired-end reads,
obtaining above 24M raw reads per sample. Raw data obtained
from sequencing were converted to Fastq format and deposited
to the European Nucleotide Archive, under PRJEB42497.

Analysis of Sequencing Data
Raw sequences were processed with fastp (Chen et al., 2018)
to remove reads containing adapter bases, poly-N sequences,
and reads with low quality. After quality control, high quality

paired-end reads were aligned to the tomato reference genome
(Hosmani et al., 2019) using HISAT2 (Kim et al., 2015).
The Stringtie (Kovaka et al., 2019) was used to assemble the
set of transcript isoforms obtained in the mapping step, and
gffcompare (Pertea and Pertea, 2020) was used to compare
the assemblies to reference annotation files and sort out
new genes from known ones. The read counts mapped for
each gene, including known and novel genes, were produced
using Featurecounts (Liao et al., 2014), and fragments per
kilobase for exon model (FPKM) was calculated for each gene.
Differential gene expression levels between treatments (consisted
of three biological replicates) were determined using DESeq2 R
package. P-values were corrected with the Benjamini-Hochberg
adjustment within the R p.adjust function and the FDR (False
Discovery Rate) was also calculated among the genes. Genes
adjusted P ≤ 0.01 and log2 (fold-change) ≥1.5 were considered
as up-regulated, and those with log2 (fold-change)≤1.5 as down-
regulated. Gene ontology (GO) and KEGG enrichment analysis
of DEGs was accomplished using clusterProfiler (Yu et al., 2012).

Metabolite Extraction and Derivatization
Analysis of polar metabolites was performed as previously
described (Ainalidou et al., 2016). Leaf tissues (500mg) were
homogenized in liquid nitrogen and transferred to 2mL screw
cap tubes with 1,400 µL of 100% methanol. Adonitol (100
µL of 0.2mg mL−1 aqueous solution) was added as internal
quantitative standard and vortexed, following incubation at 70◦C
for 10min. Samples were then centrifuged at 11,000 × g (4◦C)
for 10min and the supernatants were transferred to glass vials.
Subsequently, 750 µL of chloroform and 1,500 µLl of cold
distilled H2O were added. The mixtures were centrifuged at
2,200 g (4◦C) for 15min and 150 µL from the upper phase
(polar phase) were transferred into new 1.5mL glass vials.
The vials were placed in a vacuum desiccator for overnight
drying. For the derivatization, dried residues were re-dissolved
in 40 µL of 20mg mL−1 methoxyamine hydrochloride in
pyridine, and were shaken at 37◦C for 2 h. For the completion
of derivatization, samples were treating with 70 µL of N-
Methyl-N-(trimethylsilyl)-trifluoroacetamide (MSTFA) reagent
and incubated at 37◦C for 30min. The aliquots were stored at
−20◦C, until further analysis by a GC–MS system.

Gas Chromatography–Mass Spectrometry
(GC–MS)–Based Metabolite Profiling
GC–MS analysis was performed in Thermo Trace Ultra
GC equipped with ISQ MS and TriPlus RSH autosampler
(Switzerland). One microliter sample volumes were injected with
a split ratio of 70:1. Separations were carried out on a TR-
5MS capillary column 30m × 0.25mm × 0.25µm. Injector
temperature was set at 220

◦
C, ion source at 230

◦
C, and the

interface at 250
◦
C, while a constant flow rate of the carrier gas

(He) was set at 1mL min−1. The GC temperature program was
held at 70

◦
C for 5min, then increased to 240

◦
C at a rate of 8

◦
C

min−1, and held at 240◦C for 15min. After 5min solvent delay,
mass range of m/z 50–600 was recorded. The mass spectra were
acquired in electron impact ionization (EI) mode. The peak area
integration and chromatogram visualization were performed
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using Xcalibur processing program. For peak identification
and mass spectra tick evaluation was performed and NIST11
database were used. Mass spectra were cross referenced with
those of authentic standards in the GOLMmetabolome database
(Kopka et al., 2005; Ainalidou et al., 2016). Quantification of the
detected metabolites was assessed based on the relative response
compared to adonitol as the internal standard, and expressed as
relative abundance.

Statistical Analysis
All data were analyzed by SPSS (Version 25. Chicago, SPSS
Inc.). Duncan multiple-range tests were performed to determine
significant differences between inoculated vs. non-inoculated
seedlings under control or salt stress conditions.

RESULTS

AXSa06 Inoculation Improved
Morpho-Physiological and Biochemical
Traits in Tomato During Salt Stress
In order to easily monitor strain population throughout the
experiment, rifampicin resistant mutants were employed. Under
the selected experimental growth conditions, the AXSa06 strain
was well-established in the rhizosphere of inoculated plants
prior to stress application, while it was also able to grow
at highly saline soil conditions (Leontidou et al., 2020). To
confirm that AXSa06, identified as Pseudomonas oryzihabitans,
was able to alleviate salt stress in tomato seedlings, plant-growth,
and physiological traits were recorded in treatments with or
without 200mM NaCl. At control conditions (0mM NaCl),
no particular differences related to growth or photosynthesis
were recorded between non-inoculated and AXSa06-inoculated
plants (Figures 1A–D). Treatments with 200mM NaCl led to a
significant decrease in both shoot length (Figure 1A) and leaf
number (Figure 1B) only in non-inoculated plants compared
to non-stressed plants. Inoculated plants, not only maintained
their growth-related traits at non-stressed levels, but also had
higher shoot length (14.2%; Figure 1A) and more leaves (8.7%;
Figure 1B) compared to non-inoculated stressed plants. Salt
stress caused a significant decrease in Anet (50.5% Figure 1C)
and CCI (50.2%; Figure 1D), respectively, in non-inoculated
plants compared to control conditions. By contrast, the negative
effect of 200mM NaCl in AXSa06-inoculated plants was less
prominent, with a 33.9 and 3.9% reduction in Anet and CCI,
respectively. Both Anet and CCI were higher in inoculated plants
compared to non-inoculated ones (33.4 and 52.3%, respectively)
under salt stress. These results support the positive effect of
inoculation with AXSa06 on plant growth and physiological
parameters of tomato seedlings exposed to 200 mM NaCl.

The accumulation of leaf Na+ and proline contents was
dramatically enhanced at exposure of plants to 200mM NaCl
(Figures 1E,F). Nonetheless, leaves of non-inoculated plants
contained significantly higher amount (54.0%) of Na+ compared
to inoculated ones, while inoculated plants accumulated slightly
more proline (12.4%) in leaves than non-inoculated ones, yet not
significant. Interestingly, in the absence of NaCl, inoculation with

AXSa06 resulted in enhanced leaf MDA content (68.6% higher
compared to non-inoculated plants), suggesting that inoculation
with the strain probably imitated the effect of mild oxidative
stress (Figure 2A). With regard to REL, it was significantly
enhanced at exposure to 200mM NaCl, regardless the presence
of AXSa06 (Figure 2B). Nonetheless, REL of AXSa06-inoculated
plants at exposure to salt stress was lower (80.23% on average)
compared to non-inoculated plants (91.83%), although not
significant due to the large scale of values, indicating that
there was probably less negative impact of salt in the roots
at the presence of the strain. At the same time, the fact that
REL of unstressed inoculated plants was also lower (35.5%)
compared to non-inoculated plants (44.6%) suggested that the
potential oxidative boost at control conditions, as highlighted
by the enhanced MDA content, was not harmful with regard to
electrolyte leakage from roots.

This mild oxidative boost in AXSa06-inoculated plants was
further supported by the increased activities of antioxidant
enzymes, POX (Figure 2C) and CAT (Figure 2D), at control
conditions. In particular, POX and CAT specific activities were
73.0 or 68.4% higher in inoculated plants compared to non-
inoculated ones, respectively. When 200mM NaCl was applied,
no further induction in MDA content or POX activity was
observed in inoculated plants, likewise in non-inoculated plants,
in which both traits were remarkably enhanced. By contrast,
CAT activity decreased in inoculated plants at exposure to
salt stress, nearly at control levels of non-inoculated plants.
Upon salt stress, SOD activity was significantly increased in
inoculated plants, but remained unaltered in non-inoculated
ones (Figure 2E). The activity of APX, the first enzyme in
the AsA-GSH (glutathione) cycle responsible for the oxidation
of AsA to monodehydroascorbate (MDHA) with the parallel
detoxification of H2O2, was increased in non-inoculated plants
at exposure to stress. Notwithstanding, APX activity remained
at low levels in inoculated plants (Figure 2F), probable due to
the lower H2O2 accumulation within the cell owing to its better
detoxification by other peroxidases (Figure 2C).

Inoculation With AXSa06 Altered Root and
Leaf ACC Levels Under Salinity Stress
In this study, the application of 200mM NaCl enhanced ACC
and reduced MACC levels in the roots of non-inoculated
plants (Figures 3A,B). By contrast, inoculation with the ACC-
deaminase possessing strain, AXSa06, maintained root ACC
content under salt stress similar to control levels, probably due
to the ACC deaminase activity of the strain. Intriguingly though,
a remarkable increase in root MACC content was observed
after inoculation owing to salt stress, probably indicative of
a AXSa06-mediated feedback regulation on redirecting plant
ethylene synthesis. The opposite trend was evident in the leaves of
salt-stressed plants (Figures 3C,D). In particular, at the absence
of inoculum, leaf ACC content decreased, probably to support
the ethylene production owing to stress, as indicated in the
excised leaves of the same plants (Supplementary Figure 2).
However, in inoculated plants, ACC levels remained unaltered
upon salt stress (Figure 3C), whilst a significant decrease in

Frontiers in Plant Science | www.frontiersin.org 5 August 2021 | Volume 12 | Article 713984301

https://www.frontiersin.org/journals/plant-science
https://www.frontiersin.org
https://www.frontiersin.org/journals/plant-science#articles


Mellidou et al. PGPR-Inoculated Tomatoes Under Excess Salt

FIGURE 1 | Effect of AXSa06 (Pseudomonas oryzihabitans) seed inoculation on tomato seedlings treated with 200mM NaCl for 7 days: (A) shoot length (cm); (B) leaf

number; (C) net photosynthesis (Anet, µmol CO2 m−2 s−1); (D) chlorophyll content index; (E) leaf Na+ content (g kg−1); (F) leaf proline content (µmols g−1 FW). Data

are means ± standard error. Different letters indicate statistically significant differences between treatments based on Duncan’s multiple range test (P < 0.05).

ethylene production was evident in excised leaves at exposure to
200mM NaCl (Supplementary Figure 2). Although no in vivo
ethylene measurements were performed, ethylene determination
in excised leaves of plants inoculated with AXSa06 highlighted
the capacity of these plants to produce ethylene upon salt
stress. Leaf MACC levels remained largely unchanged by
both the salinity or inoculation treatment (Figure 3D). These
observations suggested that at the presence of AXSa06, the above-
the-ground tissues may accumulate lower ACC levels, that could
lead to reduced ethylene-related stress signals as a result of
ACC deaminase activity below the ground, compared to non-
inoculated plants.

Overview of Transcriptome Analysis and
Read Assembly
To unravel the mechanism of AXSa06-mediated salt tolerance
in tomato plants, transcriptome profiling was carried out using

an RNA-Seq approach. After removing adapter sequences and
low-quality reads, a total of 677.6M with an average of 56.5M
clean reads and a Q30 percentage ≥95% were generated for
the 12 cDNA libraries (Supplementary Table 1). No remarkable
differences were observed in read number between inoculated
vs. non-inoculated plants, or between control and salt stress
conditions. The clean reads were mapped to the tomato reference
genome, cv Heinz 1706 version 4.0 (Hosmani et al., 2019),
with an average total mapping ratio around 97%, and uniquely
mapping ratio at 94.6%. After averaging replicate values, total
transcripts with FPKM>1 for each treatment varied from 17,873
to 18,153, of which the novel transcripts ranged from 249 to 274
(Supplementary Tables 2–5).

The expression of these transcripts was subjected to a
Principal component analysis (PCA) (Figure 4A). The first
two components, which explained 61% of the variation, were
able to distinguish the four different groups of treatments,
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FIGURE 2 | Oxidative-related effect of AXSa06 (Pseudomonas oryzihabitans) seed inoculation on tomato seedlings treated with 200mM NaCl for 7 days: (A) MDA

content (µmols g−1 FW); (B) Root Electrolyte Leakage (%); (C) POX specific activity (Units mg−1 protein); (D) CAT specific activity (Units mg−1 protein); (E) SOD

specific activity (Units mg−1 protein); (F) APX specific activity (Units mg−1 protein). Data are means of five biological replicates ± standard error. Different letters

indicate statistically significant differences between treatments based on Duncan’s multiple range test (P < 0.05).

with three biological replicates clustering together, and each
group having certain differences in their gene expression
profiles. Furthermore, at total number of 17,263 transcripts
(on average 96% of total expressed genes) were expressed
in all treatments, with the uniquely expressed transcripts
ranging from 110 (AXSa06-inoculated at 0mM) to 213 (non-
inoculated at 200mM) (Figure 4B). Differentially Expressed
Genes (DEGs) between treatments were defined using |log2(fold
change) > 1.5|, and corrected (p ≤ 0.01). In total, 264 and
108 DEGs were identified between control and salt stress, in
non-inoculated or inoculated plants, respectively (Figure 4C
and Supplementary Tables 6, 7). Among them, 159 and 83
genes were significantly up-regulated in salt-treated plants in
non-inoculated and inoculated plants, respectively, whilst 105
and 25 were down-regulated, suggesting that transcriptomic
profiles of non-inoculated plants were more disturbed by
NaCl, compared to those of inoculated plants. Although gene
expression profiles altered significantly as a response to salt stress

to a different extent, there were 43 overlapping DEGs that were
regulated by salt stress, regardless inoculations with AXSa06.
Among them, the most interesting DEGs up-regulated due
to stress involved in central metabolic pathways were alcohol
dehydrogenase (ID544074), chitinase (ID544149), L-ascorbate
oxidase (ID101252861), and proline dehydrogenase (ID778202).
In the same regard, 3-ketoacyl-CoA synthase 11 (ID101268510),
indole-3-acetic acid-amino synthetase (ID101258277), inositol
2-dehydrogenase (ID101260461), and indole-3-pyruvate
monooxygenase YUCCA5 (ID101267265) were significantly
down-regulated in both non-inoculated and inoculated plants
owing to NaCl treatment. By contrast, there were also two
inositol oxygenase genes (ID 101263222 and 101254427) that
were up-regulated in inoculated plants but down-regulated in
non-inoculated plants.

Gene ontology (GO) annotation analysis of DEGs between
stressed and non-stressed plants returned 170 GO terms,
classified into the two GO classes (BP, Biological Process;
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FIGURE 3 | Contents of ACC and MACC in roots (A,B) and leaves (C,D) of tomato seedlings inoculated or not with AXSa06 (Pseudomonas oryzihabitans) at

exposure to 200mM NaCl for 7 days. Data are means of five biological replicates ± standard error. Different letters indicate statistically significant differences between

treatments based on Duncan’s multiple range test (P < 0.05).

MF, Molecular Function). Among them, 20 or 30 significant
GO terms were enriched for non-inoculated and AXSa06-
inoculated plants, respectively (Supplementary Table 8 and
Supplementary Figure 3). At the absence of inoculum, the most
significant (corrected p< 0.05) enrichment terms of up-regulated
genes due to NaCl treatments in the BP category were response
to wounding (GO:0009611), and amine metabolic process
(GO:0009308), whilst in the MF, there were endopeptidase
inhibitor (GO:0004866) and regulator (GO:0061135) activity,
peptidase regulator (GO:0061134), and inhibitor (GO:0030414),
as well as enzyme inhibitor (GO:0004857), and regulator
(GO:0030234) activity (Supplementary Figure 3A). By
contrast, at inoculations with AXSa06, GO terms of the BP
category such as response to stress (GO:0006950), defense
response (GO:0006952), and response to biotic stimulus
(GO:0009607) were significantly enriched under salt stress
(Supplementary Figure 3B). Among the most significant
down-regulated GO terms at the absence of inoculum, there
were small molecular metabolic process (GO:0006950),
cellular carbohydrate metabolic process (GO:0044262),
single organism carbohydrate metabolic (GO:0044723), and
catabolic (GO:0044724) processes (Supplementary Figure 3C).
Interestingly, the majority of up-regulated GO terms
significantly enriched in non-inoculated plants exposed to
stress, were identified as significantly down-regulated in
inoculated plants (Supplementary Figures 3A,D), suggesting
that Pseudomonas oryzihabitans AXSa06 strain was able to

reverse—to some extent—the modifications stimulated by
salt treatment.

As a further step, the DEGs were also examined against
KEGG database to identify active biological pathways in
tomato seedlings at exposure to salt and AXSa06 treatments
(Supplementary Figure 4 and Supplementary Table 9).
Assignments of significant DEGs between stressed and
non-stressed plants into KEGG pathways showed that the
most significant induced pathways were protein processing
in endoplasmic reticulum (sly04141), phenylpropanoid
biosynthesis (sly00940), plant-pathogen interaction (sly04626),
and arginine-proline metabolism (sly00330) in non-inoculated
plants (Supplementary Figure 4A), while in AXSa06-plants,
pathways of phenylpropanoid biosynthesis (sly00940), as
well as starch and sucrose metabolism (sly00500) were up-
regulated (Supplementary Figure 4B). The phenylpropanoid
metabolic pathway that was induced regardless the presence
of the PGP strain, contributes to lignin biosynthesis, including
several lignin-forming peroxidases and cell-wall related
proteins that were found to be over-expressed upon salt
treatment (Supplementary Tables 6, 7). Plant hormone signal
transduction pathway (sly04075) was significant down-regulated
as a response to stress, regardless inoculation with AXSa06
(Supplementary Figures 4C,D), but in a very different way, as
it will be discussed below. By contrast, photosynthetic-related
pathways (sly00195 and sly00196), as well as those related
to carbon (sly00710, sly 01200), glyoxylate and dicarboxylate
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FIGURE 4 | (A) Principal Component analysis of all the expressed transcripts with FPKM >1 in non-inoculated (NI) and AXSa06-inoculated plants treated with 0mM or

200mM NaCl. (B) Venn diagram of the expressed transcripts with FPKM >1 highlighting commonly and uniquely expressed genes between different treatments. (C)

The number of Differentially Expressed Genes (DEGs) representing up- and down-regulated transcripts in non-inoculated and inoculated plants due to NaCl treatment.

(sly00630), or nitrogen metabolism (sly00910), were only
repressed at the absence of inoculum in response to salt
stress (Supplementary Figure 4B), indicating the notable salt-
mediated handicap in primary metabolism. Intriguingly, amino
acid biosynthesis (sly01230) was significantly down-regulated in
AXSa06-inoculated plants exposed to 200 mM NaCl.

Transcript abundance of DEGs in non-inoculated and
inoculated plants in response to 200mM NaCl, is also
presented using heat maps (Supplementary Figures 5, 6),
highlighting a series of changes in gene expression profiles
when plants subjected to stress, whilst the entire list of DEGs
between stressed and non-stressed plants is also displayed
(Supplementary Tables 6, 7). The highest up-regulated genes
in non-inoculated plants as a response to salt stress were
ferredoxin (ID101248335) and a small heat shock protein
(ID544205), whilst the top down-regulated DEGs included a
spermidine hydroxycinnamoyl transferase-like (ID101254821),
and the MYB transcription factor RADIALIS-like 6 protein
(ID101244580) (Supplementary Table 6). By contrast, among
the highest up-regulated genes in AXSa06-inoculated plants as
a response to salt stress, there were abscisic acid 8’-hydroxylase
3 (ID101254720), and a non-specific lipid-transfer protein

1-like (ID101265675), while among the highest down-
regulated genes, there were the MYB transcription factor
RADIALIS-like 3 (ID101246530), and gamma-glutamyl
peptidase 3-like (ID101254399) (Supplementary Table 7).
Below, we explored manually a broad number of genes of
particular interest that were modulated by AXSa06-inoculation
by focusing on transcripts related to photosynthesis, amino acid
metabolism, plant growth and development, stress responses,
hormone synthesis and signaling, transcription factors, and
other salt-responsive proteins (Figure 5). Genes with FPKM
>1 in at least one treatment were considered as expressed
(Supplementary Table 10).

Energy Metabolism
Some genes of the central metabolism such as
phosphoenolpyruvate carboxylase (ID101245149) and
O-acyltransferase WSD1 (ID101246264) were significantly up-
regulated, and some others including 3-ketoacyl-CoA synthase
11 (ID101268510) were down-regulated, in non-inoculated
plants as a response to salt stress (Supplementary Table 6).
Others related to lipid-metabolism were down-regulated
when non-inoculated plants were exposed to 200mM NaCl.
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FIGURE 5 | Heatmap of selected genes of interest related to photosynthesis, amino acids, plant growth, antioxidant mechanism, hormone metabolism, transcription

factors and ion transport, in the leaves of tomato seedlings inoculated with AXSa06 (Pseudomonas oryzihabitans) at exposure to 200mM NaCl, based on log2
transformed FPKM values. The entire list of these genes followed by FPKM values is provided in Supplementary Table 10. NI, non-inoculated.

These included glycerophosphodiester phosphodiesterase
(ID101261081), palmitoyl-monogalactosyldiacylglycerol
delta-7 desaturase (ID101250586), GDSL esterase/lipase 1
(ID101268445), and 3-ketodihydrosphingosine reductase
(ID101248253). Similarly, the expression of several
genes involved in these pathways were also induced [O-
acyltransferase WSD1 (ID101251623) and GDSL esterase/lipase
(ID101250696)] or repressed [glycerophosphodiester
phosphodiesterase (ID101261081), 3-ketoacyl-CoA synthase
11 (ID101268510)] under salt condition in AXSa06-inoculated
plants (Supplementary Table 7).

Compared to 0mM NaCl, a wide number of genes related to
light reaction in photosynthesis and ATP synthesis were found
to be down-regulated upon salt stress in the absence of inoculum
(Figure 5 and Supplementary Table 10), as further suggested by

KEGG enrichment (Supplementary Table 9). These included the
ATP synthases CF1 alpha (atpA), beta (atpB), epsilon (atpE),
and CF0 (atpF), chloroplastic plastocyanin (PETE), photosystem
II 23 protein (PSBP), photosystem II CP47 apoprotein (psbB),
chloroplastic oxygen-evolving enhancer protein 1 (PSBO),
photosystem II oxygen-evolving complex protein 3 (PsbQ),
and ferredoxin-I (SEND33) (Figure 5). Down-regulation of the
above-mentioned photosynthesis-related genes occurred to a
lesser extent in AXSa06-inoculated plants upon salt stress,
suggesting that the energy metabolism related to photosynthetic
apparatus was less disturbed compared to non-inoculated plants.
This is in line with the enhanced net photosynthesis in
inoculated plants compared to non-inoculated plants at exposure
to 200mM NaCl (Figures 1C,D). Interestingly, transcript levels
of the chloroplastic ruBisCO large subunit-binding protein
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subunit alpha (ID101265242), subunit beta (ID101253117) and
accumulation factor 1.1 (ID101251433) were also higher in
inoculated plants compared to non-inoculated ones at control
conditions, suggesting a probable better carbon assimilation due
to the inoculum.

Amino Acid Metabolism
Several pathways related to the metabolism of amino acids were
also modulated in response to salt stress regardless inoculation
with AXSa06 (Figure 5 and Supplementary Table 10). Proline
is an important osmoprotectant synthesized in plant cells to
alleviate salt stress conditions, over-accumulated in stressed
plants regardless inoculation with AXSa06 (Figure 1E). In line
with this observation, the key gene in the proline biosynthesis,
delta-1-pyrroline-5-carboxylate synthase (P5CS1; ID101244293),
was significantly up-regulated in the presence of salt, probably to
help plants survive unfavorable abiotic conditions. Furthermore,
the negative regulation of proline dehydrogenase (PDH), the
enzyme that converts L-proline to L-glutamate, was conductive to
the accumulation of proline in both non-inoculated (ID778202,
ID101268445) and inoculated (ID778202) plants in response
to NaCl treatment. Intriguingly, at the absence of inoculum,
threonine dehydratase (TD; ID543983) responsible for the
synthesis of L-isoleucine from L-threonine, and tryptophan
synthase beta chain (TSB; ID101256422), responsible for the
synthesis of L−tryptophan from indole and L-serine, were
significantly up-regulated in stressed plants. By contrast,
isoaspartyl peptidase/L-asparaginase 2 (ASRGL2; ID101245157)
from the asparagine catabolic pathway was down-regulated.

Plant Growth and Development
The transcript levels of several genes involved in plant
growth-related processes were also induced at 200mM NaCl,
regardless PGPR inoculation. These included extensins (EXT;
ID544158, ID101249726) and chitinases (CHI; ID544149,
ID544147) (Figure 5 and Supplementary Table 10). In
addition, cell-wall modification enzymes such as xyloglucan
endotransglucosylase/hydrolase (XTH; ID101258345) that
participates in cell-wall loosening and might benefit cell wall
extension, or the plant cell wall protein SlTFR88 (ID778266)
were upregulated by salt stress at the absence of inoculum.
By contrast, a pectate lyase (PL; ID778293), involved in cell-
wall composition, was up-regulated by AXSa06-inoculation
in response to salt stress. These changes in transcript levels
of genes related to cell-wall modification alterations may be
necessary for plant survival under unfavorable conditions, and
were probably triggered by ethylene. On the other hand, nitrate
reductase (NR; ID100736473), encoding the enzyme catalyzing
the NAD(P)H-mediated conversion of nitrate to nitrite, which is
the rate-limiting step of nitrogen assimilation pathway in higher
plants, was significantly down-regulated only in non-inoculated
plants due to salt stress. This finding may indicate a transition
of metabolism from developmental processes to defense
mechanisms. Thus, the inhibition of nitrogen assimilation
pathway driven via NR activity, and occurred at high salinity
conditions, may be prevented by AXSa06-inoculation.

Antioxidant-Related Genes
Several stress-responsive transcripts were detected among
DEGs between control and salt stress treatments. At the
absence of inoculum, transcripts related to ROS detoxification
and homeostasis including ferredoxin (ID101248335), AO
(ID101252344), L-ascorbate peroxidase (APX; ID101258987),
and lignin-forming anionic peroxidase (LPOX; ID101261260),
showed higher expression in stressed plants compared to
control ones (Figure 5 and Supplementary Tables 6, 10).
By contrast, others such as myo-inositol oxygenase (MIOX;
ID100316875 and ID101254427) and peroxidase 51 (POX51;
ID101244162) or peroxidase 3 (POX3; ID101244376)
exhibited lower expression. Similarly, the transcript
levels of several stress-induced genes were up-regulated
in AXSa06-inoculated plants at exposure to 200mM
NaCl. These included lignin-forming anionic peroxidase
(LPOX; ID101261260), suberization-associated anionic
peroxidase 2 (ID101245316), ferredoxin (ID101266472),
AO (ID101252861), and inositol oxygenase 1 (ID101263222)
(Figure 5 and Supplementary Tables 7, 10, 11). Heat-shock
proteins (HSPs) the molecular chaperones that inhibit the
stress-mediated denaturation of proteins, were also up-
regulated in this study. In particular, five HSPs (ID544024,
ID544205, ID101254946, ID101264936, and ID101255223)
were induced after salt stress only in non-inoculated
plants (Supplementary Table 6). An up-regulation of key
ascorbate (AsA) biosynthetic genes including GDP-L-
galactose phosphorylase (GGP, ID101255942), L-galactose
dehydrogenase (GalDH; ID101254135), and L-galactono-
1,4-lactone dehydrogenase (GLDH; ID544206), as well as
monodehydroascorbate reductase (MDHAR; ID101264360)
from the AsA recycling pathway, was also evident in
AXSa06-inoculated plants at control conditions compared
to non-inoculated ones, supporting an enhancement of AsA-
mediated antioxidant defense mechanism in these plants
(Figure 5 and Supplementary Table 10). This is also in
agreement with an enhanced AsA pool due to inoculation as well
be discussed below (Figure 6).

Since phenylpropanoids contribute to plant abiotic stress
responses, genes encoding for key enzymes of their biosynthetic
pathways were searched in a query to the KEGG database
(Supplementary Tables 9, 11). Transcripts coding for 24
genes were found to be up-regulated in response to NaCl
treatments in both non-inoculated and inoculated plants
(Supplementary Figure 7). The identified genes have diverse
functions related to phenylpropanoid-related pathways, being
involved in key steps such as L-phenylalanine conversion
in cinnamic acid [phenylalanine ammonia lyase (PAL2)],
or catalysis of the final branches for lignin production
(i.e., lignin-forming anionic peroxidase, ID101261260)
or suberization (suberization-associated peroxidases,
TMP1, TAP2, and ID101265511). Interestingly, although
several β-glucosidase genes (ID101247513, ID101263519,
and ID100191127) were up-regulated due to salt stress
in both non-inoculated and inoculated plants, their
transcript levels were higher at the absence of NaCl in
inoculated compared to non-inoculated plants, suggesting
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FIGURE 6 | Selected metabolomic profiles of leaves from tomato seedlings inoculated or not with AXSa06 (Pseudomonas oryzihabitans) at exposure to 200mM

NaCl. Amounts were expressed as relative abundance based on the relative response compared to internal standard adonitol and are provided in

Supplementary Table 12. Ascorbic acid (AsA) and its oxidized form (dehydroascorbate, DHA) were determined spectrophotometrically based on the AO enzyme

method. Data are means of five biological replicates ± standard error. Different letters indicate statistically significant differences between treatments based on

Duncan’s multiple range test (P < 0.05). NI, non-inoculated.

that AXSa06 inoculation has also affected and remodeled
phenylpropanoid pathway.

Hormone-Related Pathways
The expression levels of hormone-related genes were
also differentially regulated by both AXSa06-inoculation
and treatment with 200mM NaCl (Figure 5 and
Supplementary Table 10). At the absence of inoculum, salt stress
enhanced ethylene biosynthesis as indicated by the significant
up-regulation of ACC-synthase 1A (ACS1A; ID544028). At the
same time S-adenosylmethionine decarboxylase (SAMDC2,
ID101260400), a key enzyme linking ethylene metabolism and
polyamine (spermine and spermidine biosynthesis), previously
associated with modified salt responses in tobacco plants
(Mellidou et al., 2016, 2020), was also over-expressed under salt
stress. The remarkable up-regulation of ethylene biosynthesis

through transcription ofACS1 andACO1 due to NaCl treatments
was evident at the absence of inoculum (Figure 5). Notably,
AXSa06-inoculated plants showed no particular alteration in the
expression of ethylene biosynthetic genes upon exposure to salt
stress. This is in line with results on ACC accumulation in the
leaves (Figure 3C), supporting the impact of the ACC deaminase
strain, AXSa06, in inhibiting ethylene synthesis either due to
limited precursor availability or ethylene signaling.

Three ABA receptors PYL4 (ID101250944, ID101258963,
and ID101256856), required for ABA-mediated responses
such as stomatal closure, were significantly down-regulated
in non-inoculated plants in response to salt stress
(Supplementary Table 6), whilst only one ABA receptor
PYL4 (ID101258963) was repressed in inoculated plants
(Supplementary Table 7). On the other hand, although the
expression levels of some ABA-signaling genes such as protein
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phosphatase 2C (PP2C; ID101249794, ID101258071) that
act as negative regulators of ABA-mediated responses, or
ABA 8′-hydroxylase (CYP707A1; ID101254720), the key
enzyme in ABA oxidation/catabolism, were induced upon salt
stress regardless the presence of the inoculum (Figure 5 and
Supplementary Table 10), but the induction was more drastic in
AXSa06-inoculated plants. In particular, these three genes were
detected among the top DEGs in AXSa06-inoculated plants in
response to 200mM NaCl (Supplementary Table 7), suggesting
a more stunning suppression of ABA signaling due to the PGP
strain. Notably however, considering expression levels of these
negative regulators of ABA signaling, inoculated plants showed
lower expression regardless stress treatment compared to non-
inoculated plants. Genes related to other hormone catabolism,
such as cytokinin oxidation (cytokinin dehydrogenase; CKX8;
ID101055579) or gibberellin oxidation (gibberellin 2-oxidase;
GA2ox3; ID100134888) were up-regulated only in stressed
non-inoculated plants, suggesting that these plants probably
perceive more stress signals than inoculated ones (Figure 5).
Another gene involved in auxin metabolism (indole-3-acetic
acid-amido synthetase; GH3.10; ID101258277) was significantly
down-regulated due to NaCl treatment regardless inoculation
with AXSa06.

Transcription Factors
Several transcription factor (TFs) families such as WRKY, MYB,
and bHLH exert pivotal roles in plant responses to abiotic
stress factors. In non-inoculated plants, a broad number of TFs
were induced by salt stress, including dehydration-responsive
element-binding protein 1A (DREB1A; ID109119806 and
ID101248897), ethylene-responsive ERF027 (ID101246746),
WRKY (ID101264826, ID101246812, ID101261141),
EARLY-RESPONIVE TO DEHYDRATION protein (ERD7;
ID101263355), bHLH92 (ID101245202), and heat stress TF
HsfA2 (ID101255223) (Figure 5 and Supplementary Table 10).
A few TFs were also down-regulated in non-inoculated plants
treated with NaCl. These included ERF061 (ID10125880)
and MYB20 (ID101264349). By contrast, only one abiotic
stress-responsive TF, ERF3-like (ID606713) was up-regulated
in inoculated plants under salt stress conditions. Since TFs act
downstream the hormonal signals, this finding further supports
the previous hypothesis that inoculated plants may receive less
stress signals than non-inoculated ones due to the suppression of
ABA- and ethylene-activated responses.

Other Salt-Responsive Genes
The broad number of secondary structures enables LEA proteins
to play multiple roles in abiotic stress, constituting an essential
footprint of plant tolerance against irreversible damage (Artur
et al., 2019). Homologs of this large protein family were found
to be over-expressed at 200mM NaCl in both non-inoculated
(ID544157; Supplementary Table 6) and AXSa06-inoculated
plants (ID100750252; Supplementary Table 7). Laccases are also
widely present in plants, and have been related to disease
resistance and lignin biosynthesis, while their involvement in
abiotic stress tolerance is less clear (Liu et al., 2017). In this
study, two different laccases (ID101251693 and ID101253711)

were positively regulated by salt stress, regardless the presence
of inoculum (Supplementary Tables 6, 7). By contrast, galactinol
synthase (ID101261450), the key enzyme in the biosynthesis of
raffinose, was only up-regulated in AXSa06-inoculated plants
exposed to 200mM NaCl (Supplementary Table 7).

An interesting observation of this study is that the SOS1
protein (ID778208), a putative plasmalemma Na+/H+

antiporter essential in maintaining ion homeostasis under
salinity, through partitioning Na+ between plant organs
(Olías et al., 2009), was significantly higher (1.4-fold) in
AXSa06-inoculated plants compared to non-inoculated
plants at control conditions (0mM NaCl) (Figure 5 and
Supplementary Table 10). At salt stress, transcript levels of
SOS1 were induced in non-inoculated plants, while remained
at very high levels in inoculated ones. Similarly, the Na+

transporter HKT1, as well as the Na+/H+ antiporters (NHX1
and NHX2), were up-regulated due to AXSa06 inoculation at
control conditions. These findings indicated a putative improved
mechanism of preventing the accumulation of excess Na+

in photosynthetic tissues, thus supporting a role of AXSa06
as a priming agent that facilitated plants to tolerate abiotic
stress factors.

Metabolome Reprogramming Under Salt
Treatment
In an attempt to generate a comprehensive picture of
metabolite reprogramming occurring in AXSa06-inoculated
plants at exposure to 200mM NaCl, we evaluated the
abundance of 46 metabolites using GC-MS (Figure 6 and
Supplementary Table 12). In total, 25 metabolites showed
differential accumulation at the absence of inoculum in plants
exposed to salt stress compared to control, whilst at the presence
of inoculum, only 14 metabolites differed significantly between
stressed and un-stressed plants. Among them, 24 and seven were
increased, while one and seven were decreased, in non-inoculated
or inoculated plants, respectively.

Of the metabolites with differential accumulation during salt
stress, most of them belonged to sugars or amino acids, indicating
that their metabolic pathways were predominantly affected
by NaCl treatments. In particular, accumulation of sucrose,
fructose, glucose, myo-inositol, and xylitol, were significantly
increased due to salt treatment in both non-inoculated and
inoculated plants, but to a greater extent at the absence
of inoculum (Figure 6). By contrast, xylose, rhamnose, D-
mannose, L-galactose, allose, sedoheptulose, erythrose, and 2-
deoxy-D-erythro-pentitol, showed higher accumulation due to
salt stress only in non-inoculated plants. As for organic acids
identified in this study, oxalate and 2-ketoglutarate increased
in non-inoculated plants exposed to stress, whilst lactate
and oxalate increased in AXSa06-inoculated ones. However,
the accumulation of two other organic acids, malate, and
galactarate decreased in inoculated plants. A broad number
of amino acids increased as a response to salt stress at the
absence of inoculum, including alanine, valine, isoleucine,
glycine, serine, threonine, and cystathionine. Among them,
only serine was induced in AXSa06 plants, while two other
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amino acids, aspartate and glutamate decreased at exposure
to 200mM NaCl. No particular changes in AsA contents due
to NaCl application were recorded, but inoculated plants had
significantly higher AsA levels at control conditions (Figure 6).
Furthermore, similar to the majority of sugars, DHA, the
oxidized form of AsA representing an indicator of cellular
redox homeostasis was enhanced at NaCl treatment of non-
inoculated plants, but remained unaltered when the inoculum
was applied.

Collectively, these metabolomic findings suggest that salt
stress imposed far less metabolomic reprogramming when
plants were inoculated with AXSa06. The metabolomic
profile of non-inoculated compared to inoculated plants at
control conditions (0mM NaCl) revealed a vast number of
metabolites over-accumulated in AXSa06 treatments (Figure 6
and Supplementary Table 12). In particular, the sugars 2-
desoxy-inosose, 2-deoxy ribose and the cell-wall related
xylose and rhamnose, the sugar alcohols erythritol and 2-
deoxy ribitol, the amino acids aspartate, threonine, serine
and glutamate, as well as the acids 2-deoxy ribonate, oxalate
and AsA, were all increased owing to AXSa06 inoculation,
indicating a probably reprogramming of metabolism that
may support plant adaptation against salt. This pattern was
further supported by results concerning sucrose, mannose,
valine, glycine, and malate, although differences were not
statistically significant.

DISCUSSION

Plants have evolved symbiotic interactions with soil microbes
that can alter plant phenotypic plasticity in a broad range
of traits during plant growth or in response to changing
environment (Goh et al., 2013). PGPR can enhance plant
growth via direct or indirect mechanisms, including nutrient
mobilization, solubilization and bio-availability, phyto-hormone
biosynthesis, and induced systemic resistance (Yang et al., 2009;
Pérez-Jaramillo et al., 2018; Gamez et al., 2019). Along with
their plant-growth-promoting properties, and their ability to
protect from phytopathogenic infections, some PGPR are also
capable of enhancing tolerance to abiotic stresses such as salinity
and drought (Yang et al., 2009). The exact mode of action by
which PGPR affect plant growth under adverse environmental
conditions may be both plant species- and strain-specific, as
highlighted by the vast number of studies in different plants
(Liu et al., 2017; Chauhan et al., 2019; Gamez et al., 2019;
Safdarian et al., 2019). The present study demonstrated that
AXSa06, a Pseudomonas oryzihabitans strain previously isolated
from extreme saline ecosystem, able to consumeACC, to produce
IAA and siderophores, as well as to solubilize inorganic P
(Leontidou et al., 2020), efficiently colonized the rhizosphere of
tomato seedlings and promoted plant growth under salt stress.
Inoculations with the strain seem to impose plants to a primed
state, at which they are able to respond more robustly to abiotic
stress owing to the earlier increased and more efficient activation
of the defense response, as previously reported (Conrath, 2011).
The investigation of key genes and metabolic pathways further

supported the primed state of AXSa06-inoculated plants prior
to NaCl treatments that probably has led to a less disturbed
metabolism after exposure to stress, by dampening stress signals,
contributing to AXSa06-mediated tolerance. This is further
supported by the GO enrichment analysis demonstrating that
Pseudomonas oryzihabitans AXSa06 strain was able to down-
regulate transcripts related to peptidase regulator or inhibitor
activity that were otherwise found to be stimulated by salt
treatment in non-inoculated plants due to protein degradation
and synthesis of defensive proteins.

AXSa06 Stimulated Antioxidant Mechanism
As a primary stress response to NaCl treatments, a burst in ROS
production is expected, resulting in extensive cellular damage
if not tightly regulated by the antioxidant scavenging systems
in plants (Gémes et al., 2016; Noctor et al., 2016). Several
antioxidant enzymes, including CAT, SOD, APX, and POX
are known to increase in response to salt stress in order to
mitigate salt-induced damage as has been reported in many
plant species, including tobacco (Mellidou et al., 2016) and
cotton (Hamani et al., 2020). Previous studies also reported an
up-regulation of ROS scavenging activities and of antioxidant
components accumulation due to bacteria inoculation under salt
conditions (Bharti et al., 2016; Chen et al., 2016). Nevertheless,
in this study, the prior-to-stress stimulation of antioxidant
machinery (enzymatic and non-enzymatic) in AXSA06 plants
may account for the improved salt adaptation, without any
additional energy cost to support the protection of cellular
redox homeostasis when stress is applied. In other words, strain
inoculation may have imitated the effect of mild oxidative stress,
similar to what is expected during salt stress. This primed
state of AXSa06-inoculated plants is supported by the increased
content of AsA and its oxidized form, DHA, as well as the
enhanced activities of antioxidant enzymes, including POX and
CAT that scavenge H2O2, compared to non-inoculated ones
at control conditions. Within this context, the induction of
antioxidant defense mechanism probably has occurred to limit
down lipid peroxidation due to inoculation in non-stressed
plants, which, however, did not show any visual symptom
of oxidative stress. Although MDA content has been mostly
considered as an oxidative stress marker triggering a wide range
of other developmental signals, it can be also beneficial for plants
in a number of ways participating in the induction of antioxidant
defense or membrane repair (Tounekti et al., 2011; Kurutas,
2016; Morales and Munné-Bosch, 2019). Since photosynthetic
process was not inhibited, plant growth was vigor, and ROS
were probably efficiently removed in the inoculated plants, these
plants may experience a mild oxidative boost just enough to
increase their alertness, for amplified defense responses upon
the onset of stress treatment. In other words, lipid peroxidation
in inoculated plants may be beneficial—to a certain extent—to
stimulate their alertness prior to stress. Tounekti et al. (2011)
also reported that whenMDA accumulation is elevated, rosemary
plants can withstand salt-induced oxidative stress, by activating
the xanthophyll cycle-dependent dissipation of excess excitation
energy in leaves.
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Due to their non-specific reactions with different ROS, POX
enzymes participate in a broad number of physiological
functions, including auxin catabolism, suberization,
lignifications, cell wall elongation, and pathogen attack (Malviya
et al., 2020). Previously, homologs of different POX genes have
been implicated in lignin and xylan accumulation in Arabidopsis
through ROS signaling (Cosio et al., 2017), as well as in salt
tolerance in soybean (Jin et al., 2019). Herein, a lignin-related
POX was up-regulated at exposure to 200mM NaCl regardless
inoculation, but a suberization-associated POX only at the
presence of the PGPR strain. Although suberization primary
occurs in the roots, this adaptive anatomical process is important
for the prevention of apoplastic flow of toxic Na+ under salt
stress (Shabala et al., 2012).

In response to abiotic stress, plants synthesize a broad number
of secondary metabolites possessing or inducing antioxidant
properties to alleviate the over-accumulation of ROS and inhibit
cell membrane peroxidation (Baba et al., 2017; Sharma et al.,
2019). In particular, upon stress treatments, the phenylpropanoid
pathways are commonly activated through the up-regulation
of the transcript levels of genes encoding key biosynthetic
enzymes like PAL, chalcone synthase and isomerase (Perin et al.,
2019). In line with previous reports, several phenylpropanoid-
related genes were up-regulated upon salt treatment, but
this occurred regardless the presence of AXSa06. Although
phenolic compounds were not determined in this study, the
slightly increased transcript levels of the related genes at
control conditions due to AXSa06 compared to non-inoculated
plants, suggested that plants employed these metabolites as a
communication tool to attract desirable symbiotic rhizobacteria,
as have already been demonstrated between legumes and
nitrogen fixing bacteria (Biała and Jasiński, 2018). On the
other hand, β-glucosidases have an interesting role in abiotic
stresses, particularly dehydration through ABA, by hydrolyzing
secondary metabolites that are stored in inactive glycosylated
forms (Baba et al., 2017). These enzymes have crucial functions
in plants in response to altered environmental cues, including
the glycosylation of secondary metabolites that are stored
in inactive glycosylated forms and the activation of lignin
precursors (Rouyi et al., 2014). The higher transcript levels of
various β-glucosidase genes due to AXSa06 may contribute to
the enhanced stress tolerance of inoculated plants, by releasing
glucose which could serve as an alternative source of energy
during insufficient photosynthesis.

AsA has numerous functions linked to oxidative relief under
stress conditions, including the cellular scavenging of H2O2 via
APX, or the apoplastic regulation of the AsA redox state via
AO, which is important for stress perception and orchestration
of defense responses (Mellidou and Kanellis, 2017). Therefore,
AsA pool size and homeostasis may act as the signal of the
oxidative injury occurring under stress, and play a pivotal role in
controlling plant responses to environmental changes (Pignocchi
et al., 2003). Transcript levels of APX were up-regulated at the
absence of inoculum as a response to salinity, contributing to
the significant increase in DHA accumulation in these plants,
but no similar pattern was observed in AXSa06 treatments,
indicated that these plants may sense less oxidative stress. If these

oxidized forms cannot be regenerated by monodehydroascorbate
reductase (MDHAR) and dehydroascorbate reductases (DHAR)
in the AsA-GSH cycle, then AsA is permanently lost (Noctor
et al., 2016). The increased transcript levels of AsA biosynthetic
and recycling genes, combined with the accumulation of AsA
itself and its precursor, L-galactose at control conditions,
indicated that inoculations with AXSa06 enhanced the AsA-
mediated capacity of plants to scavenge ROS, further supporting
the role of this strain as a priming agent against stress. This is
in line with previous studies demonstrating that the regulation
of antioxidant enzyme activities by PGPR exert a pivotal role
in stimulating strain-mediated salt tolerance of plants (Safdarian
et al., 2019).

AXSa06 Altered Amino Acid and Sugar
Metabolism Imitating Salt Stress
Responses
Although the phenomenon has been known for decades, the
molecular basis of PGPR-mediated priming against abiotic
stresses is far from being clearly elucidated. The over-
accumulation of osmoprotectants such as proline is considered
as the most usual mechanism of osmotic stress avoidance.
Indeed, at exposure to salt stress, proline levels highly increased
in both inoculated and non-inoculated plants, and similar to
results from others (Kim et al., 2014; Liu et al., 2017), transcript
levels of P5CS1, a key gene from proline biosynthetic pathway
leading to osmoregulation, was also stimulated, independently
of inoculation. These findings indicated that AXSa06-mediated
stress tolerance is probably not related to a more efficient
osmoregulatory activity in inoculated plants, at least due
to proline.

Carbohydrates, including hexoses (fructose and glucose),
disaccharides (sucrose and trehalose), and oligosaccharides
(raffinose), are well-known to control ionic balance, maintaining
cell turgor, while some of them are also considered as signaling
molecules or even as ROS detoxification molecules in response
to salt stress (Keunen et al., 2013; Patel et al., 2020). In this
study, inoculated plants showed enhanced accumulation of
certain sugars prior to stress application (erythrose, xylose, 2-
deoxy -ribose, and 2-desoxy-inosose), or displayed no particular
induction of some other sugars (sucrose and galactose) in
exposure to salt stress similar to those observed in non-
inoculated plants. These results support the notion that the
metabolism of AXSa06-inoculated plants was less disturbed
due to salt. The synthesis of other compatible solutes, such
as raffinose family oligosaccharides (RFOs), represents an
additional mechanism used by plants to adapt during the
adverse effects of stressful conditions (Liu et al., 2021). Their
mode of action involves the protection of membranes from
hydroxyl radicals, as they are found between the head groups
of lipids. The formation of galactinol from myo-inositol is
catalyzed by galactinol synthase, representing the first enzyme
that commits carbon toward RFO formation (Vinson et al.,
2020). Transcript levels of this gene were only significantly
induced in AXSa06-inoculated plants exposed to 200mM NaCl,
indicating an additional role of galactinols as osmoprotectants
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and stabilizers of cellular membranes, but also as scavengers of
ROS under excess salt (Nishizawa et al., 2008). Although none
of these compounds were quantified in this study, the decreased
levels of myo-inositol—the substrate of galactinol synthase—
upon AXSa06 inoculation due to stress, may reflect the better
adaptation of inoculated plants through this pathway.

Notably, the level of four amino acids (aspartate, threonine,
serine, and glutamate) all increased owing to AXSa06 inoculation
under control conditions indicating prominent changes in
amino acids metabolism. Previously, the accumulation of free
amino acids in combination with the higher transcript levels of
related biosynthesis genes have been linked with salt tolerance,
suggesting a crucial role of amino acid metabolism in stress
tolerance (Zhang et al., 2017; Liu et al., 2020). Among these
amino acids, the higher abundance of aspartate and glutamate
mediated by AXSa06 inoculation at the absence of stress is of
particular interest. Both molecules are involved in asparagine
biosynthesis that is a major part of amino acid and nitrogen
metabolism in plants (Curtis et al., 2018), strongly regulated by
salt stress (Rashmi et al., 2019), and may operate as a pool of
precursors for this metabolic branch, when plants exposed to
NaCl. Asparagine has been also implicated in the early responses
against salt stress in sugar beet (Liu et al., 2020), and can
be further used as precursor in methionine and glutathione
biosynthesis, that are able to scavenge ROS (Noctor et al.,
2012). On the other hand, glutamate can be used to produce
proline and gamma-aminobutyric acid (GABA) (Liu et al., 2020).
In Arabidopsis, knockout mutants with T-DNA insertion in
asparagine synthetase 2 gene exhibited limited salt tolerance
and impaired nitrogen assimilation and translocation by the
NaCl treatment relative to the wild-type (Maaroufi-Dguimi et al.,
2011). In spite of the fact that GABA has been reported to
alleviate salt stress injury in tomato seedlings by modifications
in ion flux, amino acid synthesis and key enzyme expression
(Wu et al., 2020), no similar relation was found in this study.
Moreover, the increased levels of threonine and serine after
AXSa06 inoculation revealed the modification of “glycine, serine,
and threonine metabolism” pathway in response to inoculum at
control conditions. Similarly, in non-inoculated plants exposed
to salt stress, genes related to this pathway, such as TD and
TSB were significantly up-regulated, with a concomitant increase
in metabolic fluxes, whilst ASRGL2 involved in asparagine
metabolic pathway was down-regulated in non-inoculated plants,
probably to support fluxes toward threonine and serine that
were enhanced. These findings further support the notion that at
control conditions AXSa06 exerted a similar response of primary
metabolism related to amino acids as non-inoculated plants at
the presence of NaCl, suggesting a kind of mild stress due to the
inoculum that primed plants prior stress exposure.

No particular changes in tricarboxylic acid cycle were
observed between non-inoculated and AXSa06-inoculated plants
at metabolic or transcriptomic level in response to salt stress.
This could be probably explained by an earlier induction of this
pathway during the first days of stress application, as previously
reported in sugar beet (Liu et al., 2020), that we were not able to
detect at long-term (7 days) salt stress. An early down-regulation
of pathways related to energy metabolism could serve as the

signal for the transition from plant growth to the enhancement
of defense mechanisms to cope with the stress factor (Bandehagh
and Taylor, 2020). On the basis of these considerations, future
studies should focus on discriminating early and late responses
to salt stress, as well as providing clues on their importance in
alleviating stress injury.

AXSa06 Regulates Hormone Production
and Signaling
Ethylene and ABA are considered as key phytohormones, acting
in concert as double-edged swords to coordinate stress responses
to various abiotic factors (Müller, 2021). Several lines of evidence
over the last decades suggest that salt stress stimulates ethylene
production in plants, ultimately inhibiting plant growth and
development (Riyazuddin et al., 2020). In this regard, PGPR
that possess ACC deaminase activity are considered to increase
salt tolerance of plants through inhibiting ethylene production
by consuming ACC, and thus enhancing plant growth (Liu
et al., 2017; Safdarian et al., 2019), although this is not their
sole mode of action accounting for salt tolerance. In this study,
root ACC content decreased in inoculated plants compared
to non-inoculated ones exposed to salt stress, highlighting
the positive effect of inoculation with the ACC deaminase-
containing strain on inhibiting the ACC flux toward ethylene
biosynthesis. Nonetheless, its effect in the above-the-ground
parts is less clear. Under salt stress, the reduction in ACC
content at the absence of inoculum may be attributed to its
consumption to produce ethylene due to NaCl treatments,
whilst no particular changes were observed at the presence of
inoculum, probably because the ethylene signal from the roots
is inhibited due to the consumption of ACC from the strain.
During salt stress, ACS3 and ACO4 displayed no particular up-
regulation, while ACS1A and ACO1 were upregulated, but to a
lesser extent when plants were inoculated with ASXa06. This
data suggests that ethylene production, and in turn, ethylene
signaling, are probably inhibited by the AXSa06 inoculum.
Although the ethylene production has not been measured in
vivo, ethylene determination in the excised leaves of AXSa06-
inoculated plants further confirmed that there was less ethylene
signaling-sensitivity during salt stress, and consequently less
feedback of ethylene on its own biosynthesis, as highlighted by
the lack of major modifications in the expression of ethylene-
biosynthetic genes. The reduced ethylene production could also
account for the observed higher ACC accumulation under salt
stress compared to non-inoculated plants, suggesting that ACC
was not consumed for ethylene production in inoculated plants.
All these findings need to be further confirmed to elucidate the
exact role of ethylene in PGPR-mediating tolerance. Previously,
it has been demonstrated that ethylene signaling and homeostasis
is linked with certain PGPR-mediated responses in modulating
plant stress tolerance (Chen et al., 2013; Poupin et al., 2016;
Liu et al., 2017). The dramatic increase in root MACC content
of inoculated plants exposed to 200mM NaCl indicated that
the major part of ACC was used for MACC formation rather
than ethylene biosynthesis, thus evidencing that the ethylene
accumulation in the roots is inhibited resulting to lower levels
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of ethylene signaling in the above-the ground-parts. MACC is
an end product, providing a potential mechanism to control
ethylene biosynthesis (Van de Poel et al., 2014), while its exact
mode of action under salt stress requires further investigation.

ABA and ethylene have antagonistic relations in the control of
stomatal opening and closure (Müller, 2021). In this study, the
expression of some ABA signaling components such as protein
phosphatases 2C that act as negative regulators of ABA-mediated
responses, or ABA 8′-hydroxylase, the key enzyme in ABA
oxidation/catabolism, were more drastically induced under salt
stress conditions owing to AXSa06 inoculation compared to non-
inoculated plants, suggesting a more vivid suppression of ABA
signaling and accumulation. The up-regulation of these genes has
been previously correlated to enhanced salt tolerance, as ABA
regulates the integration of stress signals, especially the ethylene-
mediated ones (Campobenedetto et al., 2020). At the same time,
the lower absolute expression of these ABA-related genes at
both control and stress conditions in the presence of AXSa06
may be related to the lower accumulation of ABA, that could
have otherwise led to stomata closure, disturbing photosynthesis
(Jakab et al., 2005; Vishwakarma et al., 2017). Previously, the
ABA-signaling components have been found to regulate both fast
and slow ABA-mediated responses to tackle dehydration under
salinity (Vishwakarma et al., 2017). Therefore, the beneficial
impact of AXSa06 inoculations in plant salt tolerance could be
possibly due to the more rapid and efficient suppression of both
ethylene- and ABA-mediated stress signals.

Several TF families, including WRKY, bHLH, and DREB,
have been previously demonstrated to orchestrate plant stress
reactions against abiotic stress (Golldack et al., 2011; Liu et al.,
2017). In the present study, non-inoculated plants showed an
induction of these TFs when exposed to salt stress, which may
be regarded as a defense reaction to ameliorate stress damage, by
modulating osmotic and ROS homeostasis. In contrast to other
studies on PGPR stains (Liu et al., 2017; Safdarian et al., 2019),
these stress-responsive TFs, similar to ERFs that are located
downstream the genes of the ethylene signaling pathway, were
not upregulated in AXSa06-inoculated plants exposed to stress
compared to non-stress conditions. These observations suggest
that AXSa06 prevented the induction of the stress-induced
ethylene biosynthesis, and further damped ABA synthesis and
signaling during salt stress. In other words, AXSa06 minimizes
the activity of two major abiotic stress hormones, and thus
inoculated plants displayed less hormone-mediated responses
due to salt stress.

As AXSa06 is able to produce IAA in vitro (Leontidou et al.,
2020), the probable enhanced strain-mediated IAA production
may serve as an important signal for plants to cope with salt
stress. Although salt stress imposed IAA modifications at the
transcript level regardless AXSa06 inoculation, there was no clear
link between the PGP strain and IAA homeostasis. In particular,
an indole-3-acetic acid-amino synthetase, responsible for the
inhibition of free IAA accumulation (Ding et al., 2008), was
down-regulated regardless the presence of the strain. Genes of the
GH3 (Gretchen Hagen 3) family are involved in IAA homeostasis
through catalysis of auxin conjugation and by binding free IAA
to amino acids (Liu et al., 2016). In rice, some GH3 genes were

found to be related to stress responses, i.e., by decreasing the
endogenous IAA content enhancing drought tolerance (Zhang
et al., 2009), or through modulating ABA levels under drought
and freezing stress (Du et al., 2012). One of the key genes in the
tryptophan-dependent pathway of auxin biosynthesis is indole-
3-pyruvate monooxygenase YUCCA, which convert indole-3-
pyruvic acid to bioactive IAA (Zhao et al., 2001). Its transcript
levels were also found to be down-regulated regardless the
presence of the PGP strain, further supporting the disruption of
IAA homeostasis predominantly due to salt stress, and not owing
to AXSa06. Taken together, it is evident that AXSa06 did not
have a direct impact on IAA metabolism, while the intriguing
crosstalk between IAA, ethylene and ABA metabolism, as well
as other signal networks, needs to be further elucidated using
hormone-deficient mutants.

AXSa06 Alleviates Ion Toxicity
On the other hand, salt stress evokes ion toxicity due to the higher
Na+ accumulation within plant tissues. Several ion transporters
have been shown to regulate Na+ influxes into plant cells, by
inducing Na+ circulation and sequestration (Liu et al., 2017). For
instance, overexpression of NHX encoding a tonoplast Na+/H+

antiporter enhanced salt tolerance of Arabidopsis plants (Zhang
and Blumwald, 2001), while its expression can be induced by
inoculations with Bacillus amyloliquefaciens inmaize (Chen et al.,
2016) and Arabidopsis (Liu et al., 2017), but not in rice (Nautiyal
et al., 2013), indicating that transcriptome responses are species-
dependent. Another Na+ transporter with high affinity for K+,
the sodium transporter HKT1, is also known to be induced in
plants due to inoculations with Bacillus species, thereby limiting
Na+ accumulation and toxicity in plant cells (Chen et al.,
2016; Liu et al., 2017). In this study, the lower Na+ contents
measured in leaves of AXSa06-inoculated plants may be due to
the induction of NHX1, NHX2, and HKT1 transcript levels due
to bacterial inoculation prior to stress application that enabled
an efficient mechanism of Na+ detoxification for coping with salt
stress in tomato seedlings (Bharti et al., 2016; Chen et al., 2016).
Furthermore, the SOS signaling pathway has been proposed to
mediate cellular signaling under salt stress, in order to maintain
ion homeostasis (Ji et al., 2013). The expression pattern of SOS1
was induced both at control and NaCl treatments at inoculations
with the Pseudomonas oryzihabitans strain, further contributing
to the observed salt tolerance of inoculated plants. Taking into
consideration that the ABA signaling pathway was not enhanced
in the presence of bacterium, it is evident that this SOS-mediated
pathway acts independent of ABA to help plants withstand Na+

toxicity during salt stress through an intricate mechanism that
needs to be further explored.

AXSa06 Mitigates the Negative Effect of
Salt Stress on Photosynthesis
The increased net photosynthetic rate and chlorophyll content
of the AXSa06-inoculated plants compared to non-inoculated
plants under salt stress can be attributed to the ACC-deaminase
activity due to the presence of inoculum in the rhizosphere that
can mitigate the effect of salt on photosynthesis, as previously
reported (Chauhan et al., 2019). In tomato, ethylene levels can
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FIGURE 7 | Proposed model for AXSa06-mediated salt tolerance in tomato seedlings exposed to 200mM NaCl. Inoculation with AXSa06 imposed plants at a

pre-conditioned state prior to stress application, by stimulating their antioxidant defense response, by blocking ethylene signals through the activity of ACC

deaminase, as well as by enhancing amino acid synthesis. Upon salt stress exposure, AXSa06-inoculated plants showed improved growth and photosynthetic traits,

as well as a reduced tendency for Na+ uptake which is accompanied by enhanced transcript levels of Na+/H+ antiporters. Furthermore, AXSa06 represses

stress-inducing signals through a dampened ethylene and ABA metabolism, as well as reduced activation of downstream transcription.

have a negative impact on plant photosynthesis (Ceusters and
Van de Poel, 2018), which is probably ameliorated by the ASXa06
inoculum. Furthermore, the enhanced net photosynthesis upon
salt stress in the presence of the PGP strain may be related to
the suppression of ABA signals that would otherwise had led
to stomatal closure and photosynthesis suppression (Yu et al.,
2020). This is in accordance with the down-regulation of the
photosynthetic KEGG pathway, as well as the transcript levels
of NR, at the absence of inoculum under salt stress. NR is the
key enzyme for the reduction of NO−

3 to NO−
2 in nitrogen

assimilation in plants cells, which coordinates with the rate of
photosynthesis and the availability of C skeletons. It can also
function as a key enzymatic source of nitric oxide, which then
regulates plant growth and resistance to abiotic stresses (Fu et al.,
2018). Thus, a better assimilation of both N and Cmay be evident
at the presence of AXSa06, as further illustrated by the more
active ruBisCO.

CONCLUSION

Collectively, our results reinforce the hypothesis that
inoculations with the Pseudomonas oryzihabitans strain
(AXSa06) significantly increased the alertness of inoculated
plants, imposing them on a pre-conditioned state prior to stress
application that render them primed for amplified defense
responses. The primed state resulted from an enhancement of
antioxidant adaptive mechanism, accompanied by a reduced
tendency for Na+ uptake (Figure 7). Furthermore, AXSa06
represses stress-inducing signals through a dampened ethylene
and ABA metabolism and a reduced activation of downstream
transcription factors when stress is applied. The differential
modulation of the identified metabolites and transcripts is
dependent on the perceived stimuli originated from AXSa06
inoculation that enables plants to fine-tune their defense
responses. The identified signatory molecules including AsA,
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and the amino acids aspartate, threonine, serine, and glutamate,
may serve as possible biomarkers for PGPR priming in tomato.
Furthermore, inoculations with AXSa06 alleviate the negative
impact of salinity on photosynthetic machinery and carbon
assimilation, through a more active ruBisCO and NR, involving
an efficient mechanism of Na+ detoxification. The molecular
mechanism that links microbial signals with plant phenotypic
plasticity and fitness merits further investigation to identify
possible links between PGPR-priming and epigenetic memory to
enhance plant tolerance under diverse environmental cues.
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An alternative decision axiom to guide in determining the optimal intervention strategy

to maximize cowpea production is proposed. According to the decrement from the

maximum concept of Mitscherlich, the decrement from the maximum for each stressor

must be minimized to produce the absolute maximum production. In crop production,

this means all deficient nutrients must be supplemented to ensure maximum yield

and laid the foundation in fertilizer formulation. However, its implementation is not

economically feasible in many situations, particularly wheremultiple environmental factors

impact crop productivity as in the case of low resource conditions. We propose and

test the hypothesis that yield allocation will increase when the most limiting stressor

among prevailing stressors is eliminated at least until the next limiting stressor impacts

productivity. We selected drought limiting savanna conditions and cowpea (Vigna

unguiculata), adapted to nitrogen dependence. To determine the limiting condition,

we measured the response of cowpea to D-sorbitol, nitrogen, and non-hormonal

biostimulant (nhB) treatments. The nhB treatment increased total biomass by 45%

compared to nitrogen, 13%, and D-sorbitol, 17%, suggesting osmotic stress is more

limiting in the observed savanna conditions. The effect of the biostimulant is due to

antioxidants and key amino acids that stimulate metabolism and stress resistance.Where

nitrogen becomes the next constraining factor, biostimulants can contribute organic

nitrogen. The study supports the use of biostimulants as candidate intervention under

conditions where crop productivity is limited by multiple or alternating constraints during

crop growth.

Keywords: biostimulant, cowpea, osmotic stress, nitrogen, fertilizer, sprengel-liebig law, sustainable agriculture

INTRODUCTION

The plant stress–response–feedback continuum is an important physiological process that shapes
plant plasticity. Factors that account for stress in plants are broadly categorized into abiotic and
biotic stressors. Biotic stressors, such as herbivory, pest attack, and disease-causing pathogens, and
abiotic stressors, such as drought, salinity, heavy metals, floods, and extreme temperatures, account
for major crop losses globally (Gull et al., 2019). To understand how plants respond and cope
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with stress, a stressor, such as heat or drought, is introduced to
the living plant specimen under controlled conditions to observe
the response (Arbona et al., 2016; Atta-Boateng et al., 2019).
However, under field conditions, crops are exposed to multiple
environmental factors (Chapin et al., 1987). In addition, the
relative impact of all the possible prevailing stressors on yield
is difficult to detect. Furthermore, the intensity of the stress
effect does not stay constant throughout the growing season. The
centralized system of stress response concept suggests that all
plants respond to different stress types in the same basic way,
particularly those adapted to low-resourced environments or
adjusted to low resource supply (Chapin, 1991). This framework
has implications on the implementation of agricultural advances
and oversimplifies interventions, especially under marginal
conditions where crops, such as legumes, are adopted to low soil
nutrients or drought.

Cowpea is the most cultivated legume in West Africa, and its
production benefits human and livestock nutrition in addition
to long-term soil amendment that sustains cropping systems on
marginal lands in low-income economies (Dakora and Keya,
1997; Duranti and Gius, 1997; FAO, 2004; IITA, 2010; Foyer et al.,
2016). Cowpea is suggested to originate from West and Central
Africa, which currently has most of the germplasm (Boukar
et al., 2019b). The biotic constraints of cowpea include parasitic
weeds, insect pests particularly aphids, fungal, viral, and bacterial
diseases, whereas high temperature, drought, and erratic rainfalls
during the growing season constitute major abiotic constraints
(Boukar et al., 2019a,b; Horn and Shimelis, 2020). Biotic
and abiotic interventions in the past few decades include the
introduction of drought-resistant and disease-tolerance cowpea
varieties and supporting genetic breeding research programs
across Sub-Saharan Africa (SSA) (Boukar et al., 2019a,b). These
are essential for managing long-term biotic and abiotic growth
conditions. However, major gaps exist for inputs required to
manage short-term in-season growth conditions.

Early work by Carl Sprengel and Justus von Liebig’s Law
of the Minimum revolutionized plant mineral nutrition, where
the scarcest nutrient was found to govern growth (Liebig, 1840;
van der Ploeg et al., 1999). Later, Mitscherlich (1909), based on
Liebig’s Law further showed that marginal productivity decreased
as levels of limiting growth factor increased. Meaning, when all
other factors of growth are kept constant at optimum levels,
increase in the levels of the limiting factor increases yield until no
further increment affects yield. As all other growth factors cannot
be optimal and constant under field conditions, this implies
in practice that all stress factors must be eliminated to attain
maximum yield. Harmsen (2000) acknowledged the limitations
of the Mitscherlich equation in rainfed semi-arid conditions and
proposed a modified theory (Equation 1):

Y = Yθ − Yθ e−ǫntNtYθ
n−1 (1)

where Y is the total dry matter, Yθ , potential yield as a function of
available moisture (θ), ǫnt , activity coefficient, Nt , total nutrient
content, and n is a constant. The model (Equation 1) describes
crop response to nutrient availability under rainfed semi-arid
conditions and can predict the nutrient requirement for a

specified yield level. Nonetheless, the model assumptions restrict
practical interventions to mineral nutrient input, given seasonal
rainfall availability. The yield impact of limiting factors that
alternates during the growing season and the difficulty of its
prediction require alternatives frameworks that allow the design
of inputs that are pliable to manage dynamic field conditions.

Although SSA contributes more than 70% of global cowpea
output, cowpea cultivation is under-produced and concentrated
in low-productive regions, which are particularly vulnerable to
climate risks (Timko et al., 2008; IITA, 2010; Muñoz-Amatriaín
et al., 2017). In the Guinea savanna ecological biome, high
temperature, low soil nitrogen, and soil structure exacerbate
threats the peak rainy and the dry season conditions cause
to agricultural production (Runge-Metzger and Diehl, 1993;
Gyasi, 1995). Interventions that can address specific production
constraint is currently lacking.

Policy directives on interventions, especially for smallholder
farmers in savanna regions continue to focus narrowly on
increasing fertilizer inputs (FAO, 2005, 2011; Martey et al.,
2014). However, it is unclear whether N fertilizer for instance
is the ideal intervention for increasing legume production in
the savanna. N fertilization has been shown to decrease N-
fixing rates in legumes (McAuliffe et al., 1958; Salvagiotti et al.,
2008). Although the application of inoculants in combination
with fertilizers on cowpea showed a promising yield effect
(Kyei-Boahen et al., 2017), the treatment was beneficial only
at specific nutrient deficiency levels. Meanwhile, besides the
complexity of the socioeconomic factors that limit fertilizer
access in the least productive regions (Erisman et al., 2008;
Brown, 2014), the negative environmental impact of misapplied
fertilizers is overlooked (Ann and Socolow, 1994; Vitousek
et al., 1997). The Ceres2030 report investigated the impact of
scientific productivity toward eradicating global hunger (Laborde
et al., 2020). The study found that more than 95% of global
research interventions toward food security was less relevant
toward addressing key need gaps (Laborde et al., 2020). Others
have highlighted the need for strategic interventions through
sustainable crop production to overcome food insecurity amid
climate threats and the rising global population (Tilman et al.,
2002; Bita and Gerats, 2013).

In our study, we propose and report a preliminary test of
an alternative approach to increase cowpea production under
savanna conditions. We hypothesize that productivity, such as
growth (total biomass allocation) increases when a relatively
more limiting constraint among existing growth constraints is
relieved until the next limiting constraint impacts productivity.
We formulate a non-hormonal biostimulant (nhB) that treats
multiple stressors and tests its effect on nodulation, biomass,
and leaf physiological responses in cowpea in comparison with
inorganic N fertilizer and exogenous compatible osmolyte.

MATERIALS AND METHODS

Study Area
The study site was located in the Northern region and covers
40% of (92,456 mile−2; latitudes 4◦-12◦N) land cover by area
of Ghana. Two major ecological zones characterize the region:
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the sub-humid to semi-arid Guinea savanna and the arid Sudan
savanna zones (Gyasi, 1995). The Inter-Tropical Conversion
Zone controls rainfall seasons in Ghana, with one wet season
in the north and two wet seasons in the south. Low, erratic
rainfall ranging between 150 and 250 mm/month in a single
dry season to 1,100–1,200mm month−1 in a single wet season
characterizes the study area. Mean monthly temperature during
the growing season ranges between 26 and 30◦C (Buah and
Mwinkaara, 2009). During the study period, the total rainfall
(daily mean) recorded was 203.8 (6.6mm day−1); average
sunshine was 5.8 h; the mean temperature was 26.7◦C (ranging
from 29.7◦Cmax to 23.6◦Cmin); and the mean relative humidity
recorded was 84% (ranging from 93 to 75% min). The soil at
the study site constituted 55.8% sand, 41.96% silt, and 2.2%
loam. Weather and soil analysis data were obtained from the
Savanna Agriculture Research Institute, Council for Scientific
and Industrial Research, Ghana.

Plant Preparation and Treatments
Three experimental blocks, each containing four distinct raised
soil beds of dimension 2 × 8m each and interspaced by a
meter gap, were prepared across a slope in a series-like fashion.
Each bed in a block represented a treatment group based on a
Randomized Complete Block Design. Each soil bed was seeded
with cowpea, the common African cultivar Songotra-IT97K-
499-35, which is Striga gesnerioides resistant (Asare et al., 2011;
Muñoz-Amatriaín et al., 2017).

Germinated seedlings were thinned at 10 cm height to 40
plants for each growing bed of size 80× 40 cm. Treatments were
assigned randomly within and between blocks.

Given the conditions of Guinea savanna, we will use the
term osmotic stress to represent the likelihood of both drought
and heat stress incidence as they occur in tandem (Dwivedi
et al., 2018) or specifically to represent conditions, such as
low soil moisture, atmospheric vapor pressure deficit, and
salinity, for their similarity in physiological responses (Munns,
2002; Chaves et al., 2009). Three treatments were prepared
to treat osmotic stress. First, 0.25 g L−1 (coded sorbL), and
second, 0.5 g L−1 (coded sorbH) compatible osmolyte, D-Sorbitol
(Hexane 1, 2, 3, 4, 5, 6-Hexol) of molecular weight 182.17 g
mol−1 obtained from Sigma-Aldrich, USA. The third osmotic
treatment was an antioxidant and amino acid-based nhB (coded
nhB), prepared from the laboratory at the Yale School of the
Environment. The active components of nhB include 2-amino-5-
guanidinopentanoic acid, L-ascorbic acid, thiamine mononitrate,
and cis-1, 2, 3, 5-trans-4, 6-cyclohexanehexol. To arrive at the
final treatment formulation, different iterations of nhB beta
were evaluated in root-shoot allocation experimental trials in
a glasshouse using Raphinus sativus (cherry belle variety) as a
model plant. The satisfactory formulation was attained when
R. sativus maintained a fresh root: shoot biomass ratio of ∼1:1
and yields over 100%. By this approach, we assumed that the
overall yield output of nhB treatment will vary by species type and
allocation cost to stress response depending on field conditions.

Furthermore, 5 g L−1 nitrogen was prepared from 98%
ammonium nitrate (NH4NO3) as inorganic nitrogen treatment
(codedNfert). All control groups were treated with equal volumes

of distilled water, which was used to prepare treatment solutions.
Each plant replicate received 50ml of treatment dose biweekly
until the onset of pod formation. Nitrogen was applied directly
to the soil around the stem of plants while sorbL, sorbH, nhB, and
controls were applied to both foliage and soil.

Plant Sampling and Measurement
Out of 40 plant without growth defects, 15 plants were tagged
for repeated measurements throughout the growth stages. Leaf
measurements were conducted during the active photosynthetic
period in the morning (PPDF ranged from 900 to 1,200
mmol m−2s−1). Leaf temperature, chlorophyll fluorescence,
and chlorophyll content of the youngest fully expanded leaf
of each tagged plant were measured 2 weeks after each
treatment time during the vegetative, flowering, and pod growth
stages of cowpea. We used common plant biophysical markers
(Ernst, 1999) and traits in our assessment to allow reliable
reproducibility and convenience in the study sites.

Biomass and Nitrogen-Fixing Traits
The root zones were softened by inundating with water to allow
the whole plant to be removed from the soil bed with intact
roots. The soil debris was brushed off, and the root nodules per
plant were carefully removed, counted, weighed, and re-weighed
after oven drying to a constant weight at 60◦C to obtain the
total weight of nodule per plant and the total number of nodules
formed per plant. Furthermore, whole plants with intact pods
were oven-dried to constant weight to obtain total biomass, then
followed by separate measurements of pods.

Leaf Physiological Measurement
Leaf temperature, Tl was measured as an indicator of plant stress
(Udompetaikul et al., 2011; Rodríguez et al., 2015; Carroll et al.,
2017). Variations in moisture stresses are known to significantly
alter leaf temperature, causing it to deviate from ambient
temperature (Wiegand and Namken, 1966). Tl was measured by
a laser-guided infrared thermometer (ST60 ProPlusTM Raytec,
Santa Cruz, CA, USA). The laser was pointed to the adaxial
surface of the leaf, where the device collects optically emitted,
reflected, and transmitted energy by the leaf surface on a detector
as an ambient temperature reading in ◦C (±0.07◦C).

The stress manifested in plants can be determined
by observing the leaf photosystem II (PSII), which is a
protein complex in the light-dependent reactions of plant
photosynthesis. PSII damage is the first manifestation of stress
in plant leaves (Maxwell and Johnson, 2000), and the efficiency
of this state is referred to as photochemical efficiency. Maximum
quantum yield at PSII is determined based on the chlorophyll
fluorescence ratio, FvFm−1, a well-studied phenomenon in the
plant physiology (Rodríguez et al., 2015) and a well-established
physiological indicator of plant tolerance to the environmental
stress, including drought and heat (Méthy et al., 1994; Maxwell
and Johnson, 2000; Dwivedi et al., 2018). Plant stress that
affects the PSII is determined based on a calculated variable
fluorescence(Fv) to maximal fluorescence (Fm) ratio using a
chlorophyll fluorescence device (model OS-30p, Opti-Sciences,
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Inc. Hudson, New Hamshire, USA). To measure FvF
−1
m , leaf

samples were dark-adapted by placing leaves inside plastic
cuvettes to block the incident light on the selected portion
of the leaf blade for 30min. Then a weak modulated light is
immediately irradiated from a fluorometer on dark-adapted
leaf blade to excite a pre-photosynthetic antenna. Upon
light saturation at maximum light exposure, the maximum
fluorescence, Fm, is determined and FvF

−1
m computed and

recorded by the fluorometer. Chlorophyll fluorescence is one
of the most frequently used plant measurement techniques
(Schreiber and Bilger, 1993) and has been used extensively in
stress studies in several legumes (Georgieva and Yordanov,
1993; Stoddard et al., 2006). The leaf chlorophyll content is
a physiological trait associated with drought and heat stress
(Dwivedi et al., 2018). A handheld chlorophyll-detecting device,
SPAD-502 (Minolta Camera Co., Osaka, Japan), was used to
measure the leaf chlorophyll content. The sample leaf was placed
in between a receptor window and a measuring head. By pressing
the measuring head, the chlorophyll content was determined at
650 and 940 nm in SPAD units at ±1.0 accuracy (see Richardson
et al., 2002).

Statistical Analysis
The Lme4 package in R (Bates et al., 2015) was used to perform
mixed-effect modeling (MEM) by restrictedmaximum likelihood
t-tests. MEM performs ANOVA on repeatedly measured
variables and estimates fixed and random sources of variation. To
know where significant differences occurred, we tested general
linear hypotheses by multiple pairwise comparisons of means
based on Tukey’s honestly significant difference (HSD) tests on
normally distributed data. All statistical analyses were conducted
using the R programming language and environment (R Core
Team). The null hypothesis (H0) assume no differences in
population means such that: T1 (control), = T2 = T3 = . . . Tx;
where α ≤ 0.05 and Tx indicates x treatment type. Furthermore,
the alternative hypothesis (Ha) assumes differences in population
means such that:T1 6= T2, orT3,= . . . Tx; at least at a significance
level of p < 0.05.

RESULTS

Effect of Treatments on Biomass, Pod
Capacity, and Root Nodulation
The mean biomass of cowpea was significantly different between
nhB and all other treatments (p < 0.001, Table 1). nhB had
the highest biomass output, 45% followed by sorbL (17%),
sorbH (13.3%), Nfert (13.1%), and controls. Nodulation capacity
determined by the means of the total number of nodules
formed per cowpea was significantly different (p < 0.01) among
treatment groups.

N-treated cowpea relatively formed the highest number of
nodules per root and nodule weight (Figures 1C,D). Thus, we
refuse to accept the null hypothesis that there is no difference
in the mean effect of treatment interventions on cowpea growth
with respect to biomass and nodulation capacity. The effect of
blocking was significant on biomass response (p < 0.01), number
of pods (p < 0.05), and mean number and oven-dry weight of

TABLE 1 | Summary ANOVA of mean response of treatment groups.

Parameter variables DF F-Value (Pr > F)

Biomass Treatment 4 6.1889 <0.0001***

Blocks 2 4.907 0.0082**

No. of pods Treatment 4 1.598 0.1759ns

Blocks 2 4.207 0.016*

Nodule mass Treatment 4 0.414 0.798ns

Blocks 2 83.59 <0.0001***

No. of nodules Treatment 4 3.413 0.009**

Blocks 2 55.2 <0.0001***

Superscript stars indicate the levels of significance, where *(0.05), **(0.01), ***(0.001), and
ns(not significant).

nodules (p < 0.0001). This indicates that measured responses
to treatments are independent of the significant variations in
site conditions. This is of statistical importance to emphasize the
reliability of the study outcome.

The treatment effects on both the mean number of pods
formed per cowpea and the mean nodule mass per cowpea root
were not significant (Table 1). Nevertheless, pod yield per plant
was relatively highest in nhB-treated cowpea (Figure 1B).

Effect of Treatments on Leaf Physiological
Responses
The mean effect of treatments on leaf chlorophyll content in
cowpea did not differ significantly; however, the difference (p
= 0.05) in leaf chlorophyll responses to sorbL and sorbH
(which vary by D-sorbitol concentration) indicates that the
concentration of exogenous D-sorbitol application on cowpea
leaves might be important to chlorophyll response under savanna
conditions. Leaf fluorescence in nitrogen-fertilized cowpea
differed significantly from cowpeas treated with nhB, sorbL, and
sorbH (Table 2).

Treatment effect on leaf temperature, Tl response was
significantly different in fertilizer-treated cowpea and the rest
of treatment groups (Table 2). Although stress variables are
weakly correlated (Supplementary Figure 1), the correlation
plot shows the general relation of leaf physiological indicators to
aid in the interpretation of leaf treatment responses. Higher leaf
temperature does not necessarily indicate a healthy status as in
controls. A relatively higher Tl, lower leaf chlorophyll content,
and fluorescence should indicate a relatively stressful condition.

DISCUSSION

Biomass and Physiological Responses of
Cowpea to Osmotic and N Treatments
Low soil fertility and drought constitute abiotic factors that
constrain cowpea production (Roberts, 2013). Although legumes
are adapted to low nitrogen conditions, N-fixation may come
at a cost. Nodulation has been used to evaluate stress in
legumes (Rai and Singh, 1999). Under savanna conditions, other
competing abiotic factors further constrain the biological N-
fixing capacity of nodulating legumes and consequentlymay limit
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FIGURE 1 | Means of total biomass, grams per plant (A), mean number of pods per plant (B), mean weight of root nodule per plant (C), and mean number of root

nodules formed by roots per plant (D) in response to cowpea treatments; control, N fertilizer (Nfert), sorbitol (sorbL and sorbH), and non-hormonal biostimulant (nhB).

nitrogen contribution to productivity. We hypothesized that
where cowpea is constrained by multiple factors, an intervention
that alleviates the relatively more limiting factor may lower the
physiological cost of mitigating the constraining factor, allowing
allocation toward yield. Total biomass and pod yield are used in
the study as proxies for productivity or yield allocation. Biomass
is a common measure of plant productivity in ecological studies
(Roberts et al., 1993; Tilman et al., 1997; Klironomos et al., 2000;
van Grunsven et al., 2007; TerHorst and Munguia, 2008; Fraser
et al., 2015), and stress evaluation in legume crops (Ashraf and
Chishti, 1993; Ashraf and Zafar, 1997; O’Toole et al., 2001).
Based on the relatively higher biomass, pod yield, and lower
investment in the root nodules in nhB, sorbL, and sorbH cowpea
treatments (Figures 1A–D), we conjecture that osmotic stress is
more limiting than soil nitrogen need in cowpea in the study
area. The additional higher yield in nhB may be due to the
combined effect of antioxidants and amino acids used in the
formulation. More nodules were formed in untreated controls
than biostimulant, nitrogen, and sorbitol treatments and may
indicate the reduced need for nitrogen.

TABLE 2 | Significant pairs from multiple mean comparisons based on Tukey’s

honestly significant difference (HSD) test from a linear mixed-effect model fit.

Parameter variables Treatments Estimate (error) Z-value (Pr >|z|)

Chlorophyll

fluorescence, FvFm−1

Nfert-nhB 0.0368 (0.0128) 2.859 0.033*

Nfert-sorbL −0.0333 (0.0113) −2.926 0.028*

Nfert-sorbH −0.0399 (0.0113) −3.506 0.004**

Chlorophyll content sorbL-sorbH −2.5979 (1.0300) −2.522 0.05

Leaf temperature, Tl Nfert-nhB −1.1436 (0.2867) −3.989 <0.001***

Nfert-cntl −1.3616 (0.2554) −5.345 <0.001***

Nfert-sorbL 0.7694 (0.2548) 3.020 0.021*

Nfert-sorbH 0.9004 (0.2548) 3.534 0.003***

Except reported, all other possible mean pairs were not significant. Superscript stars

indicate the levels of significance, where *(0.05), **(0.01), and ***(0.001).

Nitrogen, biostimulant, and sorbitol treatments reduced
cowpea stress in contrast with controls (Figure 2). While
we expected higher N-fixing capacity and FvF

−1
m to increase
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FIGURE 2 | Leaf physiological response of cowpea to osmotic treatments (sorbL, sorbH, and nhB) and N fertilizer treatment (Nfert). Plots represent chlorophyll

fluorescence ratio (A), leaf chlorophyll content (B), and leaf temperature (C).

productivity, the response was relatively lower in N treatment
than in biostimulant and sorbitol treatments. Maintaining
leaf moisture while fixing carbon may be the more efficient
strategic role of the osmoprotection compared to N-fertilized
cowpea, which showed higher proxy-photosynthetic activity
(Figures 2A,B), yet seemingly more leaf water loss, resulting
from a cooling effect and lower leaf temperature. The relatively
lower biomass and increased nodulation response to N treatment
suggest a plausible trade-off to increased investment toward a
need for physiological response and N-fixation (Figures 1C,D).
Contrary, higher biomass and leaf stress responses to osmotic
treatments support the conjecture that exogenous osmolytes
alleviate the need and the cost of metabolic response, thereby
directing more allocation toward whole-plant biomass output.

Effect of Non-hormonal Biostimulant and
D-Sorbitol on Cowpea
Biostimulants, since their origination, definition, and
development over the past four decades, have been shown
to improve stress resistance and promote plant development

(Russo and Berlyn, 1991). Although drought avoidance by
hydraulic controls (Hall and Schulze, 1980; Turk and Hall,
1980) and leaf paraheliotropism (Schakel and Hall, 1979) (also
observed in this study) persists in cowpea, osmoadaptation
through metabolite accumulation is reported as a more
conservative strategy in cowpea (Goufo et al., 2017). The
relative increase in biomass, following sorbitol and biostimulant
treatments supports osmoadaptation as an important drought
response strategy in cowpea. From our results, we conjecture
that external application of osmolyte-containing compounds
may prevent the inherent metabolic need and cost for cowpeas to
initiate osmoadaptation, thereby making readily available more
resources for biomass allocation.

In a study of 88 cowpea metabolites,myoinositol and arginine
were reported to have no beneficial effect on cowpea yield (Goufo
et al., 2017). Contrary to our findings, myoinositol and arginine,
both active constituents of the nhB formulation improved
biomass allocation in cowpea. The contrasting findings may
result from differences between the metabolite concentration in
naturally occurring cowpea leaves and the concentrations used

Frontiers in Plant Science | www.frontiersin.org 6 August 2021 | Volume 12 | Article 732279324

https://www.frontiersin.org/journals/plant-science
https://www.frontiersin.org
https://www.frontiersin.org/journals/plant-science#articles


Atta-Boateng and Berlyn Limiting-Stress-Elimination Hypothesis: Non-hormonal Biostimulants

in the nhB formula. Further, our study reports the first yield
effects of exogenous D-sorbitol on savanna cowpea. Although D-
sorbitol does not constitute the reported metabolites expressed in
drought-stressed cowpea, its effect on yield in our study suggests
that metabolite–yield relations may be non-species specific.
In that, the metabolites expressed by plants under stressful
conditions may not represent the only possible strategy but a
choice, perhaps governed by adoptivemechanisms peculiar to the
species or based on inherent biochemical resources available to
initiate the metabolic response process.

Implication of the
Limiting-Stress-Elimination Hypothesis in
Savanna Legume Production
According to the proposed limiting-stress-elimination
hypothesis (LSEH), when the limiting stress is eliminated,
stress impact is relieved (Figures 3A,B), until the next available
stress becomes most limiting. The scope of this study here is not
to establish the most limiting stressor in cowpea.

Instead, we have demonstrated which, among identifiable
constraints relatively limits cowpea productivity most by
showing whose “elimination” (by treatment) relatively increased
cowpea biomass. This makes the study application relevant
to ongoing field situations where stressors may be short-lived
yet damaging to yield. Contrary to the law of minimum
and diminishing soil productivity (Mitscherlich, 1909) whereby
maximum productivity requires relieving all decrements from
the optimal level for each nutrient, intervention by the LSEH
focuses on the predominant limiting stressor given prevailing
conditions and not a host of stressors. In the Guinea savanna
of West Africa, where leguminous crops are predominantly
constrained by limited soil nitrogen and osmotic stress, the
simultaneous treatment to eliminate multiple abiotic stressors
may increase farming costs beyond economic practicality.

Increasing legume production constitutes a long-term food
security initiative and ecological restoration strategy whereby
legumes improve soil N, increase the availability of percent
arable lands, and the possible recruitment or cultivation of less
competitive but essential non-legume plants or crop species in
the savanna. In our study, we measured N-fixation indirectly by
the number of nodules formed per plant and dry mass. While N
treatment relatively increased nodulation capacity significantly,
the effect of inorganic N, the biostimulant, and sorbitol on mean
nodule dry mass did not vary significantly. Thus, exogenous
osmotic stress treatment constitutes a promising alternative
for increasing cowpea production without impairing their
biological N-fixing capacity. N-fixation may be an important
agroecological tool for improving long-term savanna ecosystem
productivity. Where necessary, the use of N fertilizers to
maximize legume yield should depend on whether additional
inorganic N supplement addresses the yield gap in the
specific growing area. Evidence exists to question the relevance
of N fertilization in cowpea. For instance, in a study by
Martins et al. (2003), bacteria inoculated cowpea improved
grain productivity more than N-fertilized cowpea through
increased biological N-fixation. In this instance, regardless

of N supplement, increased biological N-fixation through
bacterial inoculation accounted for higher yield. Essentially,
the metabolic cost of microbial-aided N-fixation may be lower
than the metabolic cost of converting inorganic N fertilizers to
readily available forms to impact yield. Similarly, in our study,
minimizing the cost of stress allocation may have enhanced
yield in which amino acid in nhB contributes organic nitrogen.
Besides direct plant growth, biostimulants can be designed to
supplement the resource needs of N-fixing bacteria to indirectly
improve yield.

It can be inferred from biomass responses that a less
productive outcome may ensue when an intervention targets
a lesser limiting factor, while the relatively more limiting
factor persists, as in the common practice of fertilizer use
in crop production in arid landscapes. Hence, it becomes
imperative for the agronomist to determine what constitutes
the measurable limiting factor for a crop, given its growth
conditions. When that is determined, management techniques
and tools that improve resource use efficiency become the
next relevant agronomic asset (Chaves et al., 2009). The
LSEH utilizes a cost–benefit utility that should inform
decisions and potential innovations entrenched in the
principle of efficiency and sustainability in agricultural
practices, particularly in regions challenged by both limited
economic and environmental constraints. In the search
for sustainable agroecological solutions, LSEH can assist
agronomists to decipher appropriate interventions optimal for
improving productivity.

The yield effect of biostimulant on N-fixing crops and
trees and as a low input for sustainable agriculture has been
discussed (Berlyn and Russo, 1990; Russo and Berlyn, 1991,
1992). The goal of this study was to demonstrate the potential
of nhB as an input specifically in conditions where fluctuating
diurnal or within-season temporal biophysical stressors can
impact yield. Although the study satisfies statistical assumptions,
it is a test of hypothesis limited to a single species as
such, further inquiry can be useful to expand the scope and
limitations of the hypothesis. However, from years of experience
in biostimulant formulation, there is a remarkable advantage,
especially when adopting core formula to other crops and often
require small adjustment in the constituent compounds and
or their concentrations. Further, our study does not report
on the potential implementation cost. Earlier developments,
including ROOT 1TM and ROOT 2TM that constitutedmycorrhiza
were successfully commercialized and available at low cost,
and we assume that recent developments based on more
available resources will likewise make nhB accessible at
low cost.

CONCLUSIONS

Crops growing in the Guinea savanna sub-biome are constrained
by a myriad of factors including low soil N, high temperature,
and drought. Eliminating each constraint as proposed by the
decrement from the maximum concept can be impractical,
especially in low-income economies that depend on rainfed
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FIGURE 3 | A schematic of the limiting-stress-elimination hypothesis (LSEH). Circles represent whole-plant organisms. Balanced plane implies a notion of significance

or pedigree of stress impact. Vertical arrows indicate stressors (osmotic and nitrogen limitation), downward arrow implies stress impact, and upward arrow implies

relived stress. Curved arrows indicate applied intervention (exogenous biostimulant and nitrogen deposition). At equilibrium (A), the stressor impact on productivity is

assumed similar. Without any intervention, the impact of multiple stressors can be assumed to be synergetic and difficult to detect. However, when defined

interventions are simultaneously applied, a shift in slope or tilt (B) distinguishes the relative magnitude of the impact of a conjected stressor and how much it limits

plant productivity. The favored intervention (B) in the red circle shows sensitivity to stress response by plant and eliminates or alleviates the impact of the stressor. This

results in increased productivity indicated by an upward tilt (analogous to a “lighter weighing effect”).

agriculture. Although fertilizer input remains the predominant
approach to crop nutrient enrichment, it is beneficial where
soil nutrient deficit mostly limits crop productivity. The
study hypothesized that productivity is relatively maximized
when a relatively more limiting stress factor to growth is
relieved among other possible stressors. In a case study
with cowpea growing in the savanna conditions, osmotic
stress treatment increased yield more than N treatment.
However, non-hormonal biostimulant treatment, which
constitutes both osmolyte and organic nitrogen sources
impacted yield most. We conjecture that biostimulants can
better manage crop production where productivity may be
limited by alternating factors across the growing cycle or by
multiple constraints.
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Pseudomonas palmensis sp. nov., a
Novel Bacterium Isolated From
Nicotiana glauca Microbiome: Draft
Genome Analysis and Biological
Potential for Agriculture
Enrique Gutierrez-Albanchez1,2, Ana García-Villaraco2, José A. Lucas2, Ignacio Horche1,
Beatriz Ramos-Solano2* and F. J. Gutierrez-Mañero2

1 Biobab R&D S. L., Madrid, Spain, 2 Plant Physiology, Pharmaceutical and Health Sciences Department, Faculty of
Pharmacy, Universidad San Pablo-CEU Universities, Boadilla del Monte, Spain

A novel Pseudomonas, designated strain BBB001T, an aerobic, rod-shaped bacterium,
was isolated from the rhizosphere of Nicotiana glauca in Las Palmas Gran Canaria,
Spain. Genomic analysis revealed that it could not be assigned to any known species
of Pseudomonas, so the name Pseudomonas palmensis sp. nov. was proposed.
A 16S rRNA gene phylogenetic analysis suggested affiliation to the Pseudomonas
brassicae group, being P. brassicae MAFF212427 T the closest related type strain. Upon
genomic comparisons of both strains, all values were below thresholds established for
differentiation: average nucleotide identity (ANI, 88.29%), average amino acid identity
(AAI, 84.53%), digital DNA-DNA hybridization (dDDH, 35.4%), and TETRA values
(0.98). When comparing complete genomes, a total of 96 genes present exclusively
in BBB001T were identified, 80 of which appear associated with specific subsystems.
Phenotypic analysis has shown its ability to assimilate glucose, potassium gluconate,
capric acid malate, trisodium citrate, and phenylacetic acid; it was oxidase positive.
It is able to produce auxins and siderophores in vitro; its metabolic profile based on
BIOLOG Eco has shown a high catabolic capacity. The major fatty acids accounting
for 81.17% of the total fatty acids were as follows: C16:0 (33.29%), summed feature 3
(22.80%) comprising C16:1 ω7c and C 16:1 ω6c, summed feature 8 (13.66%) comprising
C18:1 ω7c, and C18:1ω6c and C17:0 cyclo (11.42%). The ability of this strain to improve
plant fitness was tested on tomato and olive trees, demonstrating a great potential for
agriculture as it is able to trigger herbaceous and woody species. First, it was able to
improve iron nutrition and growth on iron-starved tomatoes, demonstrating its nutrient
mobilization capacity; this effect is related to its unique genes related to iron metabolism.
Second, it increased olive and oil yield up to 30% on intensive olive orchards under
water-limiting conditions, demonstrating its capacity to improve adaptation to adverse
conditions. Results from genomic analysis together with differences in phenotypic
features and chemotaxonomic analysis support the proposal of strain BBB001T (=LMG
31775T = NCTC 14418T) as the type strain of a novel species for which the name
P. palmensis sp. nov is proposed.

Keywords: Pseudomonas palmensis, rhizobacteria, Nicotiana glauca, PGPB, iron mobilization, plant adaptation,
drought, biostimulant
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INTRODUCTION

Plant growth–promoting bacteria (PGPBs) are bacteria that
colonize plant roots and promote plant growth. These bacteria
live in the rhizosphere and play a very important role in plant
fitness; in some species, they live in symbiosis with the plant,
whereas in most of them, they establish a loose relationship
colonizing the root surface. Plants often depend on these PGPBs
to acquire nutrients, whereas in other cases, PGPB provides
protection against certain pathogens, produces phytohormones
such as auxins improving plant development, or helps the plant
to get adapted to biotic and abiotic stresses such as herbivores,
pathogenic microorganisms, or salinity (Barriuso et al., 2005;
Delfin et al., 2015; Bano and Muqarab, 2017).

Nicotiana glauca is a plant species from the Solanaceae family,
native from South America and naturalized in the Mediterranean
area and in the Canary Islands. Able to colonize poor soils,
N. glauca contains anabasine, an alkaloid that confers some
toxicity, and indicates the existence of a complex secondary
metabolism, inducible and probably related to defense and
plant adaptation (Sinclair et al., 2004; DeBoer et al., 2009).
Therefore, wild populations of N. glauca colonizing harsh
environments will select the best candidates for adaptation and
would be a good source for putative PGPBs (Ramos-Solano
et al., 2010). Many different bacterial genera have been reported
to be PGPBs, and among them, Pseudomonas strains are very
abundant. They are Gram-negative flagellated bacteria, often
known because of the pigment production; they play crucial
roles in soil health and plant development (Kloepper, 1992) and
affect plant growth (Van Loon, 2007). Among the mechanisms
frequently used by Pseudomonas species to benefit plant growth
are siderophore production (Mavrodi et al., 2001; Rasouli-
Sadaghiani et al., 2014), phosphate solubilization (Anzuay et al.,
2013), or stimulation of plant protection triggering induced
systemic resistance (Bakker et al., 2007; Fatima and Anjum,
2017).

As part of an ongoing research, bacteria from the rhizosphere
of N. glauca were isolated, and strain BBB001T was characterized.
In this study, a full genetic analysis was conducted to investigate
the phylogenetic relationship of strain BBB001T within the
Pseudomonas genus by sequencing the whole genome and
comparing with those of the most similar genomes within this
genus. A polyphasic characterization was also carried out. In
addition, two biological assays were performed to support its
potential for agriculture, one to demonstrate its ability to improve
iron nutrition in tomato and another one to increase olive
production under water-limiting conditions.

RESULTS

Phenotypic Characterization
Strain BBB001T isolated from the rhizosphere of N. glauca was
classed as a Gram-negative, non–endospore-forming rod. Strain
BBB001T grows on plate count agar (PCA) at 28◦C forming
circular colonies < 1 mm ∅, with smooth borders, opaque,
yellowish, and creamy texture. In liquid culture (nutrient broth),

color changes from pale yellow in the exponential growth phase
to intense yellow on the stationary phase after 24 h at 28◦C.

Temperature growth test shows that the strain BBB001T grows
in 24 h from 4 to 40◦C, although at low temperatures (4◦C) it
takes up to 72 h. As regards pH, strain BBB001T grows in a pH
range from 6 to 10 and with a salt concentration from 2 to 6%.
The optimal temperature, pH, and salinity of growth for strain
BBB001T are as follows: 28◦C, pH 8, and 0% salinity.

The API20 NE reveals its ability to assimilate several
substrates, namely, glucose, potassium gluconate, capric
acid, malate, trisodium citrate, and phenylacetic acid; it is
oxidase positive (Table 1). Compared to Pseudomonas brassicae
MAFF212427T and Pseudomonas laurentiana GSL-010T, strain
BBB001T is able to degrade CAP, whereas P. brassicaeT cannot,
and it is oxidase positive, whereas P. laurentianaT is not, sharing
all other metabolic capabilities with the two type strains.

According to BIOLOG ECO, strain BBB001T is able to degrade
several carboxylic acids, among which it is worth noting malic
acid, hydroxybutyric acid and glucosaminic acid, the latter can
also be consumed as a source of nitrogen. Among sugars, glucose-
1-phosphate, cellobiose, lactose, and N-acetyl glucosamine stand
out. As a nitrogen source, strain BBB001T catabolizes the
two amines (putrescine and phenyl ethylamine), although the
consumption of some amino acids, such as serine and glycol-L-
glutamic acid, is also remarkable (Supplementary Table 2).

The major fatty acids (>81.17% of the total fatty acids) are
C16:0 (33.29%), summed feature 3 (22.80%) comprising C16:1 ω7c
and C16:1 ω6c, summed feature 8 (13.66%) comprising C18:1 ω7c,
and C18:1 ω6c and C17:0 cyclo (11.42%).

In addition, this strain resulted positive for auxins as for
siderophores synthesis and negative for chitinases production.

In addition to API20 information, Table 1 summarizes
available information from the most closely related Pseudomonas
species, confirming differences for strain BBB001T. Interestingly,
and different from BBB001T, “Pseudomonas qingdaonensis”
strain JJ3T was not able to degrade D-galacturonic acid, and its
temperature range runs from 4 to 37◦C, whereas BBB001T runs
from 4 to 40◦C (Sawada et al., 2020).

Phylogenetic Analysis
The genome of the BBB001T strain was analyzed with the
tools available at EzBioCloud. First, EzBioCloud’s identification
service provides proven similarity-based searches against quality-
controlled databases of 16S rRNA sequences. After that, the
ANI (average nucleotide identity), AAI (average amino acid
identity), dDDH, and TETRA analysis were performed. Type
(Strain) Genome Server (TYGS) was used to analyze the
complete genome.

Estimates of the Degree of Similarity Between
Genomes
(a) Phylogenetic analysis and delimitation of species based
on the analysis of 16S. The size of 16S rRNA gene was
1,541 bp (MW009702). The analysis based on 16S rRNA
gene indicated that the strain BBB001T shared the highest
similarity with P. qingdaonensis JJ3T (100%, non-validated
taxon), P. brassicae MAFF212427T (99.85%), and Pseudomonas
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TABLE 1 | Characteristics that differentiate Pseudomonas palmensis sp. nov. from the type strains of the most closely related Pseudomonas species: Pseudomonas
brassicae MAFF212427 T (Sawada et al., 2020) and Pseudomonas laurentiana GSL-010 T (Wright et al., 2018).

Strain BBB001T Pseudomonas brassicae MAFF 212427T Pseudomonas laurentiana GSL-010T

Cell size (µm) 0.5−0.8 × 1.5−3.8 2.1 ± 0.4 × 1.2 ± 0.1 1.75−2.2 × 0.5−0.7

Isolation source Rhizosphere (Spain) Diseased brocoli Seawater (Canada)

Temperature range (optimal) (◦C) 4–40 (28) 4–35 (27) 10–37 (30)

NaCl optimal (%, w/v) 0 ND 0.5

Maximum NaCl (%, w/v) 6 ND 3

pH range 6–10 ND 5–10

pH optimum 8 ND 7–7.5

API20 NE

[CAP] + − +

OX + + −

Saturated fatty acid

C10:0 − − 0.11

C12:0 4.02 4.00 2.66

C14:0 0.94 − 1.76

C15:0 − _ 0.42

C16:0 33.29 28.10 32.29

C17:0 − _ 0.13

C18:0 0.52 _ 0.18

Unsaturated fatty acid

C16:1 ω 5c − _ 0.11

C17:1, ω 8c − _ 0.10

C18:1, ω 7c − _ 8.30

Branched fatty acid

C17:0 cyclo 11.42 7.80 1.13

C18:1 11 methyl ω7C − − 0.35

C19:0 cyclo ω8c 0.81 − −

Hydroxy fatty acid

C8:0 3-OH − − −

C10:0 3-OH 9.96 4.00 3.83

C11:0 3-OH − − −

C12:0 2-OH 4.23 2.60 4.18

C12:0 3-OH 4.35 3.90 3.66

C12:1 3-OH − − 0.07

Summed Features*

2 − − −

3 22.80 29.00 40.43

7 − − 0.17

8 13.66 17.5 0

Utilization of:

L-Phenylalanine + Unkown −

For API20 NE results obtained in this study, all three strains were negative for NO3, TRP, GLU, ADH, URE, ESC, GEL, PNPG, GLU, ARA, MNE, MAN, NAG, MAL, GNT,
and ADI and positive for GNT, GLU, MLT, CIT, and PAC. Characteristics for API20 NE and biolog plates are scored as follows: − negative reaction; + positive reaction.
Fatty acid profile expressed as% (FAME): − indicates absence of the fatty acid. Summed feature* represents two or three fatty acids that cannot be separated using
the MIDI system. Summed feature 3 comprises C16:1 ω7c/C16:1 ω 6c; summed feature 8 comprises C18:1 ω 7c/C18:1 ω 6c.

defluvii WCHP16T (99.31%), whereas P. laurentiana GSL-010T,
Pseudomonas japonica NBRC 103040T, and Pseudomonas
huaxiensis WCHPS060044T were between 99.00 and 99.1%
(Table 2). A phylogenetic tree was constructed based on
comparison of the most similar 16S rRNA gene sequences
available in the TYGS database (Figure 1). Three different groups
appeared in the tree: group 1 in which Pseudomonas japonica
NBRC 103040T, Pseudomonas sinwaenesis WCHPs060039T,
and Pseudomonas ineficax JV551A3T were located; group

2, represented by Pseudomonas alkylphenolica KL28T,
Pseudomonas huaxinesis WCHPs060044T, Pseudomonas
vranoviensis CCM 7279T, Pseudomonas donghuensis HYST,
Pseudomonas wandersilveriensis CCOS 864T, and Pseudomonas
tructae SNU WT1T; finally group 3, involving P. qingdaonensis
JJ3(T), strain BBB001, P. brassicae MAFF212427T, P. laurentiana
GSL-010T, and Pseudomonas akapagensis PS24T. In the
third group, P. laurentiana GSL-010T and P. akapagensis
PS24T separated from the other three, showing that
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TABLE 2 | Similarity of the 16S rRNA of the 30 taxa with valid names and strain BBB001T.

Rank Name Type Strain (T) Accession Pairwise Similarity(%) Authors

1 Pseudomonas qingdaonensis’ JJ3 PHTD01000020 100.0 Wang et al., 2019

2 Pseudomonas brassicae MAFF 212427 LC514379 99.9 Sawada et al., 2020

3 Pseudomonas defluvii WCHP16 KY979145 99.3 Qin et al., 2020

4 Pseudomonas laurentiana GSL-010 KY471137 99.1 Wright et al., 2018

5 Pseudomonas japonica NBRC 103040 BBIR01000146 99.0 Pungrasmi et al., 2008

6 Pseudomonas huaxiensis WCHPs060044 MH428812 99.0 Qin et al., 2019a

7 Pseudomonas alkylphenolica KL28 CP009048 98.9 Mulet et al., 2015

8 Pseudomonas graminis DSM 11363 Y11150 98.8 Behrendt et al., 1999

9 Pseudomonas donghuensis HYS AJJP01000212 98.8 Gao et al., 2015

10 Pseudomonas sichuanensis WCHPs060039 QKVM01000121 98.8 Qin et al., 2019b

11 Pseudomonas rhizosphaerae DSM 16299 CP009533 98.6 Peix et al., 2003

12 Pseudomonas wadenswilerensi CCOS 864 LT009706 98.6 Frasson et al., 2017

13 Pseudomonas plecoglossicida NBRC 103162 BBIV01000080 98.6 Nishimori et al., 2000

14 Pseudomonas wanovensis CCM 7279 AY970951 98.6 Tvrzova et al., 2006

15 Pseudomonas asiatica RYU5 MH517510 98.6 Tohya et al., 2019a

16 Pseudomonas taiwanensis BCRC 17751 EU103629 98.6 Wang et al., 2010

17 Pseudomonas putida NBRC 14164 AP013070 98.5 Trevisan, 1889; Migula, 1895

18 Pseudomonas inefficax JV551A3 OPYN01000008 98.5 Keshavarz-Tohid et al., 2019

19 Pseudomonas asplenni ATCC 23835 LT629777 98.4 Ark and Tompkins, 1946; Savulescu, 1947

20 Pseudomonas monteilii NBRC 103158 BBIS01000088 98.4 Elomari et al., 1997

21 Pseudomonas tructae SNU WT1 CP035952 98.4 Oh et al., 2019

22 Pseudomonas coleopterorum Esc2Am KM888184 98.4 Menéndez et al., 2015

23 Pseudomonas reidholzensis CCOS 865 LT009707 98.4 Frasson et al., 2017

24 Pseudomonas juntendi BML3 MK680061 98.4 Tohya et al., 2019b

25 Pseudomonas cremoricolorata 1AM 1541 AB060137 98.3 Uchino et al., 2001

26 Pseudomonas entomophila L48 CT573326 98.3 Mulet et al., 2012

27 Pseudomonas mosselii CIP 105259 AF072688 98.3 Dabboussi et al., 2002

28 Pseudomonas moorei RW10 AM293566 98.3 Cámara et al., 2007

29 Pseudomonas lutea DSM 17257 JRMB01000004 98.2 Peix et al., 2004

30 Pseudomonas helmanticensis OHA11 HG940537 98.2 Ramírez-Bahena et al., 2014

31 Pseudomonas baetica a390 FM201274 98.2 López et al., 2012

In column 1, accession number is indicated after the species name.

P. qingdaonensis JJ3(T) and strain BBB001 grouped together,
separate from P. brassicae MAFF212427T, which is the closest
phylogenetically related strain.

(b) The highest values of ANI and AAI (88.29 and 84.83%,
respectively) were obtained with the genome of the species
P. brassicae MAFF212427T. The highest value of dDDH (35.4%)
and the lower intergenomic distance (0.11) was obtained when
comparing strain BBB001T and P. brassicae MAFF212427T

(Table 1). G + C content shows a difference of 0.65% between
genomes of these two strains. TETRA values were between 0.86
and 0.988, not showing a significant resemblance between the
genome of strain BBB001T and the other 24 genomes (Table 3).
Comparison with the genome of P. qingdaonensis JJ3(T) (non-
validated taxon) showed the highest values (Table 3).

Phylogenetic Analyses Based on Complete Genome
Sequences
The genome of strain BBB001T 1 (WGS: JAFKEC000000000)
was compared against all type strain genomes available in the
TYGS database via the MASH algorithm, a fast approximation

1https://www.ncbi.nlm.nih.gov/bioproject/PRJNA705568

of intergenomic relatedness (Ondov et al., 2016), and the 10
type strains with the smallest MASH distances chosen per user
genome resulting in a phylogenetic tree (Figure 2).

The comparative analysis of the complete genomes identified
a total of 79 genes present exclusively in strain BBB001T

(Supplementary Table 2). Among these genes (Figure 3),
transcription-related genes were the most abundant (18)
representing 23% or these unique genes; 16 genes were not
associated with specific subsystems (20%); 6 were associated
with cell wall, membrane, and envelope synthesis (8%); and
6 (8%) were related to inorganic transport and metabolism
(eggnog-emapper). Further analysis was carried out on genes
related to inorganic transport and metabolism, and two genes
related to the uptake and iron metabolism were identified by
blast in antiSMASH 5.02 secondary metabolism database; this is
consistent with data from phenotypic characterization.

Biological Assays
The biological assay on iron-starved tomato was conducted
to proof the biological effect associated with iron absorption

2https://antismash.secondarymetabolites.org/#!/start
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FIGURE 1 | Tree inferred with FastME 2.1.6.1 (Lefort et al., 2015) from GBDP distances calculated from 16s rRNA gene sequences. The branch lengths are scaled
in terms of GBDP distance formula d5. The blue numbers are GBDP pseudo-bootstrap support values > 60% from 100 replications, with an average branch
support of 80.9%. The branch length values (in red) represent the evolutionary time between two nodes. Unit: substitutions per sequence site. The tree was rooted
at the midpoint (Farris, 1972).

(Fe3+) and metabolism unique genes of this strain (Figure 3).
Data showed that both strain BBB001T and its culture
media free of bacteria (chelate) supplemented with non-soluble
iron were able to revert chlorosis due to iron deficiency,
according to visual evaluation (data not shown). Strain BBB001T

significantly increased dry weight (Figure 4A), Fe concentration
(Figure 4B), and photosynthetic pigments (chlorophylls and
carotenes, Figure 4C), against the positive control (Fe-EDTA)
and the negative control. The chelate produced by the bacteria
significantly increased all parameters, except the increase in dry
weight, which was non-significant; increases were not as marked
as with the bacteria (Figure 4).

The biological assay in the intensive olive orchard was
conducted aiming to demonstrate the ability of the strain to
improve plant adaptation to stress situations, decreasing water
input by 25% of regular watering. Results showed a statistically
significant increase in olive yield up to 30% (kg/ha), as well
as in oil production (Figure 5). Interestingly, the production
achieved with strain BBB001T under water-limiting conditions
(12,000 kg/ha) reached similar values to controls under regular
water regime (data not shown).

DISCUSSION

Strain BBB001T isolated from the rhizosphere of N. glauca
is able to improve plant yield in olive trees under water-
limiting conditions and to efficiently supply iron to tomato

under iron-limiting conditions, demonstrating its good potential
for agriculture. Although the beneficial effects in plants have
been described before for other Pseudomonas (Kloepper, 1992;
Mavrodi et al., 2001; Bakker et al., 2007; Van Loon, 2007;
Anzuay et al., 2013; Rasouli-Sadaghiani et al., 2014; Fatima
and Anjum, 2017), the multiphasic genomic analysis has
evidenced that this is a new strain with beneficial properties for
agriculture, for which the name Pseudomonas palmensis sp. nov.
has been proposed.

The ability of N. glauca to select the best strains to improve
adaptation to harsh environments has been evidenced consistent
with previous studies (Ramos-Solano et al., 2010). Its complex
secondary metabolism, inducible and probably related to defense
and plant adaptation (Sinclair et al., 2004; DeBoer et al., 2009),
together with scarcity of nutrients, is key to select strains that
play crucial roles in soil health and plant development. In line
with this statement, strain BBB001T was positive for auxins and
for siderophore production. The ability to produce auxins is
very common and is related to increases in root surface, which
provide plants with an enhanced capacity to absorb water and
nutrients and therefore increased growth potential (Gutierrez
Mañero et al., 1996).

The carbon source utilization fingerprint characteristic of
strain BBB001T indicates a great adaptive capacity to survive in
the rhizosphere of plants, quickly metabolizing organic acids and
carbohydrates released by roots, which makes this strain a good
root colonizer, one of the traits necessary for effective PGPBs
(Posada et al., 2018). This is consistent with bioassay results, as
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TABLE 3 | Similarity of the 24 genomes with strain BBB001T genome.

Rank Name genome accesion
number

ANI% AAI% dDDH Intergenomic
distance

Difference
G + C (%)

TETRA

1 Pseudomonas qingdaonensis’ JJ3(T) PHTD00000000.1 99.2 95.0 93.4 0.0855 0.14 0.9998

2 Pseudomonas brassicae MAFF 212427(T) LC514391.1 88.3 84.5 35.4 0.1167 0.65 0.9880

3 Pseudomonas laurentiana JCM 32154(T) JAAHBT000000000.1 81.6 81.0 25.1 0.1732 4.35 0.8680

4 Pseudomonas japonica NBRC 103040(T) NZ BBIR00000000.1 83.6 78.0 26.7 0.1618 0.10 0.9600

5 Pseudomonas alkylphenolica KL28(T) NZ CP009048.1 83.4 80.0 27.1 0.1597 3.43 0.9384

6 Pseudomonas graminis DSM 11363(T) NZ FOHW00000000.1 77.9 72.5 22.5 0.1951 3.8 0.9040

7 Pseudomonas donghuensis HYS(T) NZ AJJP00000000.1 84.2 78.0 27.7 0.1554 1.64 0.9699

8 Pseudomonas sichuanensis WCHPs060039(T) NZ QKVM00000000.1 82.0 76.8 25.3 0.1716 0.29 0.9840

9 Pseudomonas rhizosphaerae DSM 16299 (T) CP009533.1 79.7 72.6 23.5 0.1859 2.06 0.9550

10 Pseudomonas wadenswilerensis CCOS 864(T) NZ UIDD00000000.1 84.1 78.8 27.7 0.1556 1.67 0.9680

11 Pseudomonas plecoglossicida NBRC 103162(T) NZ BBIV00000000.1 81.9 74.9 25.1 0.1732 1.26 0.9820

12 Pseudomonas vranovensis CCM 7279(T) NZ AUED00000000.1 83.3 81.1 26.6 0.1630 2.53 0.9610

13 Pseudomonas asiatica RYU5(T) NZ BUF01000001.1 81.9 77.0 25.3 0.1718 1.24 0.9760

14 Pseudomonas taiwanensis BCRC 17751(T) NZ AUEC00000000.1 81.0 77.9 24,00 0.1823 2.19 0.9610

15 Pseudomonas putida NBRC 14164(T) NC 021505.1 81.4 76.3 25,00 0.1745 1.72 0.9700

16 Pseudomonas inefficax JV551A3(T) OPYN00000000.1 81.8 75.8 25.5 0.1706 1.21 0.9718

17 Pseudomonas monteilii NBRC 103158(T) NZ BBIS00000000.1 81.5 77.1 24.7 0.1768 2.37 0.9670

18 Pseudomonas coleopterorum LMG 28558(T) FNTZ00000000.1 79.6 74.3 23.4 0.1866 2.17 0.9542

19 Pseudomonas reidholzensis CCOS 865(T) UNOZ00000000 82.1 76.2 25,00 0.1741 0.03 0.9700

20 Pseudomonas cremoricolorata 1AM 1541(T) NZ AUEA00000000.1 80.7 73.9 23.6 0.1856 0.55 0.9531

21 Pseudomonas mosselii CIP 105259(T) NZ MRVJ00000000.1 82.3 77.4 25.4 0.1715 0.38 0.9810

22 Pseudomonas moorei DSM 12647(T) NZ FNKJ01000003.1 79.4 72.8 23.6 0.1850 4.40 0.9120

23 Pseudomonas lutea DSM 17257(T) JRMB00000000.1 77.4 74.4 22.5 0.1946 3.91 0.8920

24 Pseudomonas baetica a390(T) PKLC00000000.1 78.8 73.4 22.9 0.1916 5.30 0.8681

For each genome, its length [in base pairs (bp)], number of annotated genes, and the values of ANI, AAI, dDDH, intergenomic distance, G+ C difference, and TETRA index
estimated in the comparison with the genome of Pseudomonas BBB001T . In column 1, the genome accession number is indicated after the species name in RefSeq.

field-grown olives evidence an increase in yield due to bacterial
effects, probably due to an efficient colonization.

As there is an increasing number of PGPBs being described,
many of which belong to Pseudomonas, a multiphasic approach
to study its genome was taken to unravel the hidden information
of this strain with such a good performance. First, analysis of
the 16S rRNA revealed a high similarity (>99%) to five species
with validated names. Sequencing of the 16S ribosomal gene
(16S rRNA) is the basic tool in the current system classification
of bacterial species. Generally, similarity values for the 16S
rRNA gene less than 98.65 to 99% are accepted for different
species (Kim et al., 2014). However, the 16S rRNA gene may
offer limited resolution power as it shows a low capacity for
discrimination between closely related species. Furthermore,
some species may show very similar sequences of 16S rRNA
(>99%), despite being clearly different according to DDH values
(Ash et al., 1991; Rosselló-Móra and Amann, 2001). Consistently,
ANI and AAI values confirmed differences to existing validated
genomes. The values of ANI and AAI represent a robust
measure of the evolutionary distance between genomes, as it
has been empirically verified that ANI and AAI values of 95 to
96% equals a DDH value (DNA–DNA hybridization) of 70%,
commonly used to delimit prokaryotic species (Konstantinidis
and Tiedje, 2005; Richter and Rosselló-Móra, 2009; Kim et al.,
2014). The closer related strain genomes will show similar
frequencies of tetranucleotide use, with correlation indexes

(TETRA) equal to or greater than 0.99 (Teeling et al., 2004;
Richter and Rosselló-Móra, 2009). The highest values of ANI and
AAI obtained in the comparison with the genome of the species
P. brassicae were well below the 95% threshold established for
considering that both genomes belong to the same species. The
highest value of dDDH and the lower intergenomic distance
were obtained when comparing strain BBB001T and P. brassicae
MAFF212427T (Table 3), being the value of dDDH much lower
than the 70% necessary to be able to assign strain BBB001T

to this species. This result is also corroborated by TETRA
values, which did not show a significant resemblance between the
genome of strain BBB001T and the other genomes with values
less than 0.99%. In the phylogenetic tree constructed in TYGS
with complete genome data (Figure 2), strain BBB001T is closely
related with P. brassicae MAFF212427T and P. qingdaonensis
JJ3T. In this case, the analysis establishes a closer relationship
between strain BBB001T and P. qingdaonensis JJ3T, which
taxonomic name is not validated yet3. It is likely therefore that the
repertoire of accessory genes of strain BBB001T is more like that
of P. qingdaonensis JJ3T than that of P. brassicae MAFF212427T.

Comparison of the most similar complete genomes at Pan-
seq revealed novel regions of this strain, a total of 96 genes were
present exclusively in strain BBB001T, and 80 of these genes
appear associated with specific subsystems. Among these genes

3https://lpsn.dsmz.de/species/pseudomonas-qingdaonensis
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FIGURE 2 | Phylogenetic tree constructed in TYGS. Tree inferred with FastME 2.1.6.1 (Lefort et al., 2015) from GBDP distances calculated from genome sequences.
The branch lengths are scaled in terms of GBDP distance formula d5. The numbers above the branches are GBDP pseudo-bootstrap support values > 60% from
100 replications, with an average branch support of 94.3%. The branch length values represent the evolutionary time between two nodes. Unit: substitutions per
sequence site. The tree was rooted at the midpoint (Farris, 1972).

FIGURE 3 | Representation of functional categories of novel regions of strain BBB001T.
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FIGURE 4 | (A) Dry weight of tomato plants (g). (B) Iron plant content (mg/kg). (C) Pigment concentration (mg/g) on tomato leaves. Different letters denote
statistically significant differences according to LSD test (p < 0.05) for chlorophyl a (a, b, and c), chlorophyl b (x, y, and z), and carotenes (m, n, and p).

FIGURE 5 | Olive and olive oil production of Olea europaea trees (kg/ha). Different letters denote statistically significant differences according to LSD test (p < 0.05)
for olive yield (a, b), oil yield (x, y).

(Figure 3), those related to the uptake and iron metabolism were
found (Coulton et al., 1983; Braun, 2003; Miethke and Marahiel,
2007) and correlate with data from phenotypic characterization.

Biological assays were designed to evidence the potential of
the strain for agriculture based on its unique genes related to

iron metabolism on the one hand and of its general performance.
The biological assay on iron-starved tomato was conducted
based on information about unique genes of this strain related
to iron absorption (Fe3+) and metabolism (Figure 3). Data
showed that both BBB001T and its culture media free of bacteria
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(chelate) supplemented with non-soluble iron were able to revert
chlorosis due to iron deficiency, according to visual evaluation,
significantly increasing dry weight, iron concentration and
photosynthetic pigments in iron-starved tomatoes, being the
bacteria much more efficient than the chelate (Figure 4).

The differences between the bacteria and the culture media
suggest that the increased iron mobilization is strongly improved
when the bacteria are present, consistent with the multitarget
response proposed for beneficial bacteria (Ilangumaran and
Smith, 2017). In this type of response, bacteria improve
iron mobilization probably supported by an increased root
development that allows an increase in absorption surface
(Gutierrez Mañero et al., 1996), a response attributed to
auxin concentration, also present in the unique gene set of
the strain. The beneficial effect on iron nutrition also shows
an increase of photosynthetic pigments on the shoot, being
especially striking the increase on chlorophyll a, the key player
on light reactions as it is mainly located on photosystems. The
increase in photosynthetic potential is evidenced on growth
(dry weight), with the highest increase in dry weight on the
bacteria treated plants, confirming that not only iron limits plant
growth and supporting the better performance of bacteria in
agriculture, where many environmental factors change along
plant growth cycle.

The biological assay in the intensive olive orchard was
conducted aiming to demonstrate the ability of the strain to
improve plant adaptation to stress situations, especially the lack
of water, as this situation becomes more and more frequent
nowadays. The mechanisms involved in plant adaptation to stress
are common to many other stressful situations such as salinity
or biotic stress, through common signaling pathways (Martin-
Rivilla et al., 2020). Plant adaptive mechanisms involve ionic
homeostasis and modulation of redox balance among others
(Kangasjärvi et al., 2014; Kollist et al., 2019). Olive yield (kg/ha)
and oil production increased significantly (up to 30%) despite the
25% decrease of water input (Figure 4). The registered increase
in oil was due to two factors: the increment in olive production
and the increase in fat yield, reaching similar values to controls
under regular water regimen (data not shown).

These results support the suitability of this strain to activate
adaptive mechanisms in different plant species, from herbaceous
to woody plant species, as well as its versatility to different
environmental stress factors, evidencing its multitarget power
(Ilangumaran and Smith, 2017).

Genomic analysis on strain BBB001 revealed that it could
not be assigned to any known species of Pseudomonas, so
the name P. palmensis sp. nov. was proposed for strain
BBB001T. A 16S rRNA gene sequence–based phylogenetic
analysis suggested that the strain BBB001T was affiliated with
the P. brassicae group with P. brassicae MAFF212427T as the
most closely related type strain (99.85% similarity). Genomic
comparisons of strain BBB001T with the type strain species
P. brassicae MAFF212427T were all below thresholds established
for differentiation. In the comparative analysis of complete
genomes, a total of 96 genes present exclusively in strain
BBB001T were identified, 80 of which appear associated with
specific subsystems.

Also, the novel taxon possesses several phenotypic traits
related to beneficial plant traits, like auxin production or iron
mobilization. Results obtained in iron-starved tomato and water-
limited olive orchards confirm the potential of this strain for
agriculture. On the one hand, it is efficient for iron mobilization
under nutrient stress and adverse conditions, consistent with the
specific and unique set of genes associated with iron metabolism,
so it can be used to develop organic Fe supplies for sustainable
agriculture, both the strain and its metabolites. On the other
hand, it can improve adaptation to water-limiting conditions
while keeping high productivity, so it is an excellent candidate
to develop biotechnological products for agriculture under
harsh conditions. Finally, the effects recorded in herbaceous
species such as tomato, as well as in a woody species such
as olive, confirm its wide scope capability to succeed in most
agronomic crops, as this strain can trigger plant metabolism in
different species.

In summary, all phenotypic and genomic characterization of
the novel strain BBB001T reveals a distinct and well-differentiated
species from all Pseudomonas species with validated reference
taxons and, more precisely, different from P. brassicae
MAFF212427T.

Thus, based on the polyphasic approach, we describe a novel
Pseudomonas species, for which the name P. palmensis sp. nov.
is proposed, based on the geographical origin of isolation, Las
Palmas de Gran Canarias (Islas Canarias, Spain). The type strain
is strain BBB001T (= LMG 31775 = NCTC 14418).

Description of Pseudomonas palmensis
sp. nov
Pseudomonas palmensis (palm.en’sis), N.L. masc./fem. adj.
palmensis, belonging to Las Palmas de Gran Canaria, Spain, from
which the type strain was isolated.

Cells are Gram-reaction negative, aerobic, rod-shaped bacteria
ranging between 0.5 and 0.8 µm × 1.5–3.8 µm long, non–
endospore-forming rods. Colonies grow on PCA at 28◦C forming
circular colonies < 1 mm ∅, with smooth borders, opaque,
yellowish, and creamy texture. In liquid culture (nutrient broth),
color changes from pale yellow in the exponential growth
phase to intense yellow on the stationary phase after 24 h at
28◦C. Growth occurs at 4 to 40◦C in 24 h but not at 42◦C.
As regards pH, strain BBB001T grows in a pH range from
6 to 10 and with a salt concentration from 2 to 6%. The
optimal temperature, pH, and salinity of growth for BBB001T

are 28◦C, pH 8, and 0% salinity. It is able to assimilate glucose,
potassium gluconate, capric acid malate, trisodium citrate, and
phenylacetic acid; it is oxidase positive. Its metabolic profile
based on BIOLOG Eco shows a high catabolic capacity. It is
able to produce auxins and siderophores, but not chitinases.
The major fatty acids (> 81.17% of the total fatty acids) are
C16:0 > summed feature 3 (C16:1ω7c/C16:1 ω6c), > summed
feature 8 (C18:1ω7c/C18:1ω6c) > C17:0 cyclo.

The strain BBB001T was isolated form the rhizosphere
of N. glauca L. in Las Palmas de Gran Canaria Spain,
in 2017. The genomic DNA G + C content of the type
strain is 64.05%. The draft genome and 16S rRNA gene
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sequences of the strain BBB001T have been deposited at the
NCBI GenBank under accession numbers MW009702 and
JAFKEC000000000, respectively. The type strain is BBB001T

(= LMG 31775 = NCTC 14418).

MATERIALS AND METHODS

Origin of Bacteria
The bacterial screening was carried out over the rhizosphere
of wild populations of N. glauca in Las Palmas de Gran
Canaria (Islas Canarias, Spain; Coordinates UTM: 28◦01′36.8′′
N 15◦23′19.7W) in December 2017. The soil intimately adhered
to roots, and the thinner roots (diameter 1–2 mm) of four
plants were pooled at random and constituted a replicate; four
replicates were sampled. All materials were brought to the
laboratory in plastic bags at 4◦C. One gram of rhizosphere soil
and thinner roots were suspended in 10 mL sterile distilled
water and homogenized for 1 min in an Omni Mixer. One
hundred microliters of the soil suspension was used to prepare
serial 10-fold dilutions in a final volume of 1 mL; 100 µL
was plated on Standard Methods Agar (Pronadisa Spain)
and incubated for 4 days at 28◦C. Individual colonies were
selected after 36 h. To avoid duplication, isolated colonies were
marked on the plate after selection. Eighty colony-forming
units (cfu) were selected from each serial-dilution series, that
is, from each replicate (four), constituting 320 cfu. All were
isolated and grouped according to Gram staining, morphological
characteristics, and sporulating capacity into four parataxonomic
groups: Gram-positive endospore-forming bacilli, Gram-positive
non–endospore-forming bacilli, Gram-negative bacilli, and other
morphologies were grouped under “Others.” All isolates were
kept at −20◦C on glycerol: water (1:4) (Ramos-Solano et al.,
2010). Our bacterium was isolated from these dilutions and was
kept at−20◦C on glycerol: water (1:4).

Phenotypic Characterization
Our bacterium was tested for in vitro production of auxins,
(Benizri et al., 1998), siderophores (Alexander and Zuberer,
1991), and chitinases (Rodríguez-Kábana et al., 1983; Frändberg
and Schnürer, 1998) using specific culture media in which a color
change reveals the biochemical trait.

To test pH and salt tolerance rates of BBB001T, the following
procedure was followed. Growth was tested in presence of 0 to
8% (wt/vol) NaCl (at intervals of 1%) and at pH 4 to 10 (at
intervals of 0.5 pH units) by supplementing TSB with appropriate
buffer systems (pH 4–5.5, 0.1 M citric acid/0.1 M sodium citrate;
pH 6–9, 0.1 M KH2PO4/0.1 M NaOH; pH 8.5–10, 0.1 M
NaHCO3/0.1 M Na2CO3 (Xu et al., 2005). After autoclaving,
pH medium was adjusted by the addition of NaOH/HCl 1 M
before sterile filtration (pore size 0.22 µm). Analyses were carried
out at 28◦C for 48 h by shaking at 140 revolutions/min (rpm)
in an orbital shaker and measuring OD600 nm every 2 h.
Each well contained 200 µL of the selected medium and was
inoculated at a dilution of 1:1,000 with an overnight culture
of cells grown in unmodified TSB at 28◦C for 24 h. Periphery
pH and NaCl growth conditions previously obtained were also

studied, using 5-mL tubes at 28◦C for 1 week. Growth at 4 to
42◦C was tested in tubes containing 7 mL TSB with shaking
at 140 rpm for 8 days. All strains were precultured overnight
at 28◦C with TSB before suspending one loop of cells in
1 mL TSB as inoculation culture. The 7-mL test tubes were
inoculated with 10 µL of the inoculation culture. The optimal
growth temperature was determined using the SPECTROstar
nano (BMG Labtech) and TSB under the same conditions as
used for testing growth at different NaCl concentrations and pH.
The range for optimal growth was determined by the length
of the lag phase until the cultures achieved an increase in
OD600 of 0.2.

The metabolic capabilities were evaluated by API 20NE and
BIOLOG ECO according to manufacturer instructions. The
bacterial suspension was prepared from bacterial biomass grown
for 24 h in PCA resuspended in MgSO4 10 mM to achieve 95% of
transmittance at 620 nm. Biolog ECO plates were then inoculated
with 150 µL per well. Plates were incubated at 25◦C in darkness.
Each well contained a substrate and tetrazolium salts, which turn
violet when reduced by the activity of microorganisms. Three
replicates per treatment and sampling time were performed.
Kinetics of average well color development (AWCD) were used
to perform a curve and to determine bacterial speed using the 31
provided substrates. From this curve, 7-day incubation time was
chosen to represent the catabolic profile of the strain.

Fatty acid composition was determined according to MIDI
microbial identification system (Sasser, 1990) on an Agilent
6850 gas chromatograph, provided with the MIDI microbial
identification system with method TSBA6 (MIDI, 2008). This
fatty acid profile was obtained from strain BBB001 grown in
nutrient agar, at 28◦C, for 24 h.

Phylogenetic Analysis
To investigate the phylogenetic relationship of strain BBB001T

with other species of Pseudomonas genus and define the
taxonomic allocation, three main strategies were used:

• Estimate the similarity between genomes: (a) phylogenetic
analysis and delimitation of species based on the analysis
of 16S rRNA and (b) ANI, AAI, hybridization DNA–
DNA in silico or dDDH (digital DNA–DNA hybridization),
difference in the content of guanine-cytosine (G + C), and
frequency of tetranucleotide use.
• Phylogenetic analysis at complete genome level.
• Characterization of novel regions.

Libraries Preparation
The DNA extraction from the lyophilized culture was performed
with the REAL MicroSpin DNA Isolation kit (Durviz), strictly
following the manufacturer’s instructions. A sample that did
not contain a bacterial culture was processed in parallel with
the other samples to verify the absence of cross contamination
during DNA extraction. DNA was quantified using fluorometric
methods (Qubit, Thermo Fisher Scientific).

Nextera XT Library Prep kit (Illumina) was used to prepare
the library, following the manufacturer’s instructions. The
fragment size distribution was then checked on an Agilent 2100
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Bioanalyzer, using the Agilent DNA 1000 kit. Qubit dsDNA HS
kit was used to check library concentration.

Based on these concentration data, the library was equimolarly
mixed and loaded in a fraction of a MiSeq Paired-End
300 (Illumina) run.

Quality Analysis and Sequencing Data
The FastQC 0.11.3 program was used to analyze the quality of the
sequencing. Trimmomatic 0.36 (Bolger et al., 2014) was used to
remove the adapters (ILLUMINACLIP option) and poor-quality
regions (SLIDINGWINDOW: 5: 30). All sequences smaller than
80 base pairs were also discarded.

De novo Assembly and Quality Analysis
Short sequences were assembled de novo using SPAdes 3.10
(Bankevich et al., 2012). SPAdes is based on the creation of graphs
using the algorithm known as de Bruijin using different kmers.
As recommended in the manual, kmers 21, 33, 55, 77, 99, and
127 were used; the –cov-cutoff option was set to auto and the –
careful option was enabled. SPAdes use the information from
the two pairs of files generated in the sequencing to transform
contigs into scaffolds by introducing Ns between the contigs
that can be joined.

The quality of the assemblies was analyzed using the QUAST
4.4 program (Gurevich et al., 2013).

The sequences of each sample were mapped in the assembly
generated by SPAdes, to determine the coverage of each genomic
region using BWA 0.7.12 (Li and Durbin, 2010). SAMtools 0.1.19
(Li et al., 2009) was used to determine the depth of sequencing
and eliminate secondary or poor-quality mappings.

Qualimap 2.2.1 (Okonechnikov et al., 2015) was used to
observe how the coverage is distributed throughout the genome
and, in addition, to extract the specific coverage of each
scaffold. To avoid possible inconsistencies or the presence of
contaminating sequences, those scaffolds with less than 10
X coverage were discarded from the successive analyses. In
addition, those scaffolds with a length less than 1,000 base pairs
were also eliminated.

The sequencing of the complete genome on the Illumina
platform MiSeq PE300 generated 986,724 sequences and a total of
290 megabases (Mb). The sequences obtained after applying the
quality filters were assembled de novo to create larger sequences
(scaffolds). Strain BBB001T genome assembly generated 128
scaffolds with a total length of 5.91 Mb. The mapping of the
sequences against the assembled genome confirmed that 99.94%
of the sequences obtained for strain BBB001T could be used for
the generation of the assembly.

Estimates of the Degree of Similarity Between
Genomes
Phylogenetic Analysis and Delimitation of Species Based on
the Analysis of 16S
16S rRNA sequences were BLAST-queried against all strains
with a validated name in the reference database at the
Ezbiocloud website.

ANI and AAI
The first stage of this analysis consists in the comparison at
the nucleotide (ANI) and amino acid (AAI) level of strain
BBB001T genome with all complete genomes available in the
EzBiocloud database for similar genomes according to the 16S
analysis previously performed. The estimates of the nucleotide
identity index (ANI) were calculated using4. The amino acid
content (AAI) was calculated at http://enve-omics.ce.gatech.edu/
aai/. Values below 95% indicate a new species (Richter and
Rosselló-Móra, 2009; Kim et al., 2014).

dDDH and Content in G+ C
Based on the results of the previous section, the 26 genomes
located in the fourth quartile of the distribution of the ANI
values were selected (i.e., predictably, the most closely related
to strain BBB001T), to calculate the intergenomic distances and
the dDDH indexes, using the GGDC web server (Genome-to-
Genome Distance Calculator). This server also calculates the
difference in G + C content of genomes analyzed. Values less
than 70% are indicative of significant differences (Richter and
Rosselló-Móra, 2009; Kim et al., 2014).

Frequencies of Use of Tetranucleotides
The JSpecies software (Richter and Rosselló-Móra, 2009) was
used to calculate the differences in tetranucleotide usage profiles
between the genome of strain BBB001T and the 26 most related
genomes. Values greater than 99% are indicative of significant
differences (Teeling et al., 2004; Richter and Rosselló-Móra,
2009).

Phylogenetic Analyses Based on Complete Genome
Sequences
The genome sequence of BB001 was uploaded to the TYGS, a free
bioinformatics platform available under https://tygs.dsmz.de, for
a whole genome-based taxonomic analysis (Meier Kolthoff and
Göker, 2019).

First, BB001 genome was compared against all type strain
genomes available in the TYGS database via the MASH
algorithm, a fast approximation of intergenomic relatedness
(Ondov et al., 2016), and the 10 type strains with the smallest
MASH distances chosen per user genome. This was used as a
proxy to find the best 50 matching type strains (according to
the bitscore) for each user genome and to subsequently calculate
precise distances using the Genome BLAST Distance Phylogeny
(GBDP) approach under the algorithm “coverage” and distance
formula d5 (Meier-Kolthoff et al., 2013). These distances were
finally used to determine the 10 closest type strain genomes for
each of the user genomes.

For the phylogenomic inference, all pairwise comparisons
among the set of genomes were conducted using GBDP and
accurate intergenomic distances inferred under the algorithm
“trimming” and distance formula d5 (Meier-Kolthoff et al.,
2013). One hundred distance replicates were calculated
each. Digital DDH values and confidence intervals were
calculated using the recommended settings of the GGDC 2.1
(Meier-Kolthoff et al., 2013).

4https://www.ezbiocloud.net/tools/ani
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The resulting intergenomic distances were used to infer a
balanced minimum evolution tree with branch support via
FASTME 2.1.6.1 including SPR postprocessing (Lefort et al.,
2015). Branch support was inferred from 100 pseudo-bootstrap
replicates each. The trees were rooted at the midpoint (Farris,
1972) and visualized with PhyD3 (Kreft et al., 2017).

Characterization of Pseudomonas BBB001T Novel
Regions
The novel regions were determined using the web server Pan-
seq5. The Novel Region Finder of this software currently identifies
any genomic regions present in any of the “Selected Query”
sequences (genomes of the 26 species closer in EzBiocloud) that
are not present in any of the “Selected Reference” sequences
(genome of BB001) and returns these regions in multi-fasta
format. These comparisons are done using the nucmer program
from MUMmer v3. Annotations of novel sequences were
computed using eggnog-mapper (Huerta-Cepas et al., 2017)
based on eggNOG 4.5 orthology data (Huerta-Cepas et al., 2018).

Biological Assays Experimental Set Up
Iron Mobilization on Tomato
Tomato (Solanum lycopersicum L.) seeds were germinated in
cocopeat with 24◦C/19◦C (day/night), and 15-h/9-h light–
dark and kept in the greenhouse under controlled conditions
throughout the 12 weeks of the experiment. Four treatments
were used in this experiment: (1) control + (Fe-EDTA), (2)
control− (no iron, no bacterial treatment), (3) strain BBB001T,
and (4) the culture media free of bacteria [chelate (Q) produced
by BBB001T]; to obtain treatments 3 and 4, strain was inoculated
on nutrient broth and was grown for 24 h at 28◦C under
shaking, and then the culture media was centrifuged at 4,000 rpm,
and the supernatant was treatment 4 (chelate), and treatment
3 was made by resuspending cells in the same volume of
MgSO4 10 mM solution. A total of 96 plants arranged in three
replicates with eight plants each per treatment. Plants were grown
under iron deficiency conditions achieved by washing substrate
with bicarbonate buffer pH 8.5 to bring substrate to basic pH
preventing iron absorption. After sowing, plants were watered
twice a week with bicarbonate buffer pH 8.5 to maintain a
high pH and with Hoagland without iron once a week. When
chlorosis appeared (6 weeks after sowing), bacteria were delivered
to plant roots by soil drench supplemented with iron (FeCl3).
Three doses were delivered every 2 weeks; each dose consisted
of 10 mL of strain BBB001T (or chelate), at 1 × 108 cfu/mL per
plant supplemented with FeCl3 in an equivalent concentration
of iron per plant to even that of Fe-EDTA. Two days after the
last inoculation, plants were harvested to analyze dry weight, iron
content, and photosynthetic pigments.

After 12 weeks of experiment, plants were harvested and
dried, and plant weight was recorded. Leaves from plants
in a replicate were pooled, and chlorophylls and carotenes
were analyzed according to Lichtenthaler and Hartmut (1987),
and iron was determined by atomic absorption spectrometry
(method PNT.08.01).

5https://lfz.corefacility.ca/panseq/page/index.html

Olea europaea Production in Intensive Orchards
Under Water Limitation
A 12-year-old intensive orchard of O. europaea var. Arbequina
in Toledo (Spain) (Coordinates UTM 393782–4343510) was used
for this experiment. Two lines of 100 m each were selected,
and treatments were marked within the two lines on a random
block design. Treatments consisted in three replicates of seven
trees; BBB001T treatment was root inoculated (500 mL per tree
with a bacterial concentration 1 × 108 cfu/mL) every 2 weeks
from April to October, and controls were mock inoculated
with water. Regular watering consists of four times a week,
each 2 L/h for 3 h; in experimental trees, one time was
skipped to decrease water input by 25%. Olives were harvested
at the end of October, collecting all olives from the seven
trees in the replicate, which were weighed, and fat content
determined with Soxhlet. Production (kg/ha) was estimated
calculating production per plant and considering orchard’s plant
density (1,600/ha).

Statistical Analysis
To evaluate treatment effects on all variables, one-way analysis of
variance was performed. When significant differences appeared
(p < 0.05), LSD test (least significant difference) Fisher was used.
Statgraphics Plus for Windows was the program used.
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Can Inoculation With the Bacterial
Biostimulant Enterobacter sp. Strain
15S Be an Approach for the Smarter
P Fertilization of Maize and
Cucumber Plants?
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Raphael Tiziani 1, Youry Pii 1*, Tanja Mimmo 1 and Stefano Cesco 1
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Phosphorus (P) is an essential nutrient for plants. The use of plant growth-promoting
bacteria (PGPB) may also improve plant development and enhance nutrient availability,
thus providing a promising alternative or supplement to chemical fertilizers. This study
aimed to evaluate the effectiveness of Enterobacter sp. strain 15S in improving the growth
and P acquisition of maize (monocot) and cucumber (dicot) plants under P-deficient
hydroponic conditions, either by itself or by solubilizing an external source of inorganic
phosphate (Pi) [Ca3(PO4)2]. The inoculation with Enterobacter 15S elicited different
effects on the root architecture and biomass of cucumber and maize depending on
the P supply. Under sufficient P, the bacterium induced a positive effect on the whole
root system architecture of both plants. However, under P deficiency, the bacterium
in combination with Ca3(PO4)2 induced a more remarkable effect on cucumber, while
the bacterium alone was better in improving the root system of maize compared to
non-inoculated plants. In P-deficient plants, bacterial inoculation also led to a chlorophyll
content [soil-plant analysis development (SPAD) index] like that in P-sufficient plants
(p < 0.05). Regarding P nutrition, the ionomic analysis indicated that inoculation with
Enterobacter 15S increased the allocation of P in roots (+31%) and shoots (+53%)
of cucumber plants grown in a P-free nutrient solution (NS) supplemented with the
external insoluble phosphate, whereas maize plants inoculated with the bacterium alone
showed a higher content of P only in roots (36%) but not in shoots. Furthermore, in
P-deficient cucumber plants, all Pi transporter genes (CsPT1.3, CsPT1.4, CsPT1.9, and
Cucsa383630.1) were upregulated by the bacterium inoculation, whereas, in P-deficient
maize plants, the expression of ZmPT1 and ZmPT5 was downregulated by the bacterial
inoculation. Taken together, these results suggest that, in its interaction with P-deficient
cucumber plants, Enterobacter strain 15S might have solubilized the Ca3(PO4)2 to
help the plants overcome P deficiency, while the association of maize plants with the
bacterium might have triggered a different mechanism affecting plant metabolism. Thus,
the mechanisms by which Enterobacter 15S improves plant growth and P nutrition are
dependent on crop and nutrient status.

Keywords: Zea mays, Cucumis sativus, plant growth promoting bacteria, root exudation, P-solubilisation,

phosphorus transporter, gene expression
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INTRODUCTION

Crops cultivated around the world, belonging to both monocot
and dicot clades, can be very diverse; nevertheless, their growth
and development are strongly influenced by the state and the
availability of nutrients in the soil. Consequently, the yield levels
and the overall performance of a crop can considerably vary both
spatially and temporally, depending on both soil characteristics
and agricultural practices. In this context, phosphorus (P) is
known to play a crucial role in plant nutrition; thus helping
to achieve optimal growth and productivity. Plants take up P
as inorganic phosphate (Pi); however, due to its low solubility
and mobility, P is sparingly available in the soil solution,
as its concentration is often rather limited (<10µM) (Wang
et al., 2017). To cope with this issue, plants have evolved
morphological, biochemical, and metabolic strategies, which
include: (i) the enhancement of root density and length, (ii)
the release of organic acids and phosphatases, (iii) an increase
in the expression of high-affinity Pi transporters, and (iv) the
establishment of a symbiotic association with mycorrhizal fungi
(López-Arredondo et al., 2014).

In addition to the genetic improvement of crops achieved
through breeding programs, the exogenous root-inoculation with
plant growth-promoting bacteria (PGPB) could prove itself to
be an interesting and promising agricultural approach to the
amelioration of the mineral nutrition of plants (Ramaekers et al.,
2010). Indeed, beneficial bacteria colonize the root surface in the
rhizosphere, where they can exert positive effects on a wide range
of plant species via direct and indirect mechanisms (Dakora et al.,
2015; Backer et al., 2018). The direct effects of PGPB inoculation
can be related to either activity aimed at ameliorating the mineral
nutrition of plants [e.g., nitrogen (N) fixation, P solubilization,
the release of siderophores, and the enhancement of mineral
nutrients uptake] (Pii et al., 2015b) or the release of hormone-
like compounds that can modulate the growth of plants (Glick,
2012; Goswami et al., 2016). On the other hand, indirect effects
are related to the ability of PGPB to protect plants from both
abiotic (e.g., drought and salinity) and biotic (e.g., pathogens)
stresses (Glick, 2012; Goswami et al., 2016).

Focusing on the biogeochemical cycle of P in soil, it has
been well-demonstrated that PGPB can enhance the available
fraction of this nutrient via an augmented secretion in the
rhizosphere of organic acids and phosphatases (Billah et al.,
2019). Although examples of improved plant acquisition of P
have been well-described as a consequence of root inoculation
with different PGPB strains, the mechanisms underlying the
phenomenon remain unknown. The understanding of these
interactions can be further complicated by the co-occurrence of
processes underpinning P acquisition by plants; for instance, the
increased nutrient bioavailability at the root-soil interface on the
one hand, and the enhanced capacity of plants to transport Pi
across the plasmamembrane on the other hand (Pii et al., 2015b).
Moreover, the ability of the roots to reacquire a wide range
of small organic molecules belonging to root exudates, recently
demonstrated in P-deficient tomato plants, further complicates
the biochemical P cycle in the rhizosphere (Tiziani et al.,
2020). Collectively, deeper comprehension of all these processes

through the application of multidisciplinary approaches appears
to be crucial to better exploit the properties of the PGPB strains
at the field scale for the more efficient use of the endogenous P
sources in soil within the context of more sustainable agriculture.

With respect to Pi-uptake mechanisms in roots, there are
diverse experiences in literature aimed at the identification of the
genes encoding the specific transporters and the characterization
of the regulation of the entire Pi-uptake process in the roots
(López-Arredondo et al., 2014). Considering the first aspect,
among the genes identified, the PHT1 gene family has the
largest number of members expressed in roots, is well-recognized
as mediators of Pi uptake from the external medium, and is
predominantly overexpressed under P starvation (Wang et al.,
2018). Considering crops and in particular monocots, 13 PHT1
members have been identified in rice (Oryza sativa) (Paszkowski
et al., 2002) and maize (Zea mays) (Liu et al., 2016), 16 in
wheat (Triticum aestivum) (Grün et al., 2018), and nine in
sorghum (Sorghum bicolor) (Tavares de Oliveira Melo, 2016).
On the other hand, in dicots, 15 genes have been identified in
the soybean (Glycine max) genome (Fan et al., 2013), eight in
tomato (Solanum lycopersicum) (Chen et al., 2014) and potato
(Solanum tuberosum) (Liu et al., 2017), and five in tobacco
(Nicotiana tabacum) and pepper (Capsicum frutescens) (Chen
et al., 2007). In this respect, it is interesting to note that studies
aimed at characterizing the expression levels of these genes
in inoculated plants (and, thence, the functionality of the Pi
transporters) have been mainly conducted in plants colonized
with arbuscular mycorrhizal fungi (AMF), while only a few of
them considered inoculation with PGPB (Duan et al., 2015; Liu
et al., 2018; Zhang et al., 2019). Therefore, the regulatory effects of
PGPB on these transporters are still quite unknown. Additionally,
considering that the effects of PGPB on plants significantly
depend on specific interactions between plant genotypes and
bacterial strains (Pii et al., 2015b; Crecchio et al., 2018),
deeper knowledge about the PGPB strains (already isolated and
belonging to the microbial collection banks in several research
centers but not yet thoroughly investigated and characterized)
appears to be fundamental.

Considering the possibility of improving P nutrition in crops
using PGPB, it is worth mentioning that, in the context of
previous research, the bacterium Enterobacter sp. strain 15S
has been isolated and characterized for its particular ability
to solubilize P in vitro, thus making it a promising tool
for sustainable fertilization strategies (Zuluaga et al., 2020).
Nevertheless, considering the abovementioned specificity in
the PGPB-host interplay, it is mandatory to characterize the
interaction of Enterobacter sp. strain 15S with model crops
belonging to both monocots and dicots to unravel whether this
bacterial strain might find a useful application at the field scale.

Based on these observations, the present research aimed to
investigate the effect of Enterobacter sp. strain 15S inoculation
on the development and P nutrition of cucumber and maize
plants, which were chosen as representatives of the clades dicots
and monocots, respectively. Considering the strong ability of
P solubilization featured by Enterobacter sp. strain 15S, the
bacterium effects on root P uptake of plants fed with an inorganic
Pi source [Ca3(PO4)2] were also monitored. Plants were grown
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in hydroponic conditions, either in the presence (P+) or in
the absence (P-) of the macronutrient P; plants were also either
inoculated or not inoculated with Enterobacter sp. strain 15S. In
addition, considering the strong P solubilization ability featured
by Enterobacter sp. strain 15S, a set of plants were also fed
an insoluble inorganic Pi source [Ca3(PO4)2] and monitored
for their growth and mineral nutrient accumulation. After a
cultivation period of 21 days, the plants were sampled and
assessed for their growth, the concentration of mineral elements
in their tissues, biological activities of their roots (i.e., release of
exudates), and the molecular modulation of Pi transporters at the
root level.

MATERIALS AND METHODS

Experimental Design and Plant Growth
Conditions
Cucumber (Cucumis sativus L. cv. Chinese Long) and maize
(Z. mays L. – hybrid P0423, Pioneer Hi-Bred Italia S.r.l) plants
were hydroponically grown under controlled environmental
conditions in a climatic chamber with a 14/10-h light/dark
period, 24/19◦C, 250 µmol m−2 s−1 light intensity, and 70%
relative humidity. Seeds were germinated for 5 days in the
dark at 22◦C on filter paper moistened with 0.5mM CaSO4.
Five-day-old seedlings were then transferred into 2-L plastic
pots filled with 1.5 L of a full-strength nutrient solution (NS),
either not supplemented (P-) or P-supplemented (P+) using the
soluble phosphate 0.1mM KH2PO4. The NS had the following
composition: 2mM Ca (NO3)2, 0.5mMMgSO4, 0.7mM K2SO4,
0.1mM KCl, 10µM H3BO3, 0.5µM MnSO4, 0.2µM CuSO4,
0.5µM ZnSO4, 0.01µM (NH4)6Mo7O24, and 80µM Fe-EDTA.
The solution was continuously aerated and changed two times
per week. After 7 days of hydroponic culture, plants were set
in a 2 × 4 factorial experimental design completely randomized
with two P conditions (P+ and P–) and two biostimulant
treatments with the PGPB Enterobacter 15S, with or without
insoluble Ca3(PO4)2, provided with a dialysis tube (named 15S
and 15SIP, respectively), plus two inoculated controls (named
C and CIP, respectively) (Figure 1). Three biological replicates,
with 10 (cucumber) or eight (maize) seedlings per replicate, were
performed for each treatment. After 21 days of cultivation, the
plants were harvested and assessed as described below.

Bacterial Biostimulant
Enterobacter sp. 15S strain (KX884932.1) was originally isolated
from bulk soil under conventional horticultural management in
the Laboratory of Molecular Biochemistry of the State University
of Londrina (Paraná, Brazil) (Zuluaga et al., 2020). The bacterial
strain was grown in Luria-Bertani (LB) medium (10 g L−1

tryptone, 5 g L−1 yeast extract, and 10 g L−1 NaCl) under orbital
shaking at 180 rpm, 28◦C, for 24 h. After that period, the
cells were harvested, washed three times, and resuspended in a
sterile saline solution (0.85% w/v NaCl). Bacterial biostimulant
suspension was used to inoculate the hydroponic NS to a final
concentration of 106 cell ml−1 (Figure 1). Control treatments
were treated with the same amount of sterile saline solution.

Plant Analysis
Morpho-Physiological Parameters

SPAD Values
After 15 days of hydroponic culture, the plants were harvested
and the changes in chlorophyll concentration of the youngest
fully expanded leaves were determined using a portable
chlorophyll meter (SPAD-502, Minolta, Osaka, Japan) and
presented as soil-plant analysis development (SPAD) units.
Measurements were performed on three plants per pot of each of
the three biological replicates and at least two readings per plant
were taken and averaged.

Plant Biomass
At harvest, three biological replicates of the shoots and roots were
separated and dried at 65◦Cuntil constant weight. The dry weight
(DW) of the roots and shoots was recorded.

Root Morphological Characteristics
For the analysis of root morphology, fresh roots were scanned
using a root scanner system (EPSON Perfection V800, Regent
Instruments Inc., Quebec, Canada) and data were then analyzed
with the WinRHIZO software (EPSON 1680, WinRHIZO
Pro2003b) to determine the root characteristics, including length,
surface area, diameter, volume, and the number of tips. All
determinations were made in triplicates.

Element Analysis
The plant tissue of the shoots and roots were dried at 65◦C and
acid digested with 68% ultrapure HNO3 (Carlo Erba, Milano,
Italy) in a single reaction chamber microwave digestion system
(UltraWAVE, Milestone, Shelton, CT, USA). Concentrations of
macro and micronutrients were determined using an inductively
coupled plasma–optical emission spectrometer (ICP-OES
Spectro CirosCCD, Spectro, Germany). Element quantification
was carried out using certified multi-element standards (CPI
International, https://cpiinternational.com). Tomato leaves
(SRM 1573a) and spinach leaves (SRM 1547) were used as
the external certified reference materials. Determinations were
carried out in triplicates.

Root Exudation of Phenolics and
Flavonoids
Root exudates were collected at the end of the hydroponic
cultivation period. One plant of each biological replicate was
removed from the NS and their roots were washed with distilled
water. Plants were then transferred separately into smaller pots
containing 20ml of H2O MQ (18.2 MΩ cm3) as a trap solution.
Pots were covered with aluminum foil to keep the roots in the
dark, with the trap solution being continuously aerated. Root
exudates were collected after 24 h, filtered at 0.45µm, frozen at
−80◦C, freeze-dried, and resuspended in methanol 60%. The
total phenolic content in the root exudates was determined using
the Folin-Ciocalteau method (Folin and Ciocalteau, 1927) and
was expressed as the nmol equivalent of gallic acid per gram of
root fresh weight (RFW). Total flavonoid content was measured
with the aluminum chloride colorimetric method (Miliauskas
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FIGURE 1 | The experimental design of the present study. Seedlings of cucumber or maize were grown on nutrient solutions (NSs) supplemented (P+) or
non-supplemented (P–) with 0.1 of mM KH2PO4. The bacterial biostimulant with Enterobacter 15S was used to inoculate the hydroponic NS to a final concentration of
106 cell ml−1 (15S) and the NS in pots containing the insoluble phosphate Ca3(PO4)2 (15SIP). Two uninoculated controls, with the insoluble phosphate Ca3(PO4)2
(CIP) or without it (C), were also evaluated (Refer text in detail). The dialysis membrane used was a MEMBRA-CEL MD34 14 × 100, MWCO: 14000, Pore size: 50Å
(Viskase Companies Inc., Willowbrook, IL, USA).

et al., 2004) and expressed as the nmol equivalent of rutin per
gram of root fresh weight.

Gene Expression Analysis
Root tissues from two plants of each biological replicate were
collected. The harvested roots were frozen in liquid N and
stored at −80◦C until use. Total RNA was extracted from
frozen roots using the Spectrum Plant Total RNA Kit (Sigma-
Aldrich, St. Louis, MO, USA) according to the instructions
of the manufacturer. The total RNA (1 µg) was treated with
10U of DNAse RQ1 and used for cDNA synthesis using the
ImProm-II Reverse Transcription System (Promega, Madison,
WI, USA) and oligo (dT)15 primer as per the recommendations
of the manufacturer. The cDNA obtained was used as a template
for the quantitative real-time reverse transcription PCR (qRT-
PCR) performed using the SsoFast EvaGreen Supermix (Bio-Rad,
Hercules, CA, USA) and the Bio-Rad iCycler MyiQ real-time
PCR system (Bio-Rad). Gene-specific primers were designed for
the target genes and the housekeeping gene, the elongation factor
1α (Supplementary Table 1). Experiments were carried out in
triplicates with the following conditions: 5min at 95◦C, followed
by 40 cycles at 95◦C for 30 s, and 55◦C for 30 s, as described
previously (Pii et al., 2016, 2019). The amplification efficiency
was calculated from raw data using the LinRegPCR software
(Ramakers et al., 2003). For each transcript, the mean normalized
expression value (MNE; Simon, 2003) was calculated using the
housekeeping transcript and the relative expression ratio values
were calculated by the 2−11Ct method according to Livak and
Schmittgen (2001).

Data Analysis
All experimental data for both plant species (C. sativus and
Z. mays) were statistically subjected to two-way ANOVA using

the software IBM SPSS Statistics 20. The mean values were
separated according to Tukey’s HSD test with p < 0.05 and
P levels effects were compared using the t-test. A heatmap
summarizing the morpho-physiological parameters, ionomic
analysis, and root exudation responses of both plant species
to the biostimulant treatments and P fertilization levels were
also generated using the R software (https://www.r-project.
org, performing “pheatmap,” “ggplot2,” and “RColorBrewer”
packages). Hierarchical clustering based on standardized data
was performed with Complete linkage and Manhattan distance
was used as the similarity measure.

RESULTS

Plant Growth and Morpho-Physiological
Parameters
At the end of the growing period, P deficiency in plants was
visually and more identified in cucumber plants when compared
with maize plants, since they showed typical symptoms like the
dark green color of the leaves and higher expansion of the root
system (Figure 2). However, for both plant species, the ANOVA
results showed that most of the measured morpho-physiological
parameters were significantly affected by P fertilization levels
(P) and biostimulant treatments (I), except for the root
diameter, which was not affected by the biostimulant treatments
(Supplementary Table 2). The P × I interaction effects were
also significant for both plant species, influencing most of
the parameters (Supplementary Table 2). This interaction was
better noted when comparing the mean values, as shown in
Table 1. For instance, in cucumber plants, the SPAD index
values were significantly higher in P-deficient plants (P–) when
compared with P-fed plants (P+). As expected, P-deficient
cucumber plants appeared darker in color (Figure 2) with the
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FIGURE 2 | Shoot and root apparatus of cucumber (C. sativus) and maize (Z. mays) plants in response to a factorial experiment with two P fertilization levels (P+, NS
supplemented with 0.1mM of KH2PO4; P–, NS non-supplemented with KH2PO4) and four biostimulant treatments [C, uninoculated control; CIP, uninoculated control
with the insoluble phosphate Ca3(PO4 )2; 15S, inoculated with the PGPB Enterobacter 15S; 15SIP, inoculated with the PGPB Enterobacter 15S plus the insoluble
phosphate Ca3(PO4)2].

exception of the 15SIP treatment. In the latter, the plants did
not exhibit darker green leaves with average values not different
from those measured in plants grown in P-full condition (P+:
15SIP) (Table 1). Similarly, in maize plants, the highest SPAD
index values were recorded under P deficiency with no visible
symptoms of pigmentation on the leaves. However, in both
inoculation treatments, maize plants presented lower SPAD
values, which were no different from those recorded in plants
grown under full P (Table 1). It is interesting to note that, for
P-fed maize plants, the effect of the bacterial inoculation on the
levels of chlorophyll contents was not significant when compared
to the control. Nevertheless, a more evident effect was noted in P-
deficient maize plants, suggesting the involvement of the bacteria
in the amelioration of photosynthetic rates during P starvation.

In both plant species, the biomass and the architecture of the
root systems were also affected by both P levels and inoculation
treatments. For instance, in cucumber, the mean values recorded
for root DW, total root length, surface area, volume, tips, and
the root/shoot (R/S) ratio were significantly higher under P
deficiency when compared with plants grown with full P; on
the contrary, the shoot DW was higher under complete P
(Table 1). Furthermore, when inoculated with Enterobacter 15S,
P-deficient cucumber plants showed a significant decrease in the
root length and surface area with respect to the uninoculated
control, whereas supplementation with the insoluble Ca3(PO4)2

(treatment P–: 15SIP) produced a significant increase in these
parameters, albeit not significant when compared to the control.
Additionally, root and shoot biomass were unaffected by the
inoculation, whereas the R/S ratio was highly increased in
both inoculant treatments (Table 1). A different response to
the inoculation was observed in P+ cucumber plants. In
particular, the length, surface area, and volume of roots were
significantly increased with the use of Enterobacter 15S alone
or in combination with the insoluble phosphate (P+: 15S and
15SIP). However, the root and shoot biomass of the cucumber
plants inoculated with Enterobacter alone were not significantly
different from control plants; instead, its combination with
Ca3(PO4)2 produced a reduction in plant biomass accumulation,
while the R/S ratio was not affected.

In contrast with cucumber, P fertilization levels did not
affect the root architecture of maize plants. Nonetheless, the
root and shoot biomass were significantly higher under the
P-full condition, while the R/S ratio increased in P-deficient
plants (Table 1). Moreover, P– maize plants inoculated with
Enterobacter 15S did not show significant changes in length,
diameter, volume, and root biomass as compared to control
plants. On the other hand, the surface area and root tips
were significantly increased in plants treated with the bacteria
alone (P–: 15S), albeit a reduction of 37% in the shoot
biomass was observed. In P+ maize plants, the inoculation
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TABLE 1 | Mean values for the morpho-physiological parameters in cucumber and maize grown hydroponically under different P-fertilization levels and different inoculation treatments with Enterobacter 15S.

Parametersa P levelb Cucumber Maize

Biostimulant treatmentsc Biostimulant treatmentsc

C CIP 15S 15SIP P level effect C CIP 15S 15SIP P level effect

SPAD P+ 29.97 Ba 29.93 Ba 29.17 Bab 28.80 b 29.47 B 29.47 B 31.20 B 31.40 30.97 30.76 B

P- 43.63 Aa 41.07 Aa 43.57 Aa 30.20 b 39.62A 38.03 Aa 38.07 Aa 32.90 b 30.63 b 34.91 A

Treatment effect 36.80 a 35.50 a 36.37 a 29.50 b 33.75 ab 34.63 a 32.15 bc 30.80 c

Length P+ 194.15 Bb 218.40 Bab 232.52 Bab 285.17 Ba 232.56 B 229.42 Bb 522.94 a 541.27 a 456.97 Ba 437.65

P- 424.07 Aa 305.37 Ac 330.57 Abc 374.56 Aab 358.64A 503.23A 500.49 519.83 522.16A 511.43

Treatment effect 309.11 ab 261.88 c 281.54 bc 329.87 a 366.33 b 511.72 a 530.55 a 489.57 a

Surface area P+ 17.62 Bb 19.70 Bb 22.71 Bab 28.21 Ba 22.06 B 24.53 Bd 61.88 Aa 54.94 b 47.76 c 47.28

P- 41.26 Aa 29.08 Ab 31.81 Ab 40.16 Aa 35.58A 46.80 Ab 47.55 Bb 53.01 a 50.40 ab 49.44

Treatment effect 29.44 b 24.39 c 27.26 bc 34.18 a 35.67 c 54.72 a 53.98 a 49.08 b

Diameter P+ 0.29 B 0.30 0.30 0.30 0.30 B 0.32 0.34A 0.33 0.33 0.33 A

P- 0.34 Aa 0.30 b 0.32 ab 0.32 ab 0.32A 0.32 0.31 B 0.33 0.31 0.32 B

Treatment effect 0.32 0.30 0.31 0.31 0.32 0.33 0.33 0.32

Volume P+ 0.13 Bb 0.15 Bb 0.18 Bab 0.22 Ba 0.17 B 0.24 Bc 0.54 Aa 0.49 ab 0.39 b 0.42

P- 0.26 Aab 0.22 Ab 0.24 Aab 0.32 Aa 0.26A 0.37A 0.36 B 0.43 0.39 0.39

Treatment effect 0.20 b 0.18 b 0.21 b 0.27 a 0.31 c 0.45 a 0.46 a 0.39 b

Tips P+ 231.00 Bab 214.67 Bab 198.00 Bb 306.67 Ba 237.58 B 374.67 Bb 613.67 a 691.33 a 704.00 a 595.92

P- 445.67 Aa 304.67 Ab 350.00 Aab 405.33 Aab 376.42A 672.00 Aab 574.00 b 745.33 a 669.33 ab 665.17

Treatment effect 338.33 a 259.67 b 274.00 b 356.00 a 523.33 b 593.83 b 718.33 a 686.67 a

RDW P+ 15.03 ab 10.50 Bc 17.00 a 11.90 Bbc 13.61 B 25.43 Aa 30.97 Aa 27.63 Aa 14.97 b 24.75

P- 14.27 15.93A 17.83 15.70A 15.93A 19.83 B 25.17 B 20.33 B 19.17 21.13

Treatment effect 14.65 b 13.22 b 17.42 a 13.8 b 22.63 b 28.07 a 23.98 ab 17.07 c

SDW P+ 86.97 Aa 89.13 a 82.67 Aa 61.70 b 80.12 146.70 Aa 133.00 Aa 95.93 Ab 100.33 b 118.99 A

P- 66.37 Bab 85.53 a 66.17 Bab 62.27 b 70.08 94.27 Ba 71.10 Bb 59.43 Bb 93.3 a 79.53 B

Treatment effect 76.67 ab 87.33 a 74.42 ab 61.98 b 120.48 a 102.05 b 77.68 c 96.82 b

R/S ratio P+ 0.17 Ba 0.12 Bb 0.21 Ba 0.19 Ba 0.17 B 0.17 b 0.23 Ba 0.29 Ba 0.15 Bb 0.21 B

P- 0.22 Ab 0.19 Ab 0.27 Aa 0.25 Aa 0.23A 0.21 b 0.35 Aa 0.34 Aa 0.21 Ab 0.28 A

Treatment effect 0.20 ab 0.15 b 0.24 a 0.22 a 0.19 b 0.29 a 0.31 a 0.18 b

Phosphorus level effects were compared using t-tests. Differences between means were determined using Tukey’s HSD test. Significant differences (p < 0.05) according to Tukey’s test are indicated by different capital letters when

comparing contrasts in columns and different lowercase letters when comparing contrasts in rows. No significant differences are indicated by omitting notation letters.
asoil-plant analysis development (SPAD), SPAD units; Length, total root length (cm); Surf. area, root surface area (cm2 ); Diameter, root diameter (cm); Volume, total root volume (cm3 ); Tips, Number of root tips; RDW, root dry weight

(mg); SDW, shoot dry weight (mg); R/S, root-to-shoot ratio.
bP levels: P+ [nutrient solution (NS) supplemented with 0.1mM of KH2PO4 ]; P– (NS non-supplemented with KH2PO4 ).
cBiostimulant treatments: C, uninoculated control; CIP, uninoculated control with the insoluble phosphate Ca3(PO4 )2; 15S, inoculated treatment with the PGPB Enterobacter 15S; 15SIP, inoculated treatment with the PGPB Enterobacter

15S plus the insoluble phosphate Ca3 (PO4 )2.
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with the Enterobacter alone (P+: 15S) significantly increased the
architecture of the root system as compared to control plants,
albeit the root biomass was not affected; on the other hand, a
decrease in the shoot biomass was recorded.

Evaluation of Element Composition in the
Roots and Shoots of Cucumber and Maize
A suite of 10 mineral elements, among which were
macronutrients (P, calcium - Ca, magnesium – Mg, and
sulfur - S), micronutrients (iron - Fe, zinc - Zn, manganese - Mn,
and copper - Cu), and beneficial nonessential elements (barium
- Ba and sodium - Na), were analyzed in the roots and shoots
of both plant species (Figure 3 and Supplementary Table 3). In
cucumber, regardless of P fertilization and PGPB inoculation,
foliar concentrations of P, Ca, Mg, and Mn exceeded those in
the roots, while Fe and Cu concentrations were higher in the
roots. On the other hand, the concentrations of Ba, Zn, S, and Na
were dependent on both P fertilization and PGPB inoculation.
For instance, the elements mentioned were higher in roots of
P+ cucumber plants as compared to shoots but displayed higher
concentrations in the shoots of P– plants (Figure 3). In maize,
the concentration of all the mineral elements was higher in roots,
regardless of the P levels and inoculant treatments, except for P
concentration, which was higher in aboveground tissues.

Nevertheless, P fertilization level and biostimulant treatments
caused the imbalanced nutrient distribution in the roots
and shoots of both plant species. As expected, P deficiency
led to a decreased P concentration in the roots and shoots
of both plants (Figure 3A). However, in cucumber, the
inoculation with Enterobacter 15S in combination with
Ca3(PO4)2 (treatment P–: 15SIP) significantly increased the
content of P in the roots and shoots by about 31 and 53%,
respectively, as compared to the P– uninoculated samples
(P–: C). In contrast, in maize, P-deficient plants inoculated
with the bacteria alone (P–: 15S) led to the enhancement
of P concentration in the roots (+36%) as compared to
uninoculated plants (P–: C); however, P concentration in
the shoots was not affected (Supplementary Table 3). In
the P+ condition, the P concentration values in the roots
of the cucumber plants were unaffected by the treatments
imposed, whereas inoculation with PGPB induced a slight
decrease of this mineral in the shoots. On the contrary,
in maize plants, inoculation with Enterobacter caused a
higher accumulation of P in both the roots and shoots
(Figure 3A).

The accumulation of Ca and Mg in the roots and shoots
of both cucumber and maize grown in P deficiency was
decreased when compared to plants grown in P+ conditions
(Figures 3B,C). An exception to this trend is represented
by maize roots, in which the inoculation with Enterobacter
15S (treatment P–: 15S) induced a higher accumulation of Mg
compared to P+ plants. On the contrary, in P+ cucumber plants,
treatments with the inoculants caused a significant decrease
in Mg concentration (Supplementary Table 3). Calcium
concentration was, in both P+ and P– plants, significantly
increased in the roots of both 15SIP cucumber and maize,
although the same treatment induced the opposite effect in
cucumber shoots and no effects in maize shoot when compared

to the control. Additionally, the treatment with the bacterium
(i.e., 15S) resulted in the highest content of Ca in the shoots of all
the maize plants.

Under P deficiency, S concentration in the roots of cucumber
was increased by the 15SIP treatment as compared to P+
conditions, whereas, in the case of maize, only inoculated P-
deficient plants (i.e., P–: 15S and 15SIP) showed higher S content
in the roots with respect to the plants grown under P+ conditions
(Figure 3D). The inoculation with Enterobacter significantly
increased the concentration of S by more than 45% in the roots
of both P-full and P-deficient cucumber plants compared to the
control alone, while the highest content in shoots was observed
in control plants combined with Ca3(PO4)2 (treatment CIP). In
contrast, the different treatments did not affect the accumulation
of S in maize shoots.

Concerning the micronutrients (Figures 3E–H) and non-
essential elements (Figures 3I,J), the P deprivation in the NS
led to a decreasing trend in all the elements in the roots of
cucumber plants, except for Mn, but caused an increase in the
concentration of Fe, Mn, and Ba in the aboveground tissues. In
maize plants, P deficiency induced the increase in Fe and Ba
concentration at the shoot level, as well Zn and Mn in the roots.
Furthermore, under P deficiency conditions, the inoculation
of cucumber with Enterobacter 15S in combination with the
insoluble phosphate (P–: 15SIP) had a significant promoting
effect on the accumulation of all micronutrients in the roots
when compared to the uninoculated control, whereas the same
treatment had no significant effects on Fe and Mn concentration
in the shoots. However, under P-sufficient conditions, a decrease
in the content of all micronutrients in the shoots of cucumber
was associated with Enterobacter 15S inoculation. Besides, the
supplementation with Ca3(PO4)2 (treatment P+: CIP) induced
the highest Fe, Zn, and Ba concentrations in cucumber roots
(Figure 3 and Supplementary Table 3). On the other hand, P-
deficient maize plants treated with the bacterium plus Ca3(PO4)2
(treatment P–: 15SIP) showed a significant increase in the
concentration of Mn and Zn in the roots and a decrease
in that of Na; no changes were observed for Fe and Cu.
When the bacterial inoculant was used alone, the highest
concentrations of Zn, Mn, and Cu were detected in the leaves
of maize as compared with uninoculated plants. In contrast, the
inoculation treatments did not induce remarkable changes in the
accumulation of micronutrients in the roots and shoots of maize
plants grown under the full-P NS (Figures 3E,J). Additionally,
under P+ conditions, the inoculated maize and cucumber
plants showed a decreased content of Na in the roots when
compared to the uninoculated plants (Figure 3J, treatments P+:
15S and 15SIP).

Release of Phenolics and Flavonoids
The root exudate concentration released by both plant species
was determined spectrophotometrically in terms of phenolic
compounds and flavonoids. Figure 4A shows the total content
of phenolic compounds released by the cucumber and maize
plants in the different conditions considered in the study. In
cucumber, the amount of phenolics was higher in P-deficient
conditions (ranging from 5 to 7 nmol g−1 RFW) compared
to P+ plants (ranging from 2 to 4 nmol g−1 RFW). Any
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FIGURE 3 | Ionomic profile of cucumber and maize plants tissues. (A) Phosphorus, P; (B) Calcium, Ca; (C) Magnesium, Mg; (D) Sulfur, S; (E) Iron, Fe; (F) Zinc, Zn;
(G) Manganese, Mn; (H) Copper, Cu; (I) Barium, Ba; (J) Sodium, Na concentrations in roots and shoots of cucumber and maize grown hydroponically under different
P-fertilization levels (P+ and P–) and different biostimulant treatments with Enterobacter 15S (C, CIP, 15S, 15SIP). Values are means ± SE; n = 3. Uppercase letters
compare treatments under P+, and lowercase letters compare treatments under P–. An asterisk is present when there is a difference in the same treatment between
P+ and P–. Equal letters correspond to average values that do not differ according to Tukey’s test (p < 0.05).

statistically significant difference was recorded between the
different treatments. Under the P+ conditions, the content of
phenolics was significantly higher in the control treatment, while
inoculation with Enterobacter 15S induced a smaller release

of phenolic compounds (Figure 4A). In maize plants, the root
exudation of phenolics was higher as compared to cucumber.
In the P+ condition, inoculation with the bacterium (P+: 15S
and 15SIP treatments) induced a higher exudation of phenolics
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FIGURE 4 | Total phenolic compounds content (A) and total flavonoid content (B) determined in the root exudates of cucumber and maize collected at the end of the
cultivation period. Values are means ± SE; n = 3. Capital letters compare treatments under P+, and lowercase letters compare treatments under P–. An asterisk is
present when there is a difference in the same treatment between P+ and P–. Equal letters correspond to average values that do not differ according to Tukey’s test (p
< 0.05). Two-way ANOVA results: Phenolic compounds: cucumber, P (p < 0.001), I (p < 0.01), P × I (NS); maize, P (p < 0.001), I (p < 0.001), P × I (p < 0.001).
Flavonoids: cucumber, P (p < 0.001), I (p < 0.001), P × I (NS); maize, P (p < 0.01), I (NS), P × I (p < 0.01).

compared to the uninoculated controls. On the other hand,
the release of phenolics by maize plants grown in P deficiency
was significantly higher (23–32 nmol g−1 RFW) than that
observed in P+ conditions (9–26 nmol g−1 RFW), except for
the treatment P–: 15SIP. In the latter, the bacterial inoculation
and supplementation with Ca3(PO4)2 induced a decrease in the
exuded phenolics, presenting levels significantly lower than that
measured in control plants (Figure 4A).

The root exudation of flavonoids by both plant species is
shown in Figure 4B. In cucumber, the total flavonoid content
was significantly reduced by the bacterial inoculation in both
P fertilization levels. However, in P+ conditions, a significantly
higher production was observed for C and 15S treatments
(1 and 1.4 nmol g−1 RFW, respectively), compared with the
same treatments under P deficiency (0.8 and.9 nmol g−1 RFW,
respectively); any remarkable effects were observed for CIP and
15SIP in both P+ and P– conditions (Figure 4B). On the other

hand, P deficiency induced a higher exudation of flavonoids in
maize (ranging from 2.1 to 2.4 nmol g−1 RFW) with respect to
P+ plants (ranging from 0.7 to 1.2 nmol g−1 RFW), except for
the 15SIP treatment. No significant effects were observed within
P+ plants subjected to different treatments.

Phosphate Transporters Gene Expression
Analysis
In plants, Pi transporter genes belonging to the Pht1 family
are strongly expressed in roots and play important roles in the
transmembrane transport of Pi for its acquisition and allocation
within the plants and the single cell. Most of these genes have
been reported to be highly induced by P deficiency (Wang
et al., 2018). In cucumber, six genes involved in the phosphate
uptake have been identified, namely, CsPT1.3, CsPT1.4, CsPT1.7,
CsPT1.9, CsPT1.11, and Cucsa383630.1 (Naureen et al., 2018; Feil
et al., 2020). However, under the conditions, the expression of
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CsPT1.7 and CsPT1.11 was not detectable under P starvation
(data not shown). In maize, 13 PhT1s genes have been identified
(Liu et al., 2016), but in this work, six of these genes were reported
by Nagy et al. (2006), namely, ZmPT1, ZmPT2, ZmPT3, ZmPT4,
ZmPT5, and ZmPT6 were analyzed. Nonetheless, four genes
(ZmPT2, ZmPT3, ZmPT4, and ZmPT6) were poorly induced by
P deficiency in our experimental conditions (data not shown).

Figure 5 shows the relative expression levels of the CsPTs
and ZmPTs genes under P deficiency. Results indicate that, in
both plants, all the analyzed genes were expressed under the
P+ condition but were highly upregulated in P-deficiency. For
instance, in cucumber, CsPT1.4 was highly induced in P- (>160-
fold up to 270-fold), followed by CsPT1.9 (>50-fold up to 150-
fold) and Cucsa383630.1 (>4-fold up to 15-fold), while CsPT1.3
was less expressed (>2-fold) when compared to control plants
under complete P fertilization. Additionally, in cucumber plants
grown under a P-full NS, the expression of allCsPTs genes was not
significantly affected by the treatments (Figure 5). On the other
hand, inoculation with Enterobacter 15S induced transcriptional
changes for all CsPTs genes under P starvation. For instance,
CsPT1.3 and CsPT1.4 were induced by both inoculant treatments
(P–: 15S and 15SIP) in comparison to uninoculated plants (P–:
C and CIP). On the contrary, inoculation with the bacterium (P-
: 15S) induced a significantly higher expression of the CsPT1.9
and Cucsa383630.1 genes as compared with the other three
treatments.

In maize plants grown under P deficiency, ZmPT5 was
expressed more (>14-fold up to 127-fold) than ZmPT1 (>2-
fold up to 7-fold), compared with P-sufficient control plants.
However, the inoculation induced different relative transcript
levels in both genes. For instance, in maize plants grown in either
P-full or P-deprived NSs, inoculation with Enterobacter 15S
downregulated the expression of ZmPT5 in roots when compared
to uninoculated control plants under the same conditions
(Figure 5). Nonetheless, the relative transcript levels of ZmPT1
were significantly lower in P-deficient plants inoculated with
the bacterium alone (P–: 15S), while the inoculant treatment
supplemented with the insoluble phosphate (P–: 15SIP) induced
the expression of a higher amount of transcript, yet not much
higher than the uninoculated controls (Figure 5). No significant
differences were observed in the expression of ZmPT1 in maize
plants under P-full conditions.

DISCUSSION

Plant Growth and Morpho-Physiological
Responses to Bacterial Biostimulant
Inoculation and/or P Supply
The inoculation with PGPB has been shown to improve plant
growth in both favorable and unfavorable conditions, including
low-nutrient availability (Oleńska et al., 2020). In the specific case
of P) shortage, it has been broadly described that physiological,
morphological, and molecular changes are induced in plants as
a specific response to this nutritional stress (López-Arredondo
et al., 2014; Elanchezhian et al., 2015). Results reported in
this study show that both P availability in the NS and the

bacterial biostimulant Enterobacter 15S were able to influence the
plant biomass accumulation and the development of morpho-
physiological traits in cucumber and maize plants, although
to a different extent. The cucumber plants exhibited a more
remarkable response to P starvation, in particular, showing
a more developed root system with respect to the maize
plants. Indeed, the root system is very responsive to low-P
availability in the growth medium; thus, in the majority of
plant species, increasing root length root surface area, and
enhancing the growth of root hairs are described as common
strategies to explore larger soil surfaces and intercept nutrients
(Ramaekers et al., 2010). Despite the root system architecture
being different between monocots and dicots, the signaling
pathways underpinning P-acquisitionmechanisms are conserved
(Shahzad and Amtmann, 2017). The low-P availability induces an
increase in the R/S ratio that is generally ascribable to a limitation
in shoot biomass accumulation, an increase in root production,
or both (Campos et al., 2019). However, in our experimental
conditions, the biomass allocations among the two plant species
resulted quite differently. While the root biomass in maize plants
was reduced under P starvation, it was significantly increased
in the cucumbers. In this regard, it is worth mentioning that,
from a nutrient availability perspective, plants have to balance
the biomass allocation to leaves and/or roots to an extent that
matches the physiological activities and functions performed by
these organs (Poorter et al., 2012), including those related to plant
responses to nutritional disorders.

The inoculation with the bacterial biostimulant Enterobacter
15S affected the root architecture and biomass of both plants
differently depending on P supply. Overall, the data suggest that
Enterobacter 15S led to the improved growth of the root system
in both plant species grown in P-sufficient conditions. Under P
deficiency, the bacterium in combination with Ca3(PO4)2 (P–
: 15SIP) induced a remarkable effect on the whole cucumber
plant, whilst the bacterium alone (P–: 15S) was more effective
in improving the root system of maize plants. Enterobacter
strains have been described to enhance the plant growth of
different plant species, including monocot and dicot types
(Naveed et al., 2013; Gupta et al., 2020; Ji et al., 2020). The
biostimulant strain 15S used in this work was previously reported
by Zuluaga et al. (2020) to have the ability to produce auxins
and solubilize Pi. Bacteria-derived auxins are well-known for
promoting morphological and physiological processes in plants,
leading to increased growth of the root system in terms of
root length and surface area; thus enhancing nutrient and
water uptake (Hakim et al., 2021). Under stressful conditions
(e.g., P deficiency), plants can stimulate bacteria to produce
auxins (Kudoyarova et al., 2019). However, when produced in
high concentrations, bacteria-derived auxins can inhibit root
elongation in dicots, whereas monocots resulted in less sensitivity
to such inhibition (Kudoyarova et al., 2019). In this context, it
is also worth mentioning that a particular plant nutritional state
(e.g., P sufficiency or P deficiency) may influence the interaction
mechanisms between PGPB and host plants (Pii et al., 2016),
thus explaining the contrasting results observed in this study
for cucumber and maize plants. Moreover, it is important to
highlight that, in a specific edaphic condition, PGPB may also

Frontiers in Plant Science | www.frontiersin.org 10 August 2021 | Volume 12 | Article 719873353

https://www.frontiersin.org/journals/plant-science
https://www.frontiersin.org
https://www.frontiersin.org/journals/plant-science#articles


Alzate Zuluaga et al. Enterobacter 15S Improves Phosphorus Nutrition

FIGURE 5 | Gene expression analysis of (A) CsPT1.3, (B) CsPT1.4, (C) CsPT1.9, and (D) Cusca383630.1 in the roots of the cucumbers, and (E) ZmPT1 and (F)

ZmPT5 in the roots of maize grown hydroponically under different P-fertilization levels (P+ and P–) and different biostimulant treatments with Enterobacter 15S (C, CIP,
15S, 15SIP). The expression level of each gene was normalized to the expression level of the elongation factor isoform 1-alpha (EF-1α). The relative expression ratios
were calculated using the uninoculated control under complete P (P+: C) as a calibrator sample. Values are means ± SE; n = 3. Uppercase letters compare
treatments under P+ and lowercase letters compare treatments under P–. An asterisk is present when there is a difference in the same treatment between P+ and
P–. Equal letters correspond to average values that do not differ according to Tukey’s test (p < 0.05).

display a differential preference for one particular plant species
over another (Glick, 2005). The effects of this interaction rely on
a set of adaptation mechanisms by both the inoculated bacteria
and the host plant (Drogue et al., 2012).

Concerning chlorophyll content, a significant increase in both
plant species grown under P starvation has been recorded,

is particularly pronounced in cucumber leaves manifesting a
particular dark green color. A similar trend has also been
described in strawberry and apple plants (Valentinuzzi et al.,
2015, 2019; Delaporte-Quintana et al., 2017). Moreover, a more
severe or prolonged P deficiency may result in the accumulation
of anthocyanins, consequently increasing the pigmentation
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of the newest leaves and chlorophyll concentrations (Veazie
et al., 2020). However, the inoculation of P-deficient maize
plants with Enterobacter 15S (i.e., 15S and 15SIP) reduced
the levels of chlorophyll content to the same values of
the inoculated P-sufficient plants. In contrast, in cucumber
plants, only the treatment with the bacterium in combination
with the insoluble phosphate (15SIP) was able to induce
chlorophyll contents similar to those measured in P-sufficient
plants. In this respect, Delaporte-Quintana et al. (2017) already
reported that the SPAD values of P-deficient strawberry plants
inoculated with Gluconacetobacter diazotrophicus PAL5 were
similar to those obtained in plants grown under sufficient P,
indicating the contribution of this strain to plant P nutrition
and photosynthesis.

Effects of Bacterial Biostimulant and P
Supply on Mineral Nutrient Content
Several agronomic conditions such as physical-chemical
properties of the growth substrate, fertilization regimes, and
inoculation with PGPB have been described to induce changes
in the elemental composition of crops, regardless of the clade
considered (Pii et al., 2015a,b). In the present study, P deficiency
led to a reduction of P content in the roots and shoots of
both plants, while inoculation with the bacterial biostimulant
with Enterobacter 15S induced a differential allocation of this
element. For instance, in P-deficient cucumber plants, the
inoculation in combination with Ca3(PO4)2 (P–: 15SIP) induced
a higher allocation of P in roots and shoots, whereas maize
plants inoculated with the bacterial biostimulant alone showed
a higher content of P only in roots. Recent study showed that
the inoculation of tomato plants grown under P-deficiency and
salt stress conditions with different strains of Arthrobacter and
Bacillus induced an increased P concentration in roots and
shoots (Tchakounté et al., 2020) and the shoots of Brachypodium
plants (Schillaci et al., 2021). On the contrary, the inoculation of
wheat plants with beneficial bacteria led to a reduced P content
in roots (Talboys et al., 2014). Interestingly, under P-sufficient
conditions, Enterobacter 15S induced opposite effects on the P
concentration in the shoots of the two plant species, showing
a decrease in cucumber and an increase in maize plants. The
results suggest that the mechanisms by which Enterobacter 15S
improves P acquisition and its translocation within the plant
can be dependent on both plant species and nutritional status. It
was observed in cultivated monocots grown at different P levels
that the inoculation with PGPB can increase the adaptation of
these grasses to the low-P availability through an improvement
in P-use efficiency, with the functionality of the P-uptake
mechanism still not being affected (Pereira et al., 2020; Schillaci
et al., 2021). Moreover, in dicots grown under different P states, it
has been described that plant development stimulation via PGPB
inoculation was not accompanied by an increase in nutrient
uptake by the roots and the P content in shoots that, on the
contrary, appeared to be rather decreased (Belimov et al., 2002).

Regarding micronutrients (i.e., Fe, Zn, Mn, and Cu) and
non-essential beneficial elements (i.e., Ba and Na), inoculation
with Enterobacter 15S promoted their accumulation at the

root level only in cucumber plants supplemented with the
insoluble phosphate grown under P-deficient conditions. The
same trend was also observed at the shoot level, except for Fe
and Mn. In maize plants, under the same condition described
for cucumber, only Mn and Zn were increased in roots, while
inoculation with the bacterium alone improved the allocation
of Zn, Mn, and Cu to shoots. The biochemical mechanisms
underlying the nutritional processes in plants and nutrient
availability can be altered by PGPB as a strategy to improve
plant nutrient uptake, which, in turn, is influenced by microbial
strains and plant species (Pii et al., 2015b). Additionally, under
equilibrate P availability, bacterial inoculation induced a decrease
in the concentrations of all micronutrients in the subaerial
part of cucumber plants, whilst no significant changes were
induced in maize plants. Under a specific nutritional shortage,
plants can also trigger physiological modulations to maintain
the ionic equilibrium of the tissues (Marschner, 1995). Thus,
changes in the concentration of a mineral element might induce
modulations (positive or negative) of the concentration levels of
one (or more than a single) essential or non-essential nutrient.
It is worth noting that, under sufficient P conditions, the
accumulation of Na in the roots of both plants was reduced by
inoculation with Enterobacter 15S. Decreased concentrations of
Na have been reported in plants inoculated with PGPB and AMF
as a mechanism to protect plant cells against oxidative stress by
maintaining intracellular ionic homeostasis (Giri and Mukerji,
2004; Panwar et al., 2016).

A Differential Root Exudation Pattern Was
Induced by P Deficiency and Bacterial
Biostimulant
In specific nutritional conditions, plants can change their
qualitative and quantitative composition of root exudates to
increase the availability of nutrients (Badri and Vivanco, 2009)
and/or to influence the microbial populations colonizing the
roots (Cesco et al., 2012). Phenolic acids and flavonoids have been
reported as the major secondary metabolites exudated by plant
roots and are significant in diverse biological processes (Mandal
et al., 2010; Cesco et al., 2012). Root exudation and regulation of
these compounds seems to be an important strategy for plants
to overcome P deficiency (Malus et al., 2006). Regardless of P
supply, the total content of phenolic acids exuded by roots was
plant species-dependent, whereas the release of flavonoids was
similar in both plants hereby evaluated. In general terms, the
amount and diversity of secondary metabolites released by roots
are highly species-specific (Zwetsloot et al., 2018). P deficiency
induced an increase in the content of phenolic acids exuded by
the roots of both plants, which is in accordance with other works.
For instance, under P deficiency, the amount of exuded phenolics
from bean roots was five times higher (Juszczuk et al., 2004) and
Stylosanthes roots had more than 10-fold in exudates (Luo et al.,
2020), as compared to their respective controls. However, both
the accumulation and exudation of phenolic compounds can
also be modified in response to microbial inoculation (Vacheron
et al., 2013). The inoculation of P-sufficient maize plants with
Enterobacter 15S (treatment P+: 15SIP) induced a higher
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production of phenolic compounds, while the same treatment
under P deficiency elicited a lower release. No effects were
induced by the inoculation in cucumber plants. These results
suggest that plants interacted with the bacterial biostimulant
in different ways. The exudation of phenolic compounds is
induced by PGPG inoculation also in plants subjected to other
nutrients deficiencies. For instance, under N scarcity, peanut
plants inoculated with Stenotrophomonas maltophilia modified
their metabolism in response to the inoculum by producing
a higher amount of total phenolic compounds, thus resulting
in increased antioxidants and free radical scavenging activities
(Alexander et al., 2019).

In the present study, we observed that the root exudation
of flavonoids was lower in both plant species when compared
with the total release of phenolics. P deficiency induced an
increase in the flavonoids released by maize plants, while
a decreased exudation of these compounds was observed in
cucumber plants. Flavonoids are known for assisting plants in
tolerating and overcoming biotic and abiotic stresses generated
by the external environment (Shah and Smith, 2020). It has
been suggested that flavonoids released from the roots of P-
deficient plants can facilitate the mobilization of P-insoluble
complexes (e.g., Fe-P) and also reduce the microbial degradation
of organic acids (Tomasi et al., 2008). Furthermore, inoculation
with PGPB can alter not only the content but also the profile
of flavonoids in root exudates (Garcia-Seco et al., 2015). In this
study, regardless of P supply, the inoculation with the bacterial
biostimulant significantly reduced flavonoid content in the root
exudates of cucumber plants, while their concentration in maize
exudates was not affected, except for the treatment 15SIP (P–
); in this case, a reduction of flavonoids was induced as also
observed for phenolic compounds. A differential accumulation
of flavonoids was described by Zuluaga et al. (2021) in root
exudates of tomato plants inoculated with the same Enterobacter
15S strain used in the present study. In some cases, the down-
accumulation of flavonoids in PGPB-inoculated plants may
indicate its consumption as a C source or a blocking in their
biosynthesis (Dardanelli et al., 2010; Wu et al., 2018). In this
respect, it is interesting to note that the reacquisition of a
fair range of exudates by roots of intact plants as recently
demonstrated by Tiziani et al. (2020) makes this assessment
rather complicated.

Differential Regulation of Phosphate
Transporters Was Elicited by P Starvation
and the Inoculation With Enterobacter 15S
Members of the PHT1 family are the most intensively
studied Pi transporters genes in plants. They are known for
exhibiting strong expression in the roots of both monocots
and dicots (Nussaume et al., 2011). Most of these genes are
strongly induced under P-limiting conditions and have been
reported to be involved in the root uptake of Pi from soil
solutions and then its translocation within the plant (Wang
et al., 2018). Consistently, all the Pi transporters genes herein
evaluated were greatly expressed in the roots of both P-starved
plant species compared to P-sufficient ones. Since bacterial

inoculation in P-deficient cucumber plants supplemented with
Ca3(PO4)2 increased the P accumulation in roots and shoots,
a reduction in the expression of the CsPTs genes compared to
uninoculated controls can reasonably be expected. However, in
P deficiency, all Pi transporter genes were over-expressed in
cucumber plants inoculated with Enterobacter 15S. Moreover,
CsPT1.3 and CsPT1.4 were also upregulated in the inoculation
treatment combined with the insoluble phosphate. Indeed, the
downregulation of Pi transporters by microbial inoculants has
not been observed for all PHT1 Pi transporters (Duan et al.,
2015). Accordingly, the results might suggest that Enterobacter
15S in association with cucumber plants supplemented with
Ca3(PO4)2 would have induced a greater P-uptake capacity.
Similar behavior was also reported by Cataldi et al. (2020) in
the expression levels of TaPHT6 during the interaction of wheat
plants with Bacillus strain 12A under P starvation. Concerning
the inoculation with the bacteria alone, the results might suggest
that Enterobacter 15S could have triggered the different gene
regulation, including the modulation of molecular entities other
than PHT1 members. Indeed, although few works have studied
the effects of PGPB on the regulation of Pi transporters, it
is well-known that Pi acquisition and homeostasis can also
be controlled by members of the PHT2, PHT3, PHT4, and
PHT5 families (Wang et al., 2017). Moreover, in plant-microbe
interactions, in particular, in the case of AMF, AM-specific
Pi transporters and AM-inducible Pi transporters identified in
monocot and dicot species are essential to Pi transport (Zhang
et al., 2019). Additionally, it cannot be excluded that the increased
P accumulation observed in cucumber roots could also be a
direct effect of the bacterium on plant metabolism, as previously
reported by Saia et al. (2015) in wheat plants inoculated with the
PGPB Bacillus species. Interestingly, in cucumber plants grown
under P sufficient conditions, the expression of Pi transporters
was not altered by the inoculant treatments. These findings might
suggest that Enterobacter 15S has a better performance in dicots
growing under a nutritional shortage.

On the other hand, in P-deficient maize plants, the expression
of ZmPT1 and ZmPT5 was inhibited by inoculation with the
bacterial biostimulant compared to the uninoculated controls.
A similar result has been described by Liu et al. (2018) in
the transcript level of TaPT4 in wheat roots inoculated with
Pseudomonas strain P34-L. The authors suggested that a better
P nutritional state was induced by the bacterium colonizing the
wheat rhizosphere (Liu et al., 2018). However, considering all the
results described in the previous sections, we cannot state that
the downregulation of maize Pi transporters in the inoculated P-
deficient plants is due to a change in P nutrition due to PGPB
interaction. However, the repression of maize Pi transporters
might be triggered by the plant in response to the association
with the bacterium, which could likely produce a direct effect
on plant metabolism. Indeed, the fact that in inoculated maize
plants under P-sufficient conditions, the ZmPT5 gene was also
downregulated might support this hypothesis. Nonetheless, since
few studies have been focused on P transport in plant–PGPB
interactions in P-deficiency, the mechanisms by which a specific
PGPB alters the expression of Pi transporters remain unclear.
Furthermore, some P transporters are also transcriptionally
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FIGURE 6 | Heatmap analysis summarizing the responses of the cucumber (A) and maize (B) plants to a factorial experiment with two P-fertilization levels (P+ and P)
and four biostimulant treatments (15S; 15SIP; C, uninoculated control; CIP). The heatmap was generated using the R software (https://www.r-project.org, using the
“pheatmap,” “ggplot2,” and “RColorBrewer” packages). Hierarchical clustering was performed with Complete linkage and Manhattan distance was used as the
similarity measure. Dark red color indicates higher relative values, while a dark-blue color reflects lower relative values. Yellow color denotes values close or equal to
zero, i.e., close or equal to the mean for each parameter.

regulated by stimuli other than P deficiencies or microbial
associations, suggesting a more complex regulatory mechanism
(Gu et al., 2016).

Clustered Heatmap of Plant Responses to
Bacterial Biostimulant and P Supply
To present a visual comparison regarding the effect of inoculation
with the bacterial biostimulant and levels of P supply on the
growth and nutrition of cucumber and maize plants, a heatmap
analysis condensing all the measured morpho-physiological,
ionomic, and root exudation data was performed for each
plant species (Figure 6). Both cucumber and maize plants
showed different responses to the evaluated parameters. In
cucumber plants, the main clustering factor responsible for
different effects was P nutrition, albeit a clear effect of the
bacterial biostimulant within the P levels was also observed

(Figure 6A). It is expected that, under P deficiency, plants
undergo various morphological, physiological, and biochemical
adaptations. Intense and significant effects have been observed
in cucumber plants at the levels of root system architecture, root
exudation, photosynthetic rates, and nutrients under P-deficient
conditions when compared to P-sufficient plants (Ciereszko et al.,
2002; Zhang et al., 2012; Naureen et al., 2018). Nonetheless,
the inoculation of cucumber plants with PGPB in different P
states has also shown a positive contribution to the improvement
of plant growth and nutrition and the abilities of the plants
to deal with P deficiency (Han et al., 2006; García-López
et al., 2016). The results also revealed that Enterobacter 15S
in combination with the insoluble phosphate (15SIP) showed
positive effects in alleviating the stress produced by P deprivation
in cucumber plants. Since neither non-inoculated plants (CIP)
nor the bacterium alone (15S) under the same conditions did not
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show significant effects on P nutrition, it is possible to suggest
that Enterobacter 15S might have solubilized the Ca3(PO4)2
available in the dialysis tube, thus allowing cucumber plants to
cope with the P limitation. Consistently, previous studies have
already described the ability of Enterobacter strains to solubilize
insoluble phosphates and promote the growth of several plant
species (Ramesh et al., 2014; Bendaha and Belaouni, 2020;
Zuluaga et al., 2020).

In maize plants, both P fertilization levels and biostimulant
treatments affected the parameters assessed. In combination with
the insoluble phosphate, Enterobacter 15S induced similar effects
on the plant growth and nutritional state of maize plants in
both P levels. However, stronger effects were induced by the
bacterium alone under P-limited conditions (Figure 6B). These
results suggest that, in the interaction with P-deficient maize
plants, the bacterial strain Enterobacter 15S might have triggered
different mechanisms than those activated in cucumber plants to
help plants coping with P deficiency. Although all plant species
can establish a relationship with some PGPB, inoculation with a
specific bacterium has shown differential responses in the plant
stimulation between monocots and dicots (Hall et al., 1996).
However, more comparative studies between plant types and
bacterial strains are still lacking. Furthermore, most existing
studies are focused on PGPB and its role in improving N
nutrition in plants, whereas only few pieces of literature are
concerned with the effects of PGPB inoculation on plants grown
in different P-supply conditions. For this reason, it has been
suggested that the P-solubilization trait could be acknowledged
as the forgotten child of PGP bacteria (Granada et al., 2018).

CONCLUSION

The results of the present study underline those plant growth
responses to inoculation with the bacterial biostimulant with
Enterobacter 15S under specific P supplies vary between maize
(a representative for monocots) and cucumber (a dicot) plants.
The bacterial strain 15S induced cucumber plants to cope with P
shortage by solubilizing the external source of insoluble P, which
led to the modulation of root architecture, mineral nutrient
uptake, root exudation of phenolics, and flavonoids, and the
upregulation of P starvation-inducible Pi transporter genes. On
the other hand, the ability of Enterobacter 15S to ameliorate the P

deficiency ofmaize plants was less remarkable than in cucumbers,
albeit the strain showed better performance under P sufficiency.
These results suggest that the bacterial biostimulant strain herein
evaluated has an enhanced ability to alleviate P shortage in dicots.
Nonetheless, its efficiency under normal P conditions can also
be extended to cultivated monocots. Still, further studies are
needed to evaluate the efficacy of Enterobacter 15S in alleviating
P nutritional shortage under different soil conditions. The need
for a rapid transition of agriculture toward sustainability makes
the comprehension of these phenomena even more urgent, for
their use as soon as possible in the field in favor of a better use of
endogenous soil resources of nutrients by crops.
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Current research was conducted to explore the effects of liquiritoside on the
growth and physiochemical features of Chinese flowering cabbage (Brassica rapa
subsp. parachinensis) under lead (Pb) stress. Lead stressed B. rapa plants exhibited
decreased growth parameters, chlorophyll, and carotenoid contents. Moreover, Pb
toxicity escalated the synthesis of malondialdehyde (MDA), hydrogen peroxide (H2O2),
flavonoids, phenolics, and proline in treated plants. Nevertheless, foliar application of
liquiritoside mitigated Pb toxicity by decreasing oxidative stress by reducing cysteine,
H2O2, and MDA contents in applied plants. Liquiritoside significantly increased plant
height, shoot fresh weight and dry weight, number of leaves, and marketable value
of Chinese flowering cabbage plants exposed to Pb toxicity. This biotic elicitor also
enhanced the proline, glutathione, total phenolics, and flavonoid contents in Chinese
flowering cabbage plants exposed to Pb stress compared with the control. Additionally,
total glucosinolate content, phytochelatins (PCs), and non-protein thiols were effectively
increased in plants grown under Pb regimes compared with the control plants. Overall,
foliar application of liquiritoside can markedly alleviate Pb stress by restricting Pb
translocation in Chinese flowering cabbage.

Keywords: Chinese flowering cabbage, flavonoids, glucosinolates, liquiritoside, lead

INTRODUCTION

Vegetables belonging to the Brassicaceae family show cherished health remunerations effects owing
to the existence of biologically active and robust antioxidative ingredients. Chinese flowering
cabbage (Brassica rapa subsp. parachinensis) is an annual cole crop belonging to the Brassicaceae
family. The germination to harvest period of this vegetable is less than 60 days (Peng et al., 2015).
Chinese flowering cabbage has valuable biological and nutritional properties (Aixia et al., 2015).
Its above-ground parts, including leaves, stem, and inflorescence, can be cooked or consumed
raw as salads. Its leaves contain adequate amounts of glucosinolates and polyphenolic compounds
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(Chen et al., 2008). This rich chemical composition and
scientifically proven biological activity has made Chinese
flowering cabbage a famous culinary plant (Chung et al., 2016).

Glucosinolates (GLs) are primarily found in plants of
the genus Brassica, which include crops of economical and
nutritional importance. GLs are rich in sulfur and anionic
secondary metabolites (Johnson, 2002). GLs have been
extensively studied for their protective effect against herbivory
in plants and chemotherapeutic activity in humans (Barba et al.,
2016). The consumption of vegetables containing glucosinolates
may confer protection against cancer in humans (Johnson,
2002). The hydrolytic breakdown products of glucosinolates
have beneficial effects on human health, including cytotoxic
and apoptotic effects in damaged cells, and reducing risks of
degenerative diseases (Barba et al., 2021).

Lead contamination in soil has rapidly increased during
the last decades (Sidhu et al., 2016). Metal pollution severely
affects the growth and development of metal-affected plants
(Borges et al., 2019). Pesticides, fertilizers, and automobile fuel
are the major sources of Pb contamination. This non-essential
toxic metal impedes appropriate plant nutrition (Lamhamdi
et al., 2013). The edible parts of plants may uptake higher
levels of metal contaminant from polluted soils and hence
become a health risk for human beings and livestock consumers
(Baghaie and Fereydoni, 2019). Metal toxicity enhances oxidative
injury by intensifying the synthesis of reactive oxygen species
(ROS) (Malar et al., 2014). Metal stressed plants increase
the antioxidative system to detoxify ROS and maintain their
ionic homeostasis (Fayez et al., 2014). Lead stress also affects
photosynthesis, transpiration, and ionic homeostasis in stressed
plants (Devi et al., 2013). As well, the plants subjected to Pb
toxicity demonstrate a higher level of lipid peroxidation and
ROS (Tauqeer et al., 2016). Phenolics are secondary metabolites
deposited in plants facing stress and play a defensive role
against a higher level of ROS synthesized in these plants
(Fayez et al., 2017).

Lethal effects of synthetics pharmaceuticals have augmented
the discovery and large-scale production of natural bioactive
molecules. But, the resources of natural bioactive compounds
are inadequate for various reasons. Conversely, the consumer
entreaty for these compounds is growing gradually. Hence,
the application of novel approaches to fulfill the current
growing demand for natural bioactive compounds is of immense
relevance. The use of conventional approaches to accelerate
natural biosynthetic pathways in plants is shown to produce
high levels of bio-active compounds, without the need of genetic
engineering applications (Trejo-Téllez et al., 2019). Further,
advances in technology have augmented the discovery of new
biotic elicitors capable of increasing the production of secondary
metabolites in plants.

Glycyrrhiza uralensis Fisch (Fabaceae), commonly known as
licorice, is a traditional plant recognized through the ages for
its multiple health benefits and medicinal uses (Kondo et al.,
2007; Tanemoto et al., 2015). The roots of this plant are used to
treat influenza, coughs, and liver damage in traditional medicinal
formulations (Kondo et al., 2007). Liquiritoside also known as
liquiritin, is the biologically active component of licorice. This

study was designed to investigate the influence of liquiritoside as a
foliar spray to increase plant growth and concentration of specific
biologically active substances such as proline, glucosinolates,
phenolics, and flavonoids in Chinese flowering cabbage plants. In
addition, Pb affects the growth of crop plants (Figlioli et al., 2019).
However, there is a dearth of research work demonstrating the
effect of Pb stress on B. rapa subsp. parachinensis. According to
our information, the effect of Pb toxicity and the ameliorative role
of liquiritoside in the mitigation of subsequent stress has never
been studied before.

In the course of our study, foliar application of liquiritoside
showed positive effects on the growth of Chinese flowering
cabbage plants (data yet not published). Additionally, we
observed that liquiritoside mitigated abiotic stress, improved
biosynthesis of, glucosinolates besides, flavonoids and phenolics
in treated plants (Akram et al., 2020). Yet, the application
of exogenously applied liquiritoside in the mitigation of plant
stress has never been inspected. Therefore, it was hypothesized
that liquiritoside might also modulate the antioxidative system
of plants to alleviate Pb toxicity. Henceforth, the fundamental
purpose of the present study was to elucidate the impact of
liquiritoside spray on the physiology and growth of the plants
under Pb stress. The results of current research will help
to identify the differences in physiochemical process in the
liquiritoside applied Pb stressed plants, which will perhaps the
valuable crop producers planning to use liquiritoside plants
growing in Pb contaminated soils.

MATERIALS AND METHODS

Plant Material
A preliminary study was performed to optimize the dose of
liquiritoside. Plants of Chinese flowering cabbage (Brassica
rapa subsp. parachinensis) were raised in plastic pots (12-inch)
containing sterilized commercial potting mix. The greenhouse
experiment conducted in the present study entailed growing
plants in pots containing sterilized Tref Jiffy (United States)
media, which were placed in greenhouse at 20/25 ± 3◦C
(night/day) under a 16-h photoperiod. Commercial-grade
liquiritoside of 99% purity was obtained from Riotto Botanicals,
Shaanxi, China. Foliar formulations of the elicitor were prepared
at different concentrations including 0, 0.15, 0.25, 0.50, 0.75 and
1 g/L. Control plants were sprayed with distilled water. The
application was performed at the trifoliate stage. The relative
growth rate (RGR) was calculated over 5 d time spans, after 1
week of elicitor application using the formula:

RGR =
InW2− InW1

t2− t1

Where W1 = initial shoot dry weight, W2 = final shoot dry
weight, t2-t1 = growth period.

Greenhouse Experiment
Based on RGR, an experimental set up was designed (Figure 1)
under the same greenhouse conditions. Details of treatments are
provided in Table 1. Seeds of Chinese flowering cabbage were
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sown in sterilized pots. An equal amount of water was supplied
along with the recommended dose of fertilizers during the trial.
The trial was carried out in a RCBD design containing 5 technical
replicates of each treatment. Two independent greenhouse trials
were conducted. No less than 10 plants were included in each
treatment. Pb was added in the potting mix (75 mg/kg of potting
mix) for artificial establishment of heavy metal stress according
to the experiment design.

The elicitor was applied as a foliar application starting at the
four-leaf stage and repeated on a fortnight basis. Plant growth
parameters such as root/shoot length, root/shoot biomass, and
the number of leaves were evaluated after 2 months of first foliar
spray. The marketable value of plants was calculated using the
following formula:

Marketable value (%) = 100− (100 × Percentage of

injured or diseased plants/Percentage of healthy plants).

A minimum of 20 plants was harvested from each treatment
and was used for morphological and metabolomic analysis. Plant
samples intended for metabolomics analysis were frozen in liquid
nitrogen and kept at –80◦C till examined.

Assessment of Total Phenolic, and
Flavonoids and Photosynthetic Pigments
Chlorophyll and carotenoids content was determined by using
a spectrophotometer according to Metzner et al. (1965). The
total phenolic contents were analyzed by employing the standard
Folin-Ciocalteau method (Pavel et al., 2006) and expressed as
milligrams gallic acid equivalent per gram of dry weight tissue.
The total flavonoid content was estimated using the aluminum
chloride colorimetric method of Chang et al. (2002).

Analysis of the Nutritional Values of
Leaves
Leaf samples for nutritional analysis were prepared as described
by Mahmoud et al. (2019). Leaf samples were washed,
stretched on paper towels, and air-dried for 60 min at
room temperature. Thereafter, leaf samples were oven-dried at
70◦C to ensure persistent weight. These dried samples were
ground in a stainless-steel grinder and the following nutritional
analyses were performed.

Estimation of H2O2 and MDA
The amount of H2O2 content was estimated with the help of a
spectrophotometer as described by Jana and Choudhuri (1981).
The MDA level, a product of lipid peroxidation was quantified
according to Heath and Packer (1968), with slight alterations as
suggested by Zhang and Kirkham (1994).

Assessment of Antioxidative Enzymes
The enzymatic activities of POD, SOD, and CAT were analyzed
as described by Gao et al. (2005).

Estimation of Phytochelatins (PCs),
Non-protein Thiols (NPT), Cysteine, and
Glutathione (GSH)
The cysteine content in the plant sample was measured
according to the methodology of Gaitonde (1967). The
amount of non-protein thiols content was estimated by
employing the technique of Ellmann (1959). The quantity of
sulfur-assimilating compounds was analyzed by adopting the
technique of Nagalakshmi and Prasad (2001).

The amount of phytochelatins in treated plants was assessed
according to Bhargava et al. (2005) by eliminating the quantity of
GSH from the amount of NPTs as follows:

PCs = NPTs - GSH

Quantification of Proline Content
The technique of Bates et al. (1973) was used for the estimation
of proline content.

Estimation of Lead
The quantity of Pb from digested plant samples was evaluated
according to Khan et al. (2017) by using Atomic Absorption
Spectrophotometer.

Quantification of Glucosinolate Content
We used our recently devised method (Akram et al., 2020)
for the identification and quantification of different types of
glucosinolates from the leaves of Chinese flowering cabbage
plants. Leaves from 10 plants were taken from each treatment
and pooled together. Analysis was performed on an API 4000
QTrap mass spectrometer equipped with a TurboIonSpray
probe (AB Sciex; Foster City, CA, United States) connected
to a Shimadzu UFLC (Shimadzu, Kyoto, Japan). The mass
spectrometer worked with triple quadrupole analyzer in the
Multiple Reaction Monitoring (MRM) mode. Sinigrin does not
exist in B. rapa and B. napus (Rangkadilok et al., 2002). In this
study, it was used as an internal standard for quantitative analysis
of glucosinolates (Jacobo-Velázquez et al., 2011).

Statistical Analysis
The data obtained were analyzed by taking variance with the help
of DSAASTAT software. The Duncan’s new multiple range test
was employed for evaluation of the significant difference between
means of all treatments. The study trials having three replicates
were repeated twice, and values of means acquired are exhibited.

RESULTS

Influence of Liquiritoside on Plant
Height, Number of Leaves, Root
Biomass, Shoot Biomass, and
Marketable Value of Chinese Flowering
Cabbage Subjected to Pb Stress
In the absence of Pb, the liquiritoside (1 g/L) treatment
significantly increased the plant height, the number of leaves,
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FIGURE 1 | Effect of various doses of liquiritoside (g/L) on the relative growth rate (RGR) of Chinese flowering cabbage. Mean values of two independent
experiments are presented. Vertical bars show standard error between different replicates of the same treatment. Data marked by different letters are significantly
different at p < 0.05.

marketable value, dry weight of the roots and shoots by 26, 34,
3, 27, and 20%, respectively, as compared to untreated control
(Table 1). Liquiritoside (0.5 g/L) treatment had no significant
effect on plant height, the number of leaves, marketable value,
shoot, and root biomass after and before Pb exposure. In the
presence of Pb, liquiritoside (1 g/L) application remarkably
increased plant length, number of leaves, marketable value, the
dry weight of the shoots and roots of Chinese flowering cabbage
in comparison with Pb control (Table 1).

Effects of Liquiritoside on Chlorophyll
and Carotenoid Contents, Flavonoids,
and Total Phenolics in Chinese Flowering
Cabbage Under Pb Stress
As shown in Table 2, the contents of chlorophyll a, chlorophyll
b, and carotenoids in plant tissues of the control treatment were
1.17, 0.47, and 2.78 mg g−1, respectively. The Pb treatment
decreased the chlorophyll a and b and carotenoids contents in
Chinese flowering cabbage by 27, 28, and 24%, respectively, than
that of the untreated control. On the other hand, liquiritoside
(1 g/L) supplementation significantly improved the chlorophyll
a and b and carotenoids levels of plants exposed to Pb stress
compared with relevant control.

The results showed that Pb toxicity markedly augmented
the level of both flavonoids, and phenolics by 32 and 38%,
respectively, in Chinese flowering cabbage plants as compared
to untreated controls. However, liquiritoside supplementation
further boosted the magnitude of both flavonoids, and phenolics
in the subject plants under Pb toxic and nontoxic conditions
(Table 2). The Pb+liquiritoside (1 g/L) treatment accelerated
the quantities of both flavonoids, and phenolics by 17 and 31%,

respectively, in Chinese flowering cabbage with respect to only
Pb treated plants.

Impact of Added Liquiritoside on
Antioxidant Enzyme Activities in Chinese
Flowering Cabbage Under Pb Treatment
Lead stress attenuated the activities of antioxidant enzymes like
SOD, CAT, and POD in Chinese flowering cabbage plants when
compared with untreated control. While supplementation of
liquiritoside at different concentrations further modulated the
level of these antioxidant enzymes (SOD, CAT, and POD) in
plants subjected to Pb stressed and non-stressed regimes. The
Pb+liquiritoside (0.5 g/L) exhibited remarkable increment in the
level of SOD, CAT, and POD by 24, 16, and 37, respectively, in
Chinese flowering cabbage plants in contrast with only Pb treated
ones (Figure 2).

Implications of Liquiritoside in the
Modulation of GSH, PCs, Cysteine, and
NPT Contents in Chinese Flowering
Cabbage Exposed to Pb Toxicity
In the absence of Pb treatments, no obvious changes were
observed in the GSH contents of plants with increased
liquiritoside application, but the GSH contents were
meaningfully different in plants raised under various liquiritoside
treatments during Pb stressed conditions (Table 3). The pre-
incubation of liquiritoside at the dose of 0.25, 0.50, and 1 g/L
increased glutathione contents by 11, 14, and 18%, respectively,
in Chinese cabbage plants raised under Pb regimes with respect
to relevant controls. In the presence of Pb toxicity, sufficient and
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TABLE 1 | Effect of liquiritoside on growth attributes of Chinese flowering cabbage plants under lead (Pb) stress.

Treatments Plant Height Number of leaves Root FW Shoot FW Root DW Shoot DW Marketable value

cm – g g g g (%age)

C 26.32 ± 1.78b 8.25 ± 0.35bc 15.5 ± 0.83b 81.29 ± 6.15b 6.56 ± 0.23b 54.75 ± 4.03bc 91.5 ± 5.41ab

Liquiritoside (0.25 g/L) 31.7 ± 2.19ab 9.57 ± 0.42ab 17.8 ± 0.92ab 87 ± 7.37ab 7.87 ± 0.24ab 58.08 ± 3.52b 92.4 ± 6.83a

Liquiritoside (0.50 g/L) 33.57 ± 2.38ab 10.38 ± 0.57ab 20 ± 1.25ab 95 ± 8.24ab 8.52 ± 0.27ab 61.31 ± 3.72ab 92.8 ± 6.91a

Liquiritoside (1 g/L) 35.62 ± 2.81a 12.43 ± 0.65a 22 ± 1.09a 98 ± 7.96a 8.93 ± 0.36a 68.26 ± 4.21a 93.3 ± 5.82a

Pb 18.3 ± 0.85c 6.38 ± 0.21c 9.37 ± 0.58c 64 ± 4.19c 4.15 ± 0.16c 31.17 ± 1.73d 60.4 ± 4.29c

Pb+ liquiritoside (0.25 g/L) 20.6 ± 0.93c 7.29 ± 0.26bc 12.98 ± 0.89bc 71 ± 5.73bc 6.31 ± 0.21bc 35.18 ± 2.87cd 67.8 ± 3.69bc

Pb+liquiritoside (0.50 g/L) 23.58 ± 1.15bc 8.26 ± 0.28bc 14.74 ± 0.76bc 76 ± 4.82bc 7.18 ± 0.29b 38.14 ± 2.43cd 72 ± 5.24b

Pb+liquiritoside (1 g/L) 25.16 ± 1.27b 8.91 ± 0.32b 15.63 ± 1.02b 82 ± 5.72b 8.43 ± 0.32ab 40.37 ± 2.84c 74 ± 4.82b

Values presented are mean ± standard error of two independent experiments. Data marked by the different letters in the same column are significantly different at
p < 0.05, C = Control, Pb = Lead (75 mg/kg soil).

TABLE 2 | Effect of liquiritoside on chlorophyll, carotenoids, flavonoids, and phenolics levels of Chinese flowering cabbage plants under lead (Pb) stress.

Treatments Chlorophyll a Chlorophyll b Total Chl. Carotenoids Flavonoids Total phenolics

mg g−1 FW mg g−1 FW mg g−1 FW mg g−1 FW mg of quercetin g−1 mg of GAE g−1

C 1.17 ± 0.052bc 0.47 ± 0.021b 1.64 ± 0.058bc 2.78 ± 0.13c 5.54 ± 0.25d 138 ± 6.17e

Liquiritoside (0.25 g/L) 1.32 ± 0.038b 0.53 ± 0.023ab 1.85 ± 0.072b 3.21 ± 0.18bc 6.62 ± 0.31c 145 ± 6.32de

Liquiritoside (0.50 g/L) 1.54 ± 0.073ab 0.61 ± 0.025ab 2.15 ± 0.085ab 3.48 ± 0.21b 7.34 ± 0.34bc 154 ± 7.24de

Liquiritoside (1 g/L) 1.65 ± 0.081a 0.64 ± 0.028a 2.29 ± 0.089a 4.36 ± 0.25a 7.86 ± 0.38bc 164 ± 7.4d

Pb 0.86 ± 0.042d 0.34 ± 0.016c 1.20 ± 0.036d 2.12 ± 0.09d 8.13 ± 0.42b 201 ± 9.6c

Pb+ liquiritoside (0.25 g/L) 0.95 ± 0.046cd 0.39 ± 0.015bc 1.34 ± 0.038cd 2.56 ± 0.13cd 9.24 ± 0.47ab 228 ± 12b

Pb+liquiritoside (0.50 g/L) 0.98 ± 0.056cd 0.42 ± 0.018bc 1.40 ± 0.041cd 2.76 ± 0.15c 9.06 ± 0.52ab 253 ± 13ab

Pb+liquiritoside (1 g/L) 1.12 ± 0.062c 0.45 ± 0.023b 1.57 ± 0.045c 2.94 ± 0.16bc 9.75 ± 0.58a 269 ± 15a

Values presented are mean ± standard error of two independent experiments. Data marked by the different letters in the same column are significantly different at
p < 0.05, C = Control, Pb = Lead (75 mg/kg soil).

excessive liquiritoside treatment obviously increased the PCs and
NPT contents in Chinese flowering cabbage plants compared
with those plants in the liquiritoside deficiency treatment group.
The, Pb+liquiritoside (1 g/L) treatment significantly enhanced
the level of PCs and NPT in subjected plants by 14 and 17%,
respectively, with respect to only Pb treated ones (Table 3).
These findings signposted that the biosynthesis of thiol metabolic
compounds (NPT, GSH, and PCs) enhanced with increased
liquiritoside application in Chinese flowering cabbage to
alleviate Pb stress. During the current study, liquiritoside (1 g/L)
treatment noticeably attenuated the cysteine contents of Chinese
flowering cabbage under nontoxic and toxic regimes (Table 3).

Role of Liquiritoside on Total
Glucosinolates and Proline Contents of
Chinese Flowering Cabbage
Lead toxicity reduced the total glucosinolates by 26% in
Chinese flowering cabbage plants than that of the untreated
control. However, liquiritoside supplementation augmented
the level of total glucosinolates during stressed and non-
stressed conditions. The application of liquiritoside at the
concentration of 0.5 and 1 g/L increased the value of
total glucosinolates by 23 and 29%, respectively, in plants
grown under metal regimes with respect to Pb control
(Table 3). Present results depicted that lead stress remarkably

declined the level of glucosinolate contents including Progoitrin,
Glucoalyssin, Gluconapin, Glucobrassicin, Neoglucobrassin, 4-
Hydroxyglucobrassicin and, 4-Methoxyglucobrassicin in Chinese
flowering cabbage plants with respect to analogous untreated
controls, respectively. Nevertheless, liquiritoside application
enhanced the values of these glucosinolate contents in Chinese
flowering cabbage plants under stressed and non-stressed
regimes (Table 4).

During the present research, proline content was enhanced
by 57% in Chinese flowering cabbage exposed to Pb stress when
compared with untreated control. While, differential liquiritoside
(0.25, 0.5, and 1 g/L) supplementation further increased the
level of proline by 26, 32, and 39%, respectively, in the subject
plants under contaminated regimes than that of Pb control
treatment (Table 3).

Effect of Liquiritoside on MDA and H2O2
Concentrations in Chinese Flowering
Cabbage Under Pb Stress
During the present investigation, Pb toxicity considerably
augmented the contents of MDA and H2O2 in Chinese flowering
cabbage with respect to untreated control. Nevertheless,
excessive liquiritoside supplementation meaningfully declined
the level of both MDA and H2O2 in plants during toxic and
nontoxic circumstances. The Pb+ liquiritoside (1 g/L) treatment
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FIGURE 2 | Effect of liquiritoside on the magnitudes of antioxidant enzymes such as SOD, POD, and CAT in Chinese flowering cabbage plants under lead stress.
Mean values of two independent experiments are presented. Vertical bars show standard error between different replicates of the same treatment. Data marked by
different letters are significantly different at p < 0.05. Pb, lead; C, Control.

diminished the quantities of both H2O2 and MDA in Chinese
flowering cabbage by 38 and 29%, respectively, as compared to
concerned Pb treated groups (Figure 3).

Role of Liquiritoside on Pb Uptake in
Roots and Shoots of Chinese Flowering
Cabbage
The findings of the current study depicted that root tissues
showed more Pb uptake compared with shoot tissues of Chinese
flowering cabbage (Table 5). The higher Pb accumulation
was noticed in roots and shoots of plants grown under only
Pb treatment. The liquiritoside supplementation exhibited a

reduction of Pb uptake in the root and the shoot tissues of
Chinese flowering cabbage as compared to only the Pb treatment
group (Table 5). With the increase in liquiritoside doses (0.25,
0.5, and 1 g/L), a Pb uptake reduction was recorded in analyzed
root and shoot tissues. The excessive dose liquiritoside (1 g/L)
caused 28 and 43% decline of Pb uptake in root and shoot
organs of Chinese flowering cabbage in contrast with non -
supplemented stressed plants. The application of liquiritoside
(1 g/L) significantly reduced the translocation factor and bio-
concentration factor of Pb in subjected plants than that of
non-supplemented ones. The plants grown under Pb regimes
exhibited decreased value flowering cabbage plants in a dose
dependent manner.
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TABLE 3 | Effect of liquiritoside on the levels of phytochelatins (PCs), cysteine, non-protein thiols (NPT), glucosinolates, glutathione (GSH) and proline in Chinese
flowering cabbage plants under lead (Pb) stress.

Treatments PCs Cysteine NPT Total glucosinolates GSH Proline

nmol-SH mg−1 nmol-SH mg−1 nmol-SH mg−1 µmol g−1 µmol g−1 µmol g−1

protein protein protein DW FW FW

C 294.51 ± 14.16cd 115.72 ± 6.18c 490.52 ± 21d 16.45 ± 0.73b 195.38 ± 9.34cd 18.65 ± 1.45e

Liquiritoside (0.25 g/L) 301.32 ± 16.27c 112.78 ± 6.41cd 483.67 ± 19de 18.19 ± 0.87ab 182.61 ± 8.71d 20.31 ± 1.53e

Liquiritoside (0.50 g/L) 289.42 ± 15.28cd 106.83 ± 5.23cd 476.76 ± 23de 21.62 ± 1.28ab 187.23 ± 9.28d 24.86 ± 2.54de

Liquiritoside (1 g/L) 272.74 ± 13.39d 94.91 ± 4.57d 465.81 ± 24e 25.24 ± 1.36a 193.92 ± 10.26cd 31.92 ± 2.65d

Pb 304.09 ± 17.53c 151.64 ± 7.83a 543.67 ± 25c 12.25 ± 0.71c 241.72 ± 12.75c 43.42 ± 3.83c

Pb+ liquiritoside (0.25g/L) 328.74 ± 18.79b 117.87 ± 8.75c 597.45 ± 28b 16.17 ± 1.23b 269.63 ± 13.68b 58.27 ± 2.71b

Pb+liquiritoside (0.50 g/L) 335.28 ± 21.94ab 128.96 ± 7.87bc 613.67 ± 32ab 15.94 ± 0.78b 278.17 ± 14.56ab 64.16 ± 3.62ab

Pb+liquiritoside (1 g/L) 351.83 ± 19.37a 134.68 ± 8.13b 642.26 ± 34a 17.39 ± 0.98ab 291.29 ± 16.46a 71.35 ± 4.39a

Values presented are mean ± standard error of two independent experiments. Data marked by the different letters in the same column are significantly different at
p < 0.05, C = Control, Pb = Lead (75 mg/kg soil).

DISCUSSION

In the past few years, several studies have shown that exogenous
elicitors can mediate plant growth and productivity (Bibi et al.,
2016; Brockman and Brennan, 2017; Colla et al., 2017). To the
best of our knowledge, the present study is the first to report
the positive effects of liquiritoside on the growth and health-
promoting elements of Chinese flowering cabbage grown under
Pb stress. The application of genistein, a flavonoid improved
growth and production of salted soya bean plants (Miransari
and Smith, 2007). Likewise, coumarin, a phenolic compound
enhanced the growth of wheat plants exposed to salt stress.
Similarly, apigenin also enhanced biomass production and the
growth of paddy plants under salt stress (Mekawy et al., 2018).
Similarly, it was revealed that liquiritoside enhanced growth-
related attributes and marketable value of Chinese flowering
cabbage exposed to Pb regimes.

The increased growth rate of Chinese flowering cabbage
plants observed under the influence of the foliar elicitor could
be attributed to the capability of liquiritoside to modulate
phytohormones, soluble sugars, amino acids, and mineral
elements in applied plants. The liquiritoside may improve the
yield and quality of Chinese flowering cabbage by affecting
cellular metabolism. For example, it is known that sugars act as
signaling molecules and improve plant growth and development
(Smeekens et al., 2010). Amino acids provide improved stress
tolerance in plants (Karabudak et al., 2014). Some organic acids
present in plant extracts can chelate metal ions to stimulates
root growth (Battacharyya et al., 2015). All these together could
supply nutrition for cell growth, with a resulting increase in
growth and vigor.

Chinese flowering cabbage plants under Pb stress exhibited
a reduced level of photosynthetic pigments. Several other
studies have revealed that Pb deteriorated chlorophyll structure
and decreased chlorophyll synthesis by replacing Fe, Mg,
and Cu (Akinci et al., 2010; Ashraf et al., 2016). Foliar
application of liquiritoside positively affected total chlorophyll
and carotenoids content in a dose-dependent manner (Table 2).
The positive effect of liquiritoside on leaf pigment content could
be attributed to the delay in leaf senescence or enhancement

in leaf pigment biosynthesis (Fan et al., 2013; Jannin et al.,
2013). These beneficial effects are possibly due to the effect of
liquiritoside on phytohormones. The physiological parameter
of leaf pigment content also acts as indicators of improved
quality of Chinese flowering cabbage that can be obtained by
the application of exogenous elicitors. Analogous to our results,
it was observed that apigenin-treated plants showed increased
biosynthesis of photosynthetic pigments which improved the
growth of paddy plants subjected to salinity stress (Mekawy
et al., 2018). Moreover, the cinnamic acid applied plants also
exhibited an increased amount of photosynthetic pigments
besides increased growth of maize plants exposed to salt toxicity
(Araniti et al., 2018).

The enzymatic and non-enzymatic antioxidants enable plants
to thrive under abiotic stress conditions (Usman et al., 2020).
The antioxidative compounds perform the role of sacrificial
agents through their activity on ROS, thus defending plant
biomolecules. Rutin as an antioxidative flavonoid, scavenge ROS,
and enhance the growth of leguminous plants (Ismail et al., 2016).
Quercetin synthesized by rutin has ROS scavenging capability
because it acts as a substrate of guaiacol peroxidase (Amako
et al., 1994). The detoxification of ROS in quercitin applied plants
mitigated salt-induced stress and improved the growth of plants.
The antioxidant enzymes such as POD, CAT, and SOD consume
phenolics, including cinnamate, ellagate and ferulate to alleviate
plant stress (Abu Taleb et al., 2013; Singh et al., 2013). Similarly,
our finding also exhibited obvious modulations in the activities
of POD, CAT, and SOD for dilution of Pb toxicity in liquiritoside
supplemented Chinese flowering cabbage plants.

Fayez et al. (2014) demonstrated that abiotic stress modulates
physiochemical attributes of plants. Plants synthesize an elevated
level of MDA and H2O2 under stress (Noctor et al., 2015). Lead
stress enhanced the biosynthesis of ROS, leading to increased
oxidative injury in plants (Hattab et al., 2016). Other studies also
showed that Pb enhanced lipid peroxidation in plants causing
oxidative injuries (Li et al., 2013). Plants engage the antioxidant
system to mitigate metal-triggered oxidative stress (Shahid et al.,
2014). Phenolics and flavonoids may reduce the biosynthesis
of ROS, EL H2O2, and MDA to alleviate plant stress (Mekawy
et al., 2018). The reduced level of ROS helps in the mitigation of
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. oxidative injury (Hossain et al., 2019). The improved synthesis of
phenolics and flavonoids as well as antioxidant enzymes detoxify
ROS and mitigate stress in gallic acid, and rutin treated plants
under stress. Pheomphun et al. (2019) observed that reduced
H2O2, MDA, and enhanced activity of antioxidant enzymes in
catechin supplemented plants for the alleviation of stress.

Higher proline has been observed in plants facing stress
(Ahmad et al., 2018). However, exogenously applied quercetin
and coumarin improve proline content, and LRWC in plants
to mitigate stress (Saleh and Madany, 2015). The increased
proline biosynthesis was attributed to reduced activity of proline
dehydrogenase and increased activity of pyrroline-5-carboxylate
synthase in coumarin supplemented plants (Pérez-Arellano et al.,
2010; Szabados and Savoure, 2010). Hence, it is assumed
that liquiritoside may mitigate metal stress in applied Chinese
flowering cabbage plants in the same manner.

Phenolics scavenge ROS to reduce oxidative injury in plants
(Soares et al., 2019). Our results showed that liquiritoside
enhanced phenolic contents and triggered the activity of
antioxidant enzymes. Phenolics detoxify ROS and metal toxicity
by making metal complex in plants (Tolrà et al., 2009). The
results of this study are in agreement with the findings of
Ashraf et al. (2016), who observed that the foliar application
of plant extracts increased the total phenolics and flavonoid
content of Raphanus sativus plants. Baenas et al. (2014)
showed that the nutritional quality of sprouts of brassica
vegetables was improved by foliar application of biotic elicitors.
Agati and Tattini (2010) reported that flavonoids decline in
ROS levels in plants affected by abiotic stress. Similarly,
other researchers have described the importance of GSH,
flavonoids, and ascorbic acid in mitigation of plant stress
through reducing ROS synthesis (Liang et al., 2018). The
augmented synthesis of flavonoid alleviates drought stress in
plants (Varela et al., 2016).

Current results showed that the levels of total GLS in
Chinese flowering cabbage plants exposed to Pb toxicity
were significantly increased under the influence of the foliar
elicitor (1 g/L) (Table 3). Same types of increments of
GLSs have been reported in Chinese flowering cabbage in
previous studies (Bhandari et al., 2015; Liang et al., 2018).
Metal stressed plants modulate the synthesis of thiol ligands,
including phytochelatins (PCs), non-protein thiols, cysteine,
and GSH for detoxification and chelation of metal (Kumar
et al., 2016; Ahmad et al., 2020). Higher synthesis of thiols
in root tissues compared to foliage of plants declines uptake
and translocation of injurious metals from roots to shoots
(Hasan et al., 2015). The thiol-containing groups of plants
such as cysteine, NPT and PCs, have a higher affinity for
metals and hence assist in homeostasis and detoxification
of metals (Rabêlo et al., 2018). Similarly, cysteine, NPT,
GSH, and PCs may have played their part reducing Pb
translocation and subsequent detoxification in Chinese cabbage
flowering plants.

Plant roots immediately come in contact with metals and
hence exhibit relatively more metal content as compared to
above-ground parts of plants. The increased demethylation
and pectin level help in reduced translocation besides the
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FIGURE 3 | Effect of liquiritoside on the amounts of malondialdehyde (MDA) and hydrogen peroxide (H2O2) in Chinese flowering cabbage plants under lead stress.
Mean values of two independent experiments are presented. Vertical bars show standard error between different replicates of the same treatment. Data marked by
the different letters in the same column are significantly different at p < 0.05. Pb, lead; C, Control.

TABLE 5 | Role of liquiritoside on Pb uptake in root and shoot tissues, bio-concentration factor (BCF), translocation factor (TF) and tolerance index (TI) of Chinese
flowering cabbage plants under lead (Pb) stress.

Treatments Root Pb uptake Shoot Pb uptake BCF TF TI

mg kg−1 mg kg−1 – – %

C 0.86 ± 0.052c 0.52 ± 0.028c 0.55 ± 0.021c 0.60 ± 0.035a –

Liquiritoside (0.25 g/L) 0.72 ± 0.045c 0.43 ± 0.021c 0.46 ± 0.024cd 0.59 ± 0.027a 1.21 ± 0.057ab

Liquiritoside (0.50 g/L) 0.58 ± 0.028c 0.31 ± 0.019c 0.35 ± 0.017cd 0.53 ± 0.024ab 1.27 ± 0.073ab

Liquiritoside (1 g/L) 0.47 ± 0.031b 0.23 ± 0.012c 0.28 ± 0.016c 0.48 ± 0.022b 1.35 ± 0.083a

Pb 41.09 ± 2.53a 25.64 ± 1.06a 0.87 ± 0.051a 0.62 ± 0.034a 0.69 ± 0.025c

Pb+ liquiritoside (0.25 g/L) 39.74 ± 2.62ab 18.87 ± 0.85ab 0.78 ± 0.042ab 0.47 ± 0.026bc 0.78 ± 0.038bc

Pb+liquiritoside (0.50 g/L) 36.28 ± 2.54ab 15.96 ± 0.79b 0.69 ± 0.034b 0.43 ± 0.021c 0.89 ± 0.056bc

Pb+liquiritoside (1 g/L) 29.83 ± 1.97b 14.68 ± 0.64b 0.59 ± 0.035bc 0.49 ± 0.025b 0.95 ± 0.047b

Values presented are mean ± standard error of two independent experiments. Data marked by the different letters in the same column are significantly different at
p < 0.05, C = Control, Pb = Lead (75 mg/kg soil).

fixation of metal within the root cell walls (Liu et al., 2019).
Perhaps, this strategy reduced Pb translocation from root to
shoot of the plants and should be explored in further studies
(Bharwana et al., 2013).

CONCLUSION

This study demonstrates that liquiritoside could be used as an
effective plant growth bio-stimulant. Our findings indicate that
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the nutritional and medicinal contents in leaves of Chinese
flowering cabbage plants can be augmented by foliar application
of liquiritoside at a rate of 0.5 g/L. The supplementation
of liquiritoside alleviated Pb stress of plants by improving
growth/photosynthetic pigments, glucosinolates, antioxidants,
and reducing MDA, H2O2, cysteine, and Pb uptake. Further
studies are required to understand the mechanism underlying
the crop’s growth effect, promoting biotic elicitor’s use in
organic agriculture.
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Most old roses are difficult to root when propagated by cuttings. This research focused

on the response of stem cuttings of Rosa “Hurdal” to plant origin preparations used as

rhizogenesis enhancers through changes to the anatomical structure of the basal part

of the stem. Cuttings derived from shoots in four phenological stages were prepared for

the experiment: flower buds closed (H1); fully flowering (H2); immediately after petals

have fallen (H3); 7–14 days after petals have fallen (H4). The cuttings were treated

with 0.4% indole butyric acid (IBA; Ukorzeniacz Aaqua) or 0.2% naphthalene acetic

acid (NAA; Ukorzeniacz Baqua), and with plant origin preparations: Algae extract (Bio

Rhizotonic), Organic preparation (Root JuiceTM), and Plant extract (Bio Roots). A high

rooting percentage in comparison to the control (27.5%) was obtained after treatments

of the H1 cuttings with Algae extract (90%), Organic preparation (80%), and Plant extract

(75%). The H4 cuttings did not root, probably as a result of an overgrowing callus and

limited xylem formation. The anatomical structure of the shoot differed in subsequent

phenological stages during the period of rooting in various ways, depending on the

rooting enhancer used for treatment. Numerous correlations between rooting percentage

and anatomical structure were proved, including the key role of vascular bundles in

increasing rooting percentage by widening the vessel diameter.

Keywords: adventitious roots, biostimulant, root enhancer, tracheids, vessel, xylem

INTRODUCTION

Roses belong to the oldest and most important cultivated ornamental plants (Smulders et al.,
2019), and have been significant in many fields of human life for thousands of years (Gustavsson,
1999). The majority of once-blooming old roses are valued for their winter hardiness (Gustavsson,
1999; Monder, 2014) and high resistance to pests and disease. The majority of old roses
can also be successfully cultivated in the temperate zone in a climate with harsher winters
on their own roots without budding on the rootstock (Gustavsson, 1999). Their maintenance
in cultivation is important for biodiversity conservation and the preservation of the heritage
of garden plants, and so for the implementation of the provisions of the Convention on
Biological Diversity (CBD) made in Rio de Janeiro on 5 June 1992. Although old roses are
commonly cultivated, they should, nevertheless, be used more often to revitalize historical
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properties and urban greeneries (Gustavsson, 1999; Monder,
2021). “Hurdal” is a valuable old rose and, originally, an Alba or
Villosa Hybrid. This cultivar has been more widely known since
it was brought to Norway in the second half of the nineteenth
century. The shrubs are ca 3-m high, with long, almost thornless
stems, and big grayish leaves. The flowers are deep pink, with 15–
25 petals and a mild fragrance (Figure 1A). The hips are oval,
ca 2-cm diameter, and red-orange. The shrubs exhibit great frost
hardiness and are appropriate for cultivation in a hard Scandian
climate (Gustavsson, 1999).

The use of single-node leafy stem cuttings is easy and
economical, and it is the most common method of rose
propagation used to grow shrubs on their own roots. However,
the forming of adventitious roots in the cuttings of vascular
plants is a very complicated process connected with exogenous
and endogenous factors (Hartmann et al., 2011), whereby
rhizogenezis in cuttings of wild (Hoşafçi et al., 2005) and
old roses is believed to be especially difficult (Hoşafçi et al.,
2005; Ginova et al., 2012), time-consuming, and often resulting
in failure (Ginova et al., 2012; Monder et al., 2016). The
process of rhizogenezis, prolonged to 12 weeks, exposes the
cuttings to many stress factors, and their success is also strictly
connected with the content of bioactive components in stock
plants (Monder et al., 2016). The anatomical structure of the
shoot (Amissah et al., 2008; Bryant and Trueman, 2015) is a
crucial endogenous factor in adventitious root formation for the
majority of vascular plants, including roses (Monder et al., 2017).

The growth and the development of plants in the growing
season are connected with many changes in their biology.
Phenology is a visible effect and a source of knowledge of
periodic changes in plants (Meier et al., 2009) affected by
additional environmental factors (Zheng et al., 2016), including
roses (Monder, 2014, 2021). The crucial role of the phenological
stage of shoots in roses harvested for the preparation of
cuttings has been shown a few times (Pihlajaniemi et al., 2005;
Monder et al., 2016, 2019; Monder and Pacholczak, 2018). The
flowering time in once-blooming roses is followed by changes in
carbohydrates, soluble proteins, chlorophyll a/b, and carotenoids
content (Monder et al., 2016) as well as changes in the anatomical
structure (Monder et al., 2017).

Various rooting enhancers, including plant hormones
(Pihlajaniemi et al., 2005; Ginova et al., 2012) and biostimulants
(Monder and Pacholczak, 2019; Monder et al., 2020) were used to
encourage the natural ability of cuttings to undergo rhizogenesis
and also to improve the quality and physiological parameters of
rooted cuttings. Some of the preparations important in nursery
production contained indole butyric acid (IBA) or naphthalene
acetic acid (NAA) as standard rooting enhancers in the procedure
of rooting cuttings (Hartmann et al., 2011). Previous research
has proven the influence of a few substances used as rooting
enhancers on anatomical structure, e.g., benzyladenine and
naphthalene-1-acetic acid in Fuchsias (Wróblewska, 2013),
Dogwood (Pacholczak et al., 2012), and Euphorbia hybrids
(Fascella and Zizzo, 2009) or carbon dioxide (Costa et al., 2007),
IBA, and NAA in roses (Dawa et al., 2018; Monder et al., 2019).
However, the abovementioned research did not establish which
changes in anatomy had an influence on the effectiveness of the
process of rhizogenesis.

Synthetic chemicals used for plant production, protection,
and cultivation are often replaced, or their usage is reduced,
by preparations of natural origin that includes humic acids,
seaweed, and Plant extracts. Their use provides a number of
benefits in stimulating growth and protecting against biotic and
abiotic stresses (Oosten et al., 2017). Preparations of natural
origin are preferred in sustainable eco-friendly agriculture and
recommended by the Official Journal of the European Union
(OJEU, 2009a,b), the National Organic Program USDA (USDA,
2017), and the Organic Materials Review Institute (OMRI,
2021). The effect of their use depends on their composition
and, especially, on phytohormones (Oosten et al., 2017).
Three commercial plant origin preparations recommended by
their manufacturers for rooting and replanting were used in
the present research and named for the purposes of this
work: Bio Rhizotonic—Algae extract (Canna Continental, Los
Angeles, USA, 2021), Root JuiceTM–Organic preparation (BioBizz
Worldwide B.V., Groningen, The Netherlands, 2017), and Bio
Roots—Plant extract (General Hydroponics Europe/T.A. Terra
Aquatica, Fleurance, France).More detailed information on these
preparations is presented in Table 1. These preparations were
produced with Plant extract as their base and contain many
biologically active substances. The content of humic substances
could lead to higher nutrient content in the tissues of the
cuttings as well as positive metabolic changes (Nardi et al.,
2015). The above preparations affected the content of chlorophyll
a, b, carotenoids, soluble proteins (Monder et al., 2020), and
carbohydrates in roses (Monder and Pacholczak, 2018) and can
indirectly influence the effectiveness of rhizogenesis.

The aims of this research were to recognize the response
of cuttings Rosa “Hurdal” in anatomical structure to the plant
origin preparations during the process of rhizogenesis. Moreover,
we hypothesized that the response of cuttings prepared from
shoots in four phenological stages may be different. Consistently,
the various anatomical changes occurring in stock plants
during the flowering period can affect rooting effectiveness
and the quality of rooted cuttings. Analysis of changes in
anatomical structure before and after the rooting process
could reveal the reason for difficulties in the rooting of some
rose cuttings.

MATERIALS AND METHODS

Plant Material and Experimental
Conditions
The plant material of R. “Hurdal” (Germany–Norway; origin
unknown, Rosa × alba × Rosa villosa, Figure 1A) was
obtained from shrubs growing in the National Collection of
Rose Cultivars in the Polish Academy of Sciences Botanical
Garden Center for Biological Diversity Conservation in Powsin,
Warsaw, Poland.

The single-node leafy semi-hardwood shoot cuttings of
Rosa “Hurdals” (Gustavsson, 1999) with an original leaf
(leaf area 24–27 cm2) (Figure 1B) were taken from the
middle part of flowering shoots (three to five buds) in four
phenological stages (Figure 1C) according to BBCH scale in
roses (Meier et al., 2009). In the present study, the letter H,
accompanied by a subsequent number, was used to designate
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FIGURE 1 | The Rosa “Hurdal” (A) single-node leaf cutting, (B) phenological stages of shoots in terms and their treatment in experiment (C) phenological stages in

BBCH scale (Meier et al., 2009): H1−54,504 (flower buds still closed); H2−69,605 (full flowering; at least 50% of flowers open); H3−69,629 (end of flowering of the

second-order stem—all petals have fallen); H4−70,701 [fruit set: beginning of hip (berry) growth on the main stem].

the phenological stage of shoots harvested for the experiment
in four periods: H1—May 27, 54 504 (flower buds still
closed), H2—June 1, 69 605 (full flowering; at least 50%
of flowers open), H3—June 6, 69 629 (end of flowering of

the second-order stem: all petals fallen), H4—June 11, 70
701 (fruit set: beginning of hip growth on the main stem)
(Figure 1C). The shoots all had similar diameters, ranging from
5 to 6 mm.
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TABLE 1 | Rooting enhancers used in the rooting of Rosa “Hurdal.”

Name in work Preparation and producer Characteristic Certificate

IBA Ukorzeniacz Aaqua (Himal, Poland) 0.4% IBA (indolebutyricacid)

NAA Ukorzeniacz Baqua (Himal, Poland) 0.2% NAA (naphthaleneaceticacid)

Algae extract Bio Rhizotonic (Canna Continental,

Los Angeles, USA, 2021)

Seaweed-based, 100% organic, N 0.6%,

P 0.2%, K 0.6% vitamins such as B1, B2,

and other biologically active substances

Organic Materials Review Institute (OMRI)

Organic preparation Root JuiceTM (BioBizz Worldwide

B.V., Groningen, The Netherlands,

2017)

Combination of humic acid and seaweed

extracts, N 0.1%, P2O5 0.1%, K2O 0.1%,

Mg 0.03%, Fe 0.013%, Mn 0.002%, Zn

0.004%, B 0.025%, Cu 0.001%

National Organic Program (NOP); Control

Union Certified EU; Good Soil Quality

Mark; Point Vert; Organic Materials Review

Institute (OMRI), Clean Green Certified

Plant extract Bio Roots (GHE, France/T.A. Terra

Aquatica, 2021)

Amino acids and oligosaccharins, fruit oil

up to 1%; humic acids 1%; pectinate 1%;

sodium alginate 3%; seaweed species

10%, organic matter 84%

European regulation EC No 834/2007 on

organic agriculture (Certificaat Bio Roots,

2014)

The cuttings were inserted into multipot trays (6.6 ×

6.6 cm) in peat (Karaska, Poland) sand (Vistula river) medium
(mixture v:v 1:1; pH 6–6.5). The cuttings were treated with
0.4% IBA (Ukorzeniacz Aaqua) or 0.2% NAA (Ukorzeniacz
Baqua), and with plant origin preparations: Algae extract (Bio
Rhizotonic), Organic preparation (Root JuiceTM), and Plant
extract (Bio Roots). The treatment and watering process is
presented in detail in Figure 1C. Before planting, the basal
parts (1 cm) of the stem were dipped in commercial rooting
powder, containing 0.4% IBA or 0.2% NAA. The remaining
cuttings were watered with plant origin preparations or, in
the case of the control, water. The watering was performed
with 10 cm3 per pot (98 cm3) according to the schema of
the experiment. During the 10th and 20th days of rooting,
the cuttings were watered with 10 cm3 water or Algae extract
per pot (98 cm3) (Figure 1C). The rooting enhancers used in
the experiment were purchased from companies in the sector
(Table 1).

The experiment on rooting cuttings was conducted in
the commercial nursery of M&M Kryt in Wola Prażmowska
(51.56◦N, 20.28◦E), Poland. The rose cuttings were rooted in
a foil tunnel with an electronically controlled misting system
that maintained optimal climatic conditions (air temperature,
23–25◦C; ambient relative humidity, 80–90%). The shading
material limited the photosynthetic photon flux density to
130 µmol·m−2·s−1. To prevent fungal diseases, the following
fungicides were applied to the cuttings regularly every 7–
9 days starting from the day of planting: Previcur Energy
840 SL (propamocarb, 47.28%; fosetyl, 27.65%; Bayer, Poland),
Amistar R© 250 SC (azoxystrobin, 250 g·dm−3; Syngenta,
Poland), and Score 250 SC (difenoconazole, 250 g·dm−3;
Syngenta, Poland).

The Data Set of the Growth Parameters of
the Cuttings
After 12 weeks, in the first days of August, the cuttings were
dug out and cleaned from the medium. The rooted cuttings were
earmarked for further evaluation.

The rooting percentage and the percentage of cuttings with
a callus only were calculated (%) in relation to the number of
planted cuttings.

The fresh weight (g) of the root system and the aboveground
part were estimated for rooted cuttings, using an analytical
balance (PS 6000/C/2, RADWAG, Poland). The root length (cm)
was measured with a caliper from the origin of the root to the
apical meristem of the primary and longest root.

Anatomical Evaluation
Samples of shoots from cuttings were retrieved for anatomical
research two times for every treatment in each phenological
stage: before being planted in the rooting medium and on the
25th day of the rooting process. Moreover, the samples were
harvested and observed separately after 12 weeks of rhizogenesis.
The shoot fragments were protected and stabilized in a mixture
of anhydrous glycerine and 96% ethyl alcohol (v/v 1:1) in PAS
Botanical Garden CBDC in Powsin, Warsaw, Poland. Slides were
cut with a sledge microtome (pfm SLIDE 4003E, pfm medical
AG, Germany) into slices 15- to 30 µm thick with cross- and
longitudinal sections from the basal parts of shoots, in which
rhizogenesis would have taken place. The scraps were cross-
dyed with a solution of safranine. The studies were carried out
using the light Olympus BX41 microscope (Olympus America
Inc., New York, USA) with the Olympus DP25 digital camera
connected to a computer with specialist Cell∗B software (The
Institute of Wood Sciences and Furniture, Warsaw University of
Life Sciences—WULS, Warsaw, Poland) and an Olympus Vanox
AHBT3 (Olympus America Inc., New York, USA) microscope.
The measurements of cells and tissue elements were conducted
with the specialist Cell∗B software and cellsSens Standard 1.7.1.
software in PAS Botanical Garden CBDC in Powsin, Warsaw,
Poland. The width of the xylem, phloem, pith rays, and cortex,
and, additionally, the early- and late-wood vessel diameter, were
measured before and after 25 days of rooting cuttings and, in the
shoots of the stock plant, cut on 5 August. The width of tissues
between xylem and cortex was noted and observed after 25 days
of rooting cuttings. All the observations were carried out on the
basal part of the cuttings: 2–2.5 cm below buds in shoots.
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Statistical Analysis
The experiments were constructed as randomized complete
block design (RCBD) for each maturity phase and involved
24 combinations altogether for two variables (treatment,
phenological stage). Each combination of treatment in four
phenological stages of shoots (Figure 1) included four replicas
of 10 cuttings. A total of 960 cuttings were planted. Additional
10 cuttings earmarked for anatomical research were planted in
each combination. Moreover, the anatomical research data were
collected for each phenology stage of shoots before rooting them,
also from the 10 cuttings.

The values in percentage were transformed by using the
function ARCSIN(x)1/2 according to Bliss or y = x2 + (x2

+ 1)2 to compare the means and carry out analyses. The
data of anatomical parameters were analyzed by using two-
factorial analysis of variance (ANOVA), and Duncan’s honest
significant difference test was used to determine the significance
of differences between the means (α = 0.05) for two variables—
the phenological stage and the rooting enhancer. For data of
growth parameters, two-way analysis of variance (ANOVA) and
Tukey’s HSD were used (α = 0.05) for the same variables,
respectively. Correlations between the data parameters of growth
and anatomical structure in cuttings were carried out for each
phenological phase and treatment together and separately.

The STATISTICA 10 software package (StatsoftPolska,
Cracow, Poland) was used for statistical analysis.

RESULTS

The Anatomy of the Shoots of Rosa
“Hurdal” Stock Plants Changes Across the
Different Phenological Stages That
Cuttings Were Prepared in
The periderm consisted in (i) a cork cambium with
undifferentiated cells (phellogen), (ii) an outer layer (epidermis)
with cells in regular rows and thick walls, and (iii) living cells with
thickening walls in an inner layer arranged in three to four rows.
The cortical parenchyma had a similar width to the vascular
bundle ring visible on cross sections of all four phenological
stages of shoots. The parenchyma consisted of large cells, uneven
in size, and tightly arranged along the circumference of the shoot
(Figure 2). The width of the cortex decreased from H1 to H4
(Figure 3).

The vascular bundles were separated from the cortex
sclerenchyma layer by irregularly arranged cells with very
thickened walls and were different widths. Moreover, the ring of
vascular bundles was partially irregular and with a few vascular
bundles located outside. These irregular bundles were observed,
especially in shoots H1 and H2. The structure visible on cross-
and longitudinal sections of shoots in subsequent stages showed
a progression of the lignification process (Figure 2). Stems
collected from shoots in stages H3 and H4 had a wider wood
region (Figure 4) where thick-walled fibers dominated, providing
mechanical strength.

The width of xylem tissue increased with each fallow
phenological stage. The vessels and tracheids of the xylem

were located radially on the cross section in regular rows.
No significant differences were found between the mean vessel
diameter of early- and late-wood in H1, H2, and H3, while the
means in H4 were significantly higher. There were a few cells
of latewood in H1, mostly tracheids with thick walls. The layers
of latewood were much wider in fallow phenological stages, and
the vessels of latewood were significantly larger in diameter in
H4 shoots. The width of xylem tissue increased in the shoots of
stock plants until August, however without any increase to the
diameter of the vessels. The last cells of visible latewood were
mainly tracheids, with only a few large vessels (Figure 4).

The cambium layer in shoots before rooting consisted in three
to four cells in H1, four to five in H3, and three to four in H4
(Figure 2). The cambium of stock plants in August was made up
of five to six cells.

The pith rays were narrow, made up of three to five rows
of the cells. Numerous starch grains were visible in pith rays
in comparison with their smaller number of companion cells of
phloem, xylem fibers, and cortical parenchyma (Figure 2). The
pith rays widths were similar throughout the four phenological
stages (Figure 5).

The pith consisted of big living irregular cells, loosely stacked
in starred form around small cells, with starch grains in cross
sections and in rows on longitudinal sections (Figure 2).

Rooting Enhancers Have a Varied Effect on
Changes to the Anatomy of Stem Cuttings
Harvested in Four Phenological Stages
Visible callus tissues appeared in the rhizogenesis process at
the basal part of cuttings in the place of wounding after 10–
14 days, and the first visible roots were spotted in week 4
near these places. On the cross sections, the roots most often
appeared on the cambial zone near the pith rays and phloem.
The forming roots were growing in outside, omitting the phloem
and sclerenchyma layers. At the same time, numerous callus
cells appeared, intensively filling the space between the first ring
of xylem and sclerenchyma, and consequently growing outside
through the cortex layer. The callus cells were also observed in
the cambium zone and as a product of phellogen differentiation
(Figure 6). The overgrowing of callus cells was also visible in the
place of the pith on the base of the cutting (Figure 7). The roots
probably also formed in the region of the phloem and pericycle,
as was also observed after 12 weeks, without omitting the basal
part of cuttings covered by a callus (Figure 8).

The width of the xylem tissue in control cuttings derived
from shoots H1 was small compared to cuttings on which NAA
preparation, Algae extract, or Organic preparation was used, and
the width was even smaller in cuttings treated with Plant extract.
This variable was also higher in control cuttings from shoots H2
for which Organic preparation or Plant extract was used as well as
for cuttings obtained from shoots H3 treated with NAA, Organic
preparation, and Plant extract. The width of xylem tissue in
cuttings H4 was similar when using IBA and NAA preparations
and Algae extract. The use of Organic preparation and Plant
extract resulted in an increase in the width of xylem tissue.
Xylem was dominated by large, thin-walled vessel elements of
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FIGURE 2 | Transverse sections of the shoots before rooting in Rosa “Hurdal” in four phenological stages in BBCH scale (Meier et al., 2009): H1−54,504 (flower buds

still closed); H2−69,605 (full flowering; at least 50% of flowers open); H3−69,629 (end of flowering of the second-order stem—all petals have fallen); H4−70,701 [fruit

set: beginning of hip (berry) growth on the main stem]. Designation of signs: ub, unregular vascular bundles; c, cambium; co, cortex; pe, periderm; ph, phloem; p,

pith; pr, pith rays; s, sclerenchyma; ew, earlywood; lw, latewood.

earlywood. However, with time, the wood cells became more
regular in shape, smaller, thick-walled tracheids, with a tendency
for the size of vessels to decrease in diameter in the cross section
due to the use of rooting enhancers (Figure 4).

The diameter of the vessels of early- and late-wood in H1
cuttings was higher in the control and after use of Algae extract
as compared with other enhancers. In the case of H2 and H3
cuttings, the diameter of earlywood vessels was similar for all
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FIGURE 3 | Width of Rosa “Hurdal” tissues between wood and cortex (A), phloem (B), and cortex tissue (C) in stems before rooting; cuttings after 24 days of the

rhizogenesis process; and stems of stock plants cut in first days of August. Control—control cuttings without rooting enhancers; IBA 0.4%—Ukorzeniacz Aaqua (0.4%

IBA); NAA, 0.2%—Ukorzeniacz Baqua (0.2% NAA); Algae extract—watering with 0.6% Bio Rhizotonic (10ml) after planting and 10 and 20 days later; Organic

(Continued)
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FIGURE 3 | preparation—watering with 0.4% Root JuiceTM (10ml) after planting; Plant extract—watering with 0.02% Bio Roots (10ml) after planting. H1−54 504

(flower buds still closed); H2−69 605 (full flowering; at least 50% of flowers open); H3−69 629 (end of flowering of the second-order stem—all petals have fallen);

H4−70 701 [fruit set: beginning of hip (berry) growth on the main stem]. Different small letters indicate significant interactions between the phenological stage and

treatment (two-way ANOVA). Different capital letters indicate significant differences between phenological stages. Duncan’s test (α = 0.05) was used.

treatments. The diameter of latewood vessels of H2 after the use
of Organic preparation was smaller than in the control cuttings.
Compared to the control, H3 latewood vessels were larger in
diameter after the use of an Organic preparation and Plant
extract, and lower when using IBA and Algae extract. In the case
of H4 cuttings, only the Plant extract affected the increase of
earlywood diameter, while no latewood vessels were determined
at this stage. The differentiation in new vessels and new ring had
probably also inhibited (Figures 4, 9, 10).

The above results were compared with measurements of
the xylem tissue in stock plants in August—the mean was
higher than obtained by rhizogenezis in all stages H1–H4
(Figure 4). The cause for such results was the strong expansion
of callus tissue compressing the xylem tissues of the first ring
in rooted cuttings. This phenomenon probably also caused the
separation of individual vascular bundles outside the first ring. A
fragmentary new second ring with rows of vessels and tracheid
cells was visible around and above the first ring (Figure 7).

The cambium zone in rooted cuttings was difficult to identify
(Figures 6–10).

The process of rhizogenesis is characterized by intensive
growth of the layer between the xylem and the cortex, especially
high means were obtained for the cuttings H1, excluding those
treated with Plant extract, for which the means were lowest.
The growth of this layer decreased in control cuttings, following
phenological stages from H2 up to H4, in which it was lowest.
The preparations in H2–H4 cuttings had a different effect, with
the tendency for NAA to decrease means (Figure 4).

The mean width of phloem tissue for rooted cuttings was
highest in H1. The width of phloem tissue in H1 control-rooted
cuttings was lower than after the use of rooting enhancers,
excluding Plant extract. In the case of H4 rooted cuttings, the
results were similar in all treatments, excluding Plant extract, for
which the mean was higher (Figure 4).

The cortex grew intensively in H1 cuttings after the use of
all rooting enhancers, and their widths were greater compared
with the control. In the case of H2 cuttings, a higher mean as
compared to the control was noticed as a result of the use of
Plant extract only. In the case of H3 cuttings, the means after
treatment by Organic preparation, Plant extract, and NAA were
higher compared to the control. The use of IBA, NAA, and plant
preparation affected the increase of the mean of the width of
cortex tissue in H4 cuttings (Figure 4).

The widths of pith rays changed in the process of rhizogenesis,
depending on the phenological stage and treatment. However,
the means obtained for all cuttings indicated that the rooting
enhancers caused a decrease in the width of pith rays compared
to control cuttings (Figure 5).

The growth of cortex tissue and tissues between the cortex
and the xylem was connected with the growth of callus tissue

and auxiliary root formation visible on cross and longitudinal
sections of the basal part of shoots (Figures 6–8).

The Essential Role of the Phenological
Stage of the Shoot and Plant Origin
Preparations in Rooting the Cuttings of
Rosa “Hurdal”
The highest natural ability to root was shown for cuttings H3, and
was lower for cuttings cut from shoots H1 and H2. The cuttings
from shoots H4 did not root, and none of the rooting enhancers
increased rooting ability (Figure 11).

In the case of cuttings H1, a 2- to 3-fold increase of rooting
percentage was obtained through the use of IBA and preparations
of plant origin compared to the control cuttings and treated
NAA. The lower (control, IBA, and plant origin preparations)
or similar (NAA) percentage of cuttings with a callus only was
noticed. The use of rooting enhancers for cutting H2 decreased
the percentage of cuttings with the callus only. The rooting
percentage increased after the use of plant origin preparations
compared to the control cuttings. Organic preparation and Plant
extract had a similar effect on H3 cuttings (Figure 11).

The rooting enhancers did not affect the root length, the
weight of the root system, or the aboveground part of cuttings
H1. In the case of H2 stage cuttings, the use of NAA preparation
and all the preparation of plant origin increased the weight of
the aboveground part of the plants, while the Algae extract and
Plant extract affected the weight of the root systems. The use
of IBA and all preparation of plant origin increased the root
length. The use of an Organic preparation resulted in higher
root length, weight of the aboveground part as compared to the
remaining combination of rooted H3-stage cuttings. In the case
of cuttings derived from shoots at this phenological stage, none
of the rooting enhancers affected the weight of the root system
(Figure 12).

Changes in Anatomy Structure Contra
Rooting Percentage Results in the
Propagation of Rosa “Hurdal”
Correlation analysis for the rooted cuttings in all phenological
stages (H1–H3) showed that an increase in rooting percentage
was only strictly connected to a decrease of the percentage of
cuttings with a callus only. Moreover, a higher percentage of
rooted cuttings correlated positively with a higher root length,
weight of the root system, and aboveground part of cuttings,
and also higher mean width of tissues between the xylem and
cortex, a greater diameter of early- and late-wood vessels, and
wider phloem and cortex layers. In the case of the percentage
of cuttings with a callus only, higher results were obtained when
the root length, weight of the root system of cuttings, width of
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FIGURE 4 | Width of Rosa “Hurdal” xylem tissue (A), early- (B), and late-wood (C) vessels in stems before rooting, cuttings after 24 days of the rhizogenesis process

and in stems of stock plants cut in the first days of August. Control—the control cuttings; IBA 0.4%—Ukorzeniacz Aaqua (0.4% IBA); NAA, 0.2%—Ukorzeniacz Baqua

(0.2% NAA); Algae extract—watering with 0.6% Bio Rhizotonic (10ml) after planting and 10 and 20 days later; Organic preparation—watering with 0.4% Root JuiceTM

(Continued)
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FIGURE 4 | (10ml) after planting; Plant extract—watering with 0.02% Bio Roots (10ml) after planting. H1−54 504 (flower buds still closed); H2−69 605 (full flowering;

at least 50% of flowers open); H3−69 629 (end of flowering of the second-order stem—all petals have fallen); H4−70 701 [fruit set: beginning of hip (berry) growth on

the main stem]. Different small letters indicate significant interactions between the phenological stage and treatment (two-way ANOVA). Different capital letters indicate

significant differences between phenological stages. Duncan’s test (α = 0.05) was used.

FIGURE 5 | Width of Rosa “Hurdal” pith rays in stems before rooting; cuttings after 24 days of the rhizogenesis process; and stems of stock plants cut in first days of

August. Control—the control cuttings; IBA, 0.4%—Ukorzeniacz Aaqua (0.4% IBA); NAA, 0.2%—Ukorzeniacz Baqua (0.2% NAA); Algae extract—watering with 0.6% Bio

Rhizotonic (10ml) after planting and 10 and 20 days later; Organic preparation—watering with 0.4% Root JuiceTM (10ml) after planting; Plant extract—watering with

0.02% Bio Roots (10ml) after planting. H1−54 504 (flower buds still closed); H2−69 605 (full flowering; at least 50% of flowers open); H3−69 629 (end of flowering of

the second-order stem—all petals have fallen); H4−70 701 [fruit set: beginning of hip (berry) growth on the main stem]. Different small letters indicate significant

interactions between the phenological stage and treatment (two-way ANOVA). Different capital letters indicate significant differences between phenological stages.

Duncan’s test (α = 0.05) was used.

tissues between xylem and cortex, and the diameter of early-
and late-wood vessels were decreased and the phloem layer was
getting narrower. The increase in length root correlated with
the increase in diameter of early- and late-wood vessels, and
the wider phloem layer. Correlation analysis showed a positive
relationship between the weight of the root system and the
aboveground part of cuttings. The anatomy parameters were also
interconnected (Table 2).

Correlation analysis for cuttings derived from shoots with
flower bud closed H1 showed a relationship between rooting
percentage and estimated parameters in subsequent treatments.
A larger diameter of latewood vessels in shoots before rooting
was correlated with rising rooting percentage in control cuttings,
treated with Algae extract, and Organic preparation, and
decreasing rooting percentage with the use of NAA and Plant
extract. A higher rooting percentage correlated with increase in
early- and late-wood vessel diameters in cuttings 25 days after
rooting, treated with Algae extract, and Organic preparation,
while decreasing these parameters and the width of phloem
tissue in control cuttings. The increase in rooting percentage was
correlated with an increase in the percentage of cuttings with a
callus only in the control, while with a decrease in this parameter
when IBA, NAA, Algae extract, and Plant extract was used. An
increase in rooting percentage was connected with an increase in

fresh weight of the aboveground part and root system of cuttings
after the use of Algae extract, while a decrease was associated with
the use of Organic preparation. The higher rooting percentage
was correlated with an increase in weight of the root system after
the use of IBA and of the aboveground part in control cuttings.
Moreover, the increase of rooting percentage correlated with the
increase of root length in control and, after the use of all rooting
enhancers, excluding Algae extract (Table 3).

The rooting percentage of H2 stage cuttings was correlated
with the anatomical structure parameters of the shoots before
rooting. A higher rooting percentage of control cuttings
correlated with an increase in the width of xylem tissue and in
the diameter of early- and late-wood vessels, but with a decrease
in the width of phloem tissue in shoots before rooting cuttings.
The increase in rooting percentage by the use of NAA and plant
origin preparations correlated with a decrease in the width of
xylem tissue in shoots before rooting. The increase in rooting
percentage by the use of IBA was correlated with the increase
in the diameter of early- and late-wood vessels, but a decrease
in the width of phloem and cortex tissue before rooting. In the
case of the use of Organic preparation and Plant extract, the
increase of the width of phloem and cortex tissue and the decrease
of the diameter of early- and late-wood vessels before rooting
positively correlated with rooting percentage. After 25 days of
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FIGURE 6 | Transverse and longitudinal sections of the shoots after 25 days of rhizogenesis rooting in Rosa “Hurdal” in four phenological stages in BBCH scale (Meier

et al., 2009): H1−54 504 (flower buds still closed); H2−69 605 (full flowering; at least 50% of flowers open). IBA—Ukorzeniacz Aaqua (0.4% IBA); AE—Algae

extract—watering with 0.6% Bio Rhizotonic (10ml) after planting, 10 and 20 days later; PE—Plant extract—watering with 0.02% Bio Roots (10ml) after planting.

Designation of signs: ca, callus; co, cortex; ph, phloem; p, pith; s, sclerenchyma; nv, new vascular bundles; fr, forming roots.

rooting, an increase in the early- and late-wood vessel diameter
and a decrease in the width of phloem tissue through the use
of Organic preparations were correlated with the increase of
rooting percentage. Correlation analysis for H2 cuttings showed
a relationship between the increase of rooting percentage and
the decrease of the percentage of cuttings with a callus only
in control cuttings and after the use of NAA preparation, but
with the increase by the use of Organic preparation and Plant
extract. An increase in rooting percentage was correlated with an
increase in the fresh weight of the root system and aboveground
part of the rooted cuttings in the case of control cuttings and
after the use of IBA. A decrease of the weight of the root
system by the use of NAA caused the rooting percentage to
increase. The increase in rooting percentage was correlated

with an increase in the root length in the case of control
cuttings and after the use of IBA, NAA, Algae, and Plant extract
(Table 4).

In the case of cuttings derived from shoots immediately after
petals had fallen (H3), correlations between rooting percentage
and parameters of growth, as well as anatomical structure,
were proved. Increasing rooting percentage was shown to
correlate with the width of xylem tissue in shoots before
rooting, where increase in the case of control cuttings and
decrease in rooting enhancers were used. The larger diameter
of earlywood in shoots before rooting correlated with rising
rooting percentage for control cuttings and cuttings treated
with Plant extract and decreasing in the case of treatment with
NAA and Organic preparations. A decrease in the width of
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FIGURE 7 | Transverse sections of the shoots after 25 days of the process of rhizogenesis rooting in Rosa “Hurdal” in phenological stages in BBCH scale (Meier et al.,

2009) H3−69 629 (end of flowering of the second-order stem—all petals have fallen) in control—the control cuttings without rooting enhancers and after treatment

IBA—Ukorzeniacz Aaqua (0.4% IBA). Designation of signs: ca, callus; c, cambium; co, cortex; cr, crystals; p, pith; pr, pith rays; s, sclerenchyma; nv, new

vessels/vascular bundles; ew, earlywood; lw, latewood; fr, forming root.
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FIGURE 8 | Transverse sections of the shoots after 25 days of the process of rhizogenesis rooting in Rosa “Hurdal” in the phenological stage in BBCH scale (Meier

et al., 2009) H3−69 629 (end of flowering of the second-order stem—all petals fallen) in control—the cuttings after treatment of NAA—Ukorzeniacz Baqua (0.2% NAA)

and OP—Organic preparation—watering with 0.4% Root JuiceTM (10ml) after planting. Designation of signs: ca, callus; co, cortex; cr, crystals; pe, periderm; s,

sclerenchyma; nv, new vessels/vascular bundles; fr, forming root.
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FIGURE 9 | Transverse and longitudinal sections of the shoots after 25 days of the process of rhizogenesis rooting in Rosa “Hurdal” in the phenological stage in

BBCH scale (Meier et al., 2009) H4−70 701 [fruit set: beginning of hip (berry) growth on the main stem] in control cutting and after treatment of AE—Algae

extract—watering with 0.6% Bio Rhizotonic (10ml) after planting, 10 and 20 days later. Designation of signs: pe, periderm; ca, callus; co, cortex; cr, crystals; p, pith;

pr, pith rays; nv, new vessels/vascular bundles; ew, earlywood; lw, latewood; fr, forming root.
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FIGURE 10 | Transverse sections of the shoots after 25 days of the process of rhizogenesis rooting in Rosa “Hurdal” in the phenological stage in BBCH scale (Meier

et al., 2009) H4−70 701 [fruit set: beginning of hip (berry) growth on the main stem] cutting after treatment of IBA—Ukorzeniacz Aaqua (0.4% IBA) and PE—Plant

extract—watering with 0.02% Bio Roots (10ml) after planting. Designation of signs: ca, callus; co, cortex; cr, crystals; p, pith; pr, pith rays; ph, phloem; nv, new

vessels/vascular bundles; ew, earlywood; lw, latewood; fr, forming root.
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FIGURE 11 | Percentage of rooted Rosa “Hurdal” cuttings (A) and cuttings with a callus only (B). Control—the control cuttings; IBA, 0.4%—Ukorzeniacz Aaqua (0.4%

IBA); NAA, 0.2%—Ukorzeniacz Baqua (0.2% NAA); Algae extract—watering with 0.6% Bio Rhizotonic (10ml) after planting and 10 and 20 days later; Organic

preparation—watering with 0.4% Root JuiceTM (10ml) after planting; Plant extract—watering with 0.02% Bio Roots (10ml) after planting. H1−54 504 (flower buds still

closed); H2−69 605 (full flowering; at least 50% of flowers open); H3−69 629 (end of flowering of the second-order stem—all petals have fallen); H4−70 701 [fruit set:

beginning of hip (berry) growth on the main stem]. Different small letters indicate significant interactions between the phenological stage and treatment (two-way

ANOVA). Different capital letters indicate significant differences between phenological stages. Tukey’s test (α = 0.05) was used.

cortex tissue in control cuttings and in the latewood vessel
diameter in shoots before rooting correlated with an increase
in rooting percentage for cuttings treated with IBA, NAA, and
Algae extract. The increasing of width of the cortex layer in
shoots before rooting was positively connected with rooting
percentage where NAA, Algae extract, and Organic preparations

were used. The increasing of width of the xylem tissue, early-
and late-wood diameters, and phloem tissue after 25 days of
rooting was correlated with higher rooting percentage in the
case of control cuttings. Moreover, the rise in the diameter of
early- and latewood vessels after 25 days in cuttings treated with
Algae extract and Organic preparation correlated positively with
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FIGURE 12 | The root length (C), weight of the aboveground part (A), and root system (B) in rooted cuttings of Rosa “Hurdal.” Control—the control cuttings; IBA,

0.4%—Ukorzeniacz Aaqua (0.4% IBA); NAA, 0.2%—Ukorzeniacz Baqua (0.2% NAA); Algae extract—watering with 0.6% Bio Rhizotonic (10ml) after planting, 10 and 20

days later; Organic preparation—watering with 0.4% Root JuiceTM (10ml) after planting; Plant extract—watering with 0.02% Bio Roots (10ml) after planting.

H1−54 504 (flower buds still closed); H2−69 605 (full flowering; at least 50% of flowers open); H3−69 629 (end of flowering of the second-order stem—all petals

have fallen); H4−70 701 [fruit set: beginning of hip (berry) growth on the main stem]. Different small letters indicate significant interactions between the phenological

stage and treatment (two-way ANOVA). Different capital letters indicate significant differences between phenological stages. Tukey’s test (α =0.05) was used.
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TABLE 2 | Effect correlations between measured parameters of growth and anatomical structure in Rosa “Hurdal” after 25 days of rooting cuttings in all phases taken

together.

V
a
ri
a
b
le

R
o
o
ti
n
g
p
e
rc
e
n
ta
g
e

P
e
rc
e
n
ta
g
e
o
f
c
u
tt
in
g
s
w
it
h
c
a
ll
u
s
o
n
ly

R
o
o
t
le
n
g
th

F
re
s
h
w
e
ig
h
t
o
f
ro
o
t
s
y
s
te
m

F
re
s
h
w
e
ig
h
t
o
f
a
b
o
v
e
g
ro
u
n
d
p
a
rt

W
id
th

o
f
x
y
le
m

ti
s
s
u
e

W
id
th

o
f
ti
s
s
u
e
s
b
e
tw

e
e
n
x
y
le
m

a
n
d
c
o
rt
e
x

E
a
rl
y
w
o
o
d
v
e
s
s
e
l
d
ia
m
e
te
r

L
a
te

w
o
o
d
v
e
s
s
e
l
d
ia
m
e
te
r

W
id
th

o
f
p
it
h
ra
y
s

W
id
th

o
f
p
h
lo
e
m

ti
s
s
u
e

W
id
th

o
f
c
o
rt
e
x
ti
s
s
u
e

1 2 3 4 5 6 7 8 9 10 11 12

1 1.00

2 −0.63*** 1.00

3 0.44** −0.49** 1.00

4 0.10* −0.07 0.03 1.00

5 0.15* −0.11* −0.01 0.48** 1.00

6 0.07 −0.06 −0.06 0.02 −0.03 1.00

7 0.17* −0.21* 0.05 0.02 0.08* 0.30** 1.00

8 0.10* −0.17* 0.12* −0.03 −0.06 0.14* 0.34** 1.00

9 0.10* −0.17* 0.12* −0.03 −0.06 0.14** 0.34** 0.99***** 1.00

10 −0.22* −0.07 0.03 −0.05 −0.05 −0.15** 0.24* 0.33** 0.33** 1.00

11 0.25* −0.25* 0.14* 0.02 0.09* 0.26** 0.76**** 0.35** 0.35** 0.12* 1.00

12 0.23* −0.05 0.07 −0.02 0.09* 0.03 0.25* 0.07 0.07 −0.15* 0.14* 1.00

Marked correlations are significant at p< 0.05. Correlation significance: *0.08–0.29—very low; **0.30–0.49—low; ***0.50–0.69—restrained; ****0.70–0.89—high; ***** >0.90—very high.

rooting percentage. In the case of cuttings rooted with the use
of a Plant extract, a correlation was found between the increase
of rooting percentage and the decrease of the early- and late-
wood vessel diameter and width of pith rays and cortex tissue
in cuttings after 25 days of rooting. The increase of rooting
percentage was strictly correlated with a decrease in percentage of
cuttings with a callus only both in control cuttings and after the
use of any rooting enhancer. Moreover, the increase of rooting
percentage correlated with the decrease of fresh weight of the root
system for the control cuttings and treated auxins, while with
the increase of the weight of the aboveground parts of cuttings
treated with the NAA. Additionally, the rooting percentage
increased with increase in the root length in the case of control
cuttings and after the use of IBA, NAA, Algae, and Plant extract
(Table 5).

DISCUSSION

Changes in the seasonal cambial activity and
morphophysiological status of stock plants affected the
adventitious root formation of cuttings of Artemisia arborescens
(Fascella et al., 2012), Ficus infectoria (Anand and Heberlein,
1975), Juniperus L. (Torchik, 2015), olive (Abousalim et al.,

1993), and roses (Monder et al., 2017). The different periods of
delivery and rooting of cuttings suggested changes in various
groups of roses (Hoşafçi et al., 2005; Pihlajaniemi et al., 2005;
Monder et al., 2016).

The 1-year shoots of R. “Hurdal” used for cuttings in
all phenological stages before and after rhizogenesis were
characterized by an anatomical structure typical for woody plants
of Rosaceae and the genus Rosa (Zhang, 1992). The diameters of
the vessels measured by Zhang (1992) were 70–400 (mostly 114–
192) µm, 40–96% solitary, round to oval, or angular, whereby
the tangential diameter of earlywood vessels was 35–155 (40–
250) µm and tangential latewood vessels−19–52 (15–130) µm.
The means of this parameter were low for R. “Hurdal.” The mean
diameter of the earlywood vessel before rooting depends on the
phenological stage and reaches a mean from 28.66µm in H2 to
60.59µm inH4. The latewood vessel diameter showed a tendency
to increase and reach a mean from 28.86µm in H2 to 53.2µm
in H4. Low values of the diameter can limit the transport of
water (Rosell et al., 2017), and, additionally, single-node leafy
stem cuttings have limited storage capacity due to the small size of
the shoot, which hinders the survival of the cuttings (Costa et al.,
2007). However, the vessel diameter in woody plants is affected
by many factors (Rosell et al., 2017). Moreover, the tracheids of
R. “Hurdals” had thick walls and a very small diameter. However,
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TABLE 3 | Effect correlations between percentage of rooted cuttings and measured parameters of growth and anatomical structure in Rosa “Hurdal” before and after 25

days of rooting cuttings derived from shoots H1, with flower buds closed (BBCH 54 504).

Percentage of rooted cuttings

Variable Control IBA NAA Algae extract Organic preparation Plant extract

0.4% 0.2% 3 × 0.6% 0.4% 0.02%

SD 33.31 18.08 8.40 12.40 7.16 23.20

Percentage of cuttings with callus only 0.29* −0.88**** −1.00***** −0.94***** 0.00 −1.00*****

Root length 0.24* 0.44** 0.88**** −0.28* 0.22* 0.65***

Fresh weight of root system 0.02 0.33** 0.07 0.15* −0.49** −0.01

Fresh weight of aboveground part 0.33** −0.02 0.01 0.17* −0.42** 0.01

Width of xylem tissue −0.04 −0.01 0.01 0.01 −0.05 −0.10

Width of tissues between xylem and cortex 0.00 0.00 0.00 0.00 0.00 0.00

Earlywood vessels diameter −0.12* 0.00 0.00 0.25* 0.17* 0.00

Latewood vessels diameter −0.12* 0.00 0.00 0.25* 0.17* 0.00

Width of pith rays 0.00 0.00 0.00 0.00 0.00 0.00

Width of phloem tissue −0.11* 0.02 0.03 −0.03 0.04 0.00

Width of cortex 0.00 0.00 0.00 0.00 0.00 0.00

Before rooting

Width of xylem tissue 0.00 0.00 0.00 0.00 0.00 0.00

Earlywood vessel diameter −0.03 0.01 0.02 −0.03 −0.06 0.02

Latewood vessel diameter 0.14* −0.05 −0.11* 0.15* 0.25* −0.08*

Width of pith rays 0.00 0.00 0.00 0.00 0.00 0.00

Width of phloem tissue 0.04 −0.01 −0.03 0.04 0.07 −0.02

Width of cortex −0.04 0.01 0.03 −0.04 −0.07 0.02

Width of early wood tissue 0.00 0.00 0.00 0.00 0.00 0.00

Width of late wood tissue 0.00 0.00 0.00 0.00 0.00 0.00

Marked correlations are significant at p< 0.05. Correlation significance: *0.08–0.29—very low; **0.30–0.49—low; ***0.50–0.69—restrained; ****0.70−0.89—high; *****>0.90—very high.

the callus in Rosa Madelon R© had differentiated vessels that can
contribute to water transport before new roots take over this
function (Costa et al., 2007).

The natural reaction of a cambium to wounding caused
by cutting is a callus formation at the base, both in
woody (Strzelecka, 2017) and herbaceous plants (Wróblewska,
2013). The callus proliferation precedes root initiation. The
proliferation of parenchyma or phloem tissue (callus) is crucial
to root formation and better rooting of shoot cuttings. The new
parenchyma tissue (callus) can grow rapidly through cambial
meristematic activity before forming adventitious roots, as in
the stem cuttings of Rosa Madelon R© (Costa et al., 2007). The
adventitious roots formed by Rosa rugosa stem cuttings are
preceded by callus tissue at the cut surface of the stem base
(Fouda and Schmidt, 1994). A callus can prevent the entry of
pathogenic organisms at the wound (Cline and Neely, 1983),
affect positively the hydration of a cutting (Scagel, 2004), and
reduce susceptibility to stem rot (Howard and Harrison-Murray,
1995). However, callus overgrowth could be an unfavorable
phenomenon in R. “Hurdal,” and result in a high percentage of
cuttings with calluses only. Vessel measurement after 25 days
suggested a decrease in such cuttings, probably because their
tissues had been squeezed by growing callus cells; however, the
vessel diameter of latewood in H4 was not determined due to the
lack of unambiguous differentiation between the cells. The effects

of preparations were different and depended on the phenological
stage in R. “Hurdal” as in Rosa beggeriana “Polstjårnan” and
Rosa helenae “Semiplena” (Monder et al., 2019). The IBA and
NAA preparations decreased the width of xylem tissue, probably
because of overgrowth of callus cells.

The shoots of R. “Hurdals” grew intensively up to the
appearance of flower buds and harvest time for cuttings. The
lignifying process of the shoots progressed and stem lignification
and regular tissue arrangement were characteristics in rooted
cuttings during all of the H1–H4 phases. The same observations
were also visible on both once-flowering R. “Polstjårnan” and R.
“Semiplena” (Monder et al., 2019).

The experiment conducted on R. “Hurdals” show the crucial
role of the phenological stage of shoots of the stock plant in
which the cuttings were prepared, both in terms of propagation
and anatomical changes. The changes to anatomical structure in
subsequent phenological stages of flowering before the cuttings
were prepared affected the response to rooting enhancers and
consequently the effectiveness of rhizogenesis.

The experiment also shows that the changes in anatomical
structure before rooting cuttings affected the changes in anatomy
structure in response to IBA, NAA, and plant origin preparations
in the process of rhizogenesis. It suggested that the specific
anatomic structure of shoots before rooting led to favorable
or unfavorable changes caused by rooting enhancers, including
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TABLE 4 | Effect correlations between percentage of rooted cuttings and measured parameters of growth and anatomical structure in Rosa “Hurdal” before and after 25

days of rooting cuttings derived from shoots H2, in full flowering; at least 50% of flowers open (BBCH 69 605).

Percentage of rooted cuttings

Variable Control IBA NAA Algae extract Organic preparation Plant extract

0.4% 0.2% 3 × 0.6% 0.4% 0.02%

SD 13.56 5.06 23.07 5.06 7.16 11.32

Percentage of cuttings with callus only −0.75**** 0.00 −0.62*** 0.00 0.43** −0.94*****

Root length 0.20* 0.50** 0.50** 0.70**** 0.04 0.28*

Fresh weight of root system 0.08* 0.34** −0.13* −0.04 −0.05 −0.14

Fresh weight of aboveground part 0.09* 0.16* 0.08* −0.07 0.05 0.04

Width of xylem tissue −0.11* 0.03 0.04 0.02 0.06 −0.08

Width of tissues between xylem and cortex 0.00 0.00 0.00 0.00 0.00 0.00

Earlywood vessels diameter −0.07 −0.10 0.04 0.00 0.18* −0.09*

Latewood vessels diameter −0.07 −0.10 0.04 0.00 0.18* −0.09*

Width of pith rays 0.00 0.00 0.00 0.00 0.04 0.00

Width of phloem tissue −0.02 −0.26 0.00 0.00 −0.20* 0.02

Width of cortex 0.00 0.00 0.00 0.00 0.00 0.00

Before rooting

Width of xylem tissue 0.18* 0.02 −0.18* −0.19* −0.15* −0.11*

Earlywood vessel diameter 0.09* 0.45** 0.05 0.00 −0.32** −0.40**

Latewood vessel diameter 0.09* 0.45** 0.05 0.00 −0.32** −0.40**

Width of pith rays 0.00 0.00 0.00 0.00 0.00 0.00

Width of phloem tissue −0.08* −0.42** −0.05 0.00 0.29* 0.37**

Width of cortex −0.05 −0.24* −0.03 0.00 0.17* 0.22*

Width of early wood tissue 0.00 0.00 0.00 0.00 0.00 0.00

Width of late wood tissue 0.00 0.00 0.00 0.00 0.00 0.00

Marked correlations are significant at p< 0.05. Correlation significance: *0.08–0.29—very low; **0.30–0.49—low; ***0.50–0.69—restrained; ****0.70−0.89—high; *****>0.90—very high.

plant origin preparations. Changes in the structure of the
cambium zone, where the cells differentiate, are of particular
importance. Changes to cortex tissues, where the cells of
phellogen can also differentiate, are equally significant.

The overgrowth of a callus may squeeze the first ring of
xylem tissue, consequently decreasing the vessel diameter and
causing new irregular bundles to appear in the zone between the
sclerenchyma and late-wood xylem after 25 days and new ring
vascular bundles to form in 12 weeks. These phenomena were
not observed either in R. beggeriana “Polstjårnan” or R. helenae
“Semiplena”, which had a high rooting percentage (Monder et al.,
2019) compared with R. “Hurdal.” Callus overgrowth was not
observed in both cultivars. Neither of the rooting enhancers
under study (excluding the NAA preparation of R. “Semiplena”)
stimulated callus proliferation (Monder et al., 2019).

In contrast to R. “Hurdal,” both R. “Polstjårnan” and
“Semiplena” had a tendency for adventitious root formation
along the stem, omitting its calloused basal part (Monder et al.,
2019). “Hurdal” has a high tendency to an overgrowing callus,
with a high percentage of cuttings developing a callus only.
The use of plant origin preparations decreased the percentage
of cuttings with a callus only, while the use of IBA increased it
for H1 cuttings. However, none of the rooting enhancers caused
an increase in the rooting ability on the internode or along the
stem of R. “Hurdal.” The roots in “Hurdal” appeared at the base
only and were obstructed by callus overgrowth. The roots of

the Rosa “Semiplena” and “Polstjarnan” also started appearing
on the basal part after the 3–4 weeks of rooting, and, later,
after 6–8 weeks, they appeared in the node (“Polstjårnan”) and
along the internode (“Semiplena”) (Monder et al., 2019). These
phenomena were not noted for the “Hurdal” rooted cuttings, and
roots were observed only at the basal part of cuttings independent
of rooting enhancers.

Despite the above, the research on R. “Hurdal” confirmed
previous observations concerning R. “Polstjårnan” and
“Semiplena” (Monder et al., 2019). The adventitious roots
omitted the sclerenchyma layer, which did not form the regular
ring in any of the abovementioned roses (Monder et al., 2019).
The role of sclerenchyma in difficulties in root formation has
not been sufficiently proven. Pericyclic sclerenchyma can be
correlated with difficulty in the rooting of some woody species
(Beakbane, 1969); however, rooting capabilities are connected
more with the natural ability to root easily, as in Ficus pumila,
than with the presence of sclerenchyma tissue (Davies and Joiner,
1982).

Callus overgrowth was probably one of the main reasons for
the low percentage of rooted cuttings R. “Hurdals.” The callus
formation at the basal part of the shoot of cuttings is one of
the first histological reactions occurring in response to wounding
caused by severance in woody plant species (Costa et al., 2007,
Amissah et al., 2008). The high percentage of cuttings with a
callus only, calculated after 12 weeks, resulted in a high ratio
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TABLE 5 | Effect correlations between percentage of rooted cuttings and measured parameters of growth and anatomical structure in Rosa “Hurdal” before and after 25

days of rooting cuttings derived from shoots H3, immediately after petals have fallen (BBCH 69 629).

Percentage of rooted cuttings

Variable Control IBA NAA Algae extract Organic preparation Plant extract

0.4% 0.2% 3 × 0.6% 0.4% 0.02%

SD 16.74 24.15 16.79 15.19 15.19 13.16

Percentage of cuttings with callus only −0.64*** −0.99***** −0.98***** −0.51*** −0.70**** −0.19*

Root length 0.29* 0.53*** 0.40** 0.12* 0.07 0.10*

Fresh weight of root system −0.12* −0.17* −0.16* −0.01 0.05 −0.04

Fresh weight of aboveground part −0.04 −0.01 0.22* 0.06 0.06 0.03

Width of xylem tissue 0.15* 0.07 −0.15* −0.06 0.01 0.00

Width of tissues between xylem and cortex 0.00 0.00 0.00 0.00 0.00 0.00

Earlywood vessels diameter 0.13* 0.00 −0.04 0.08* 0.09* −0.26*

Latewood vessels diameter 0.13* 0.00 −0.04 0.08* 0.09* −0.26*

Width of pith rays 0.00 0.00 0.00 0.00 0.00 −0.96*****

Width of phloem tissue 0.18* 0.00 0.04 0.00 0.00 0.00

Width of cortex −0.10 0.00 0.00 0.00 0.00 −0.15*

Before rooting

Width of xylem tissue 0.33** −0.09* −0.26* −0.24* −0.17* −0.10*

Earlywood vessel diameter 0.15* −0.05 −0.15* 0.00 −0.33** 0.48**

Latewood vessel diameter 0.05 −0.13* −0.13* −0.13* −0.07 0.07

Width of pith rays 0.00 0.00 0.00 0.00 0.00 0.00

Width of phloem tissue 0.00 0.00 0.00 0.00 0.00 0.00

Width of cortex −0.71**** 0.05 0.46** 0.32** 0.47** −0.01

Width of early wood tissue 0.00 0.00 0.00 0.00 0.00 0.00

Width of late wood tissue 0.00 0.00 0.00 0.00 0.00 0.00

Marked correlations are significant at p< 0.05. Correlation significance: *0.08–0.29—very low; **0.30–0.49—low; ***0.50–0.69—restrained; ****0.70−0.89—high; *****>0.90—very high.

compared with the rooting percentage in the same combination.
Simultaneously, the strong growth of callus cells caused a high
percentage of cuttings to develop a callus only, especially after
treatments with IBA and NAA preparations and in the case
of control cuttings, with a high ratio to rooted cuttings. The
overgrowing callus also filled the place of the pith and broke the
vascular bundles of the first ring, which were visible on cross
sections after 12 weeks. The numerous callus cells may have
caused compression of the first ring of wood tissue and, probably,
quickly established the second ring, enabling the maintenance of
wood vessel function in a changed anatomical structure. Vessels
wide in diameter and wide pith rays were noted. The mean width
of the pith rays for all the phenological stages of cuttings was
higher for control cuttings and those treated with IBA and NAA
preparations than preparations of the plant origin. In the case
of H4 stage cuttings of “Hurdal,” a decrease of formation was
observed in latewood. These cuttings did not root, and none of
the rooting enhancers increased rooting ability.

According to previous research, the cambium has a crucial
role in adventitious root formation; however, it is still not known
whether new parenchyma tissues are a part of the cambium,
phloem, or xylem (Fouda and Schmidt, 1994; Costa et al., 2007),
also in Rosa “Hurdals.” Roots primordia have appeared in the
cambium zone in Rosa “Semiplena” and “Polstjarnan” (Monder
et al., 2019). Roots in woody plants can be also formed in the

phloem and the pericycle zone (Haissig, 1974), as was observed
in R. “Hurdal” 25 days after cutting and after 12 weeks of rooting.

In the present study, each of the rooting enhancers had
a different influence on anatomy structure. These results are
contrary to research on Rhododendron ponticum, where rooting
powders with IBA and NAA did not affect anatomical changes
in the structure of cuttings, or did so only slightly (Strzelecka,
2017). However, the results do confirm previous research
on “Polstjårnan” and “Semiplena.” The application of NAA
preparation caused a decrease in the wood cell diameter and the
width of xylem, cambium, and phloem tissue in “Polstjårnan”
cuttings as well as of the wood cell diameter and width of xylem
tissue in “Semiplena.” The use of NAA, IBA, and plant origin
preparations in “Semiplena” cuttings caused phloem tissue to
widen (Monder et al., 2019).

The plant origin preparations positively affected the rooting
percentage of R. “Hurdal” as well as the quality (the weight of
the root system and the aboveground part) of rooted cuttings.
Moreover, by the use of the aforementioned preparations, a
lower percentage of cuttings with a callus only was noted.
These results have certainly indicated the possibility for use
of these preparations in the rooting of “Hurdal” rose cuttings
and may be recommended as alternative preparations of natural
origin in the ecological propagation (91/414/EEC, 2009/128/WE;
OJEU), compared to the classic synthetic stimulators. Plant
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origin preparations could positively influence changes in the
condition of cuttings and the content of bioactive components in
roses (Monder and Pacholczak, 2018, 2019; Monder et al., 2020)
due to supplementation with nutritive substances or unknown
rooting cofactors and IAA-like substances present in the bio
preparations (Nardi et al., 2015; Oosten et al., 2017). Most bio
preparations of plant origin contain different substances similar
to auxins in various concentrations (Crouch and Van Staden,
1993; Thorsen et al., 2010; Pacholczak et al., 2016).
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Multiple functions of glomalin released by arbuscular mycorrhizal fungi are

well-recognized, whereas the role of exogenous glomalins including easily extractable

glomalin-related soil protein (EE-GRSP) and difficultly extractable glomalin-related soil

protein (DE-GRSP) is unexplored for plant responses. Our study was carried out to

assess the effects of exogenous EE-GRSP and DE-GRSP at varying strengths on plant

growth and chlorophyll concentration of trifoliate orange (Poncirus trifoliata) seedlings,

along with changes in root nutrient acquisition, auxin content, auxin-related enzyme and

transporter protein gene expression, and element contents of purified GRSP. Sixteen

weeks later, exogenous GRSP displayed differential effects on plant growth (height, stem

diameter, leaf number, and biomass production): the increase by EE-GRSP and the

decrease by DE-GRSP. The best positive effect on plant growth occurred at exogenous

EE-GRSP at ½ strength. Similarly, the GRSP application also differently affected total

chlorophyll content, root morphology (total length, surface area, and volume), and root

N, P, and K content: positive effect by EE-GRSP and negative effect by DE-GRSP.

Exogenous EE-GRSP accumulated more indoleacetic acid (IAA) in roots, which was

associated with the upregulated expression of root auxin synthetic enzyme genes

(PtTAA1, PtYUC3, and PtYUC4) and auxin influx transporter protein genes (PtLAX1,

PtLAX2, and PtLAX3). On the other hand, exogenous DE-GRSP inhibited root IAA and

indolebutyric acid (IBA) content, associated with the downregulated expression of root

PtTAA1, PtLAX1, and PtLAX3. Root IAA positively correlated with root PtTAA1, PtYUC3,

PtYUC4, PtLAX1, and PtLAX3 expression. Purified EE-GRSP and DE-GRSP showed

similar element composition but varied in part element (C, O, P, Ca, Cu, Mn, Zn, Fe, and

Mo) concentration. It concluded that exogenous GRSP triggered differential effects on

growth response, and the effect was associated with the element content of pure GRSP

and the change in auxins and root morphology. EE-GRSP displays a promise as a plant

growth biostimulant in citriculture.

Keywords: auxin, carrier protein, citrus, glomalin, mycorrhiza, IAA, transporter protein
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INTRODUCTION

Arbuscular mycorrhizal fungi (AMF) in the soil are extensively
reported to colonize the roots of roughly 80% of terrestrial plants,
forming arbuscular mycorrhizas (AMs). AMs help the host
plant to absorb water and nutrients, whereas the host delivers
the photoassimilates to the mycorrhizal fungi in the root for
their growth (Huang et al., 2021a). Such mycorrhizal symbiosis
represents important functions on promoting plant growth,
improving stress resistance, enriching rhizospheric microbial
diversity, and stabilizing ecosystems (Zhao et al., 2015; Wang
et al., 2018). Spores and mycelium of AMF release an N-
linked glycoprotein (glomalin) into the soil, popularly known as
glomalin-related soil protein (GRSP) according to the Bradford
assay (Rillig, 2004; Rillig and Mummey, 2010). GRSP is primarily
divided into two fractions, viz., easily extractable GRSP (EE-
GRSP) and difficultly extractable GRSP (DE-GRSP) (Koide and
Peoples, 2013; Wu et al., 2014). EE-GRSP is considered to be
newly produced by AMF and relatively more labile, whereas
DE-GRSP originates from the turnover of EE-GRSP and thus
represents a comparatively older glomalin of an inactive nature
(Koide and Peoples, 2013; Wu et al., 2015a). Earlier studies
indicated that GRSP promoted the storage of soil organic carbon
(SOC), improved the distribution and stability of soil water-stable
aggregate (WSA), enhanced the drought tolerance of plants, and
reduced the metal toxicity of soil (Zou et al., 2014; Gao et al.,
2019; He et al., 2020; Meng et al., 2020). The direct contribution
of GRSP on WSA stability was much stronger than mycorrhizal
extraradical hyphae or root mycorrhizal colonization (Rillig et al.,
2001; Wu et al., 2014).

Studies have shown that GRSP was composed of 3–5% N,
36–59% C, 4–6% H, 33–49% O, 0.03–0.1% P, 0.8–8.8% Fe, and
other cations (e.g., K, Ca, Si, Cu, and Mg), depending upon soil
properties (Rillig et al., 2001; Lovelock et al., 2004; Nichols, 2008;
Zhang et al., 2017a). Schindler et al. (2007) observed that the
GRSP of peat soil contained aromatic hydrocarbons (42–49%),
carboxyl groups (24–30%), and carbohydrates (4–16%) evident
from the analysis of nuclearmagnetic resonance (NMR). GRSP is,
thus, amixture, rich in various elements, essential to plant growth
and development. Based on the mineral elements in GRSP, it is
reasonable to hypothesize that GRSP as a biostimulant potentially
improves plant growth responses. To confirm this hypothesis,
Wang et al. (2015) firstly observed that the concentration
of exogenous EE-GRSP was curvilinearly related with plant
biomass yield in potted trifoliate orange (Poncirus trifoliata
L. Raf.), with ½ strength of EE-GRSP exhibiting the highest
magnitude of growth responses. Wu et al. (2015b) through a
field study proved that exogenous EE-GRSP treatment produced
a significant increase in SOC and soil phosphatase activity in
27-year-old Satsuma mandarin grafted on trifoliate orange. Chi
et al. (2018) reported that ½ strength of exogenous EE-GRSP
improved leaf gas exchange, iron-superoxide dismutase activity,
abscisic acid, indole-acetic acid (IAA), and methyl jasmonate
concentrations in leaves of potted trifoliate orange seedlings
exposed to soil drought stress. These studies demonstrated
the ability of exogenous EE-GRSP in improving plant growth
response (Zou et al., 2015).

Although these experiments have shown an improved effect
of exogenous EE-GRSP on plants, the underlying mechanisms
remain still unclear. It is also unknown whether DE-GRSP,
another fraction of GRSP, has a similar beneficial response on
plant growth. Therefore, the present work aimed at evaluating
the response of exogenous EE-GRSP and DE-GRSP at varying
strengths on the growth of trifoliate orange seedlings, and at
revealing the mechanism of GRSP affecting plant growth by
analyzing the changes of auxins, gene expression, and mineral
elements of purified GRSP fractions.

MATERIALS AND METHODS

Preparation of Exogenous EE-GRSP and
DE-GRSP
Soil samples were collected from a citrus orchard (located at
the campus of Yangtze University), air-dried, sieved through 4-
mm nylon, incubated with 20 mmol/L citrate buffer (pH 7.0)
(m:v = 1:8) at 121◦C and 0.11 MPa for 30min and centrifuged
at 10,000 × g/min for 5min. The supernatant was collected
as an exogenous full-strength EE-GRSP solution. The residues
of EE-GRSP extraction in the centrifugal tube was continued
to incubate with the same volume of 50 mmol/L sodium
citrate buffer (pH 8.0) at 121◦C and 0.11 MPa for 60min, and
centrifuged at 10,000 × g/min for 10min (Wu et al., 2015a).
The second supernatant was collected as a full-strengthDE-GRSP
solution. The soluble protein concentration was 0.24 and 0.36
mg/L in full-strength EE-GRSP and DE-GRSP solution, as put
forward by the Bradford (1976) assay. A total of about 12 L of
full-strength EE-GRSP and DE-GRSP solution were collected,
respectively, along with 1.5 kg of the soil used.

Experimental Design
In a completely randomized design, the experiment consisted
of seven treatments: (i) control with 20 mmol/L citrate buffer
(pH 7.0) (0 GRSP), (ii) quarter-strength EE-GRSP (¼ EE-GRSP),
(iii) half-strength EE-GRSP (½ EE-GRSP), (iv) full-strength EE-
GRSP (1 EE-GRSP), (v) quarter-strength DE-GRSP (¼ DE-
GRSP), (vi) half-strength DE-GRSP (½ DE-GRSP), and (vii) full-
strength DE-GRSP (1 DE-GRSP). The ½ and ¼ EE-GRSP was
diluted with the full-strength EE-GRSP with 20 mmol/L citrate
buffers (pH 7.0), and the ½ and ¼ DE-GRSP was prepared using
the full-strength DE-GRSP by diluting with 50 mmol/L citrate
buffers (pH 8.0). Each treatment was replicated four times, and
each replicate consisted of two pots, resulting in a total of 56 pots
(corresponding to 168 seedlings).

Plant Setup
Three four-leaf-old trifoliate orange seedlings grown in
autoclaved sand were transplanted into a plastic pot (2.1-L), in
which 1.6 kg of autoclaved (121◦C, 0.11 MPa, 2 h) soil sieved
with 4-mm-size nylon was supplied. After 2 weeks of plant
acclimatization, exogenous GRSP treatments were initiated. A
50ml of exogenous EE-GRSP or DE-GRSP solution as per the
proposed strength was applied into the corresponding pot at
weekly intervals, for a total of 16 times. The experiment was
carried out in an intelligent artificial climate chamber (AGC-P,

Frontiers in Plant Science | www.frontiersin.org 2 September 2021 | Volume 12 | Article 745402398

https://www.frontiersin.org/journals/plant-science
https://www.frontiersin.org
https://www.frontiersin.org/journals/plant-science#articles


Liu et al. GRSP Application and Differential Growth

Zhejiang QiuShi Artificial Environment Co., Ltd., Hangzhou,
China) from March 22 to July 21, 2018, where the photon? ux
density was 900 µmol/m2/s, day/night temperature 28/20◦C,
and relative air humidity 68% during the experiment.

Determination of Plant Growth and
Chlorophyll Concentrations
Plant height, stem diameter, and leaf number were recorded
before harvest. The seedlings were divided into shoots and
roots. The intact roots were scanned using the Epson Perfection
V700 Photo Dual Lens System (J221A, Seiko Epson Corporation,
Jakarta Selatan, Indonesia). The scanned root images were
analyzed using the WinRHIZO software (Regent Instruments
Inc., Montreal, QC, Canada) to obtain root morphological
variables including total length, surface area, and volume.
Subsequently, shoot and root biomass was weighed after drying
at 75◦C for 48 h. The total chlorophyll concentration was
determined by the procedure suggested by Arnon (1949).

Determination of Root Nutrient Acquisition
Root samples were digested in H2SO4 and H2O2. Subsequently,
N content was determined by a chemical analyzer (Smartchem
200, Scientific Instruments Limited, Weston, FL, USA), and
other mineral elements were assayed with the help of the ICP-
Spectrometer (IRIS Advantage, Thermo Fisher Scientific Inc.,
Waltham, MA, USA).

Determination of Root Auxins
Root IAA and indolebutyric acid (IBA) were extracted according
to the method outlined by Dobrev and Kamínek (2002) with
minor modification. The 0.2 g of root samples was ground in
liquid nitrogen, extracted by adding 1ml of pre-cooled extracting
solution (methanol, distilled water, and formic acid, 15/4/1,
v/v/v) for 12 h at 4◦C, and centrifuged at 8,000 × g/min for
10min. The centrifuged residue was re-extracted with 0.5ml
of the extracting solution for 2 h at 4◦C. After centrifugation,
two supernatants were combined, evaporated at 40◦C under
reduced pressure to near dryness (∼0.5ml), and decolorized
three times with 0.5ml of petroleum ether. After discarding
the upper ether phase, the down phase was evaporated to the
dryness at 40◦C under reduced pressure, and 0.5-ml mobile
phase (methanol and ddH2O in a ratio of 2:3) was added to
dissolve. The content of IAA and IBA was determined with the
help of high-performance liquid chromatography (HPLC; LC-
100, Shanghai Wufeng Scientific Instrument Co., Ltd., Shanghai,
China). The injection volume was 10 µl, the flow rate was 0.8
ml/min, the column temperature was 35◦C, the sampling time
was 40min, and the detection wavelength was 254 nm.

Expression Levels of Genes Associated
With IAA
The extraction of total RNA from the roots and the reverse
transcription of RNA were carried out according to the
protocol previously described by Liu et al. (2018a). Four genes
associated with IAA synthesis (PtTAA1, PtTAR2, PtYUC3, and
PtYUC4) and four influx transporter protein genes of auxins
(PtAUX1, PtLAX1, PtLAX2, and PtLAX3) were associated with

the IAA synthesis and transport in trifoliate orange (Liu
et al., 2018b) and selected according to the genome database
of trifoliate orange (http://citrus.hzau.edu.cn/orange/index.php)
(Huang et al., 2021b). The primers (Table 1) of these selected
genes were designed with Primer 5. The β-actin was used as
the housekeeping gene. The quantitative reverse transcription
(qRT)-PCR was carried out using the conditions described by
Liu et al. (2018a). The relative quantitative expression of genes
was calculated by the 2−11CT method as suggested by Livak and
Schmittgen (2001).

Determination of Nutrient Elements in
Purified EE-GRSP and DE-GRSP
We chose to purify the full-strength GRSP solution in order to
study the difference in nutrient composition between exogenous
EE-GRSP and DE-GRSP. The purification of EE-GRSP and
DE-GRSP was performed according to the method described
by He et al. (2020). The extracted full-strength GRSP solution
was precipitated with HCl solution, dissolved with NaOH
solution, dialyzated in a dialysis bag (MD 44-1000) with ddH2O,
centrifuged at 5,000 × g/min for 5min, and then freeze-dried.
The nutrient elements, viz., C, H, O, S, and N contents of purified
EE-GRSP and DE-GRSP, were analyzed by the Automatic
Element Analyzer (Euro Vector EA3000, Shanghai Woolong
Instrument Co., Ltd, Shanghai, China), whereas other elements
were determined as per the ICP-Spectrometer (Optima 8000,
PerkinElmer, Melville, NY, USA).

Statistical Analysis
The generated data were statistically analyzed by ANOVA
through the SAS software (v8.1; SAS Institute Inc., Cary,
NC, USA). The significant difference between treatments was
compared with Duncan’s multiple range test at 0.05 levels.
Pearson’s correlation coefficient was calculated with the help of
the SAS software.

RESULTS

Changes in Growth Performance
Compared with the control (0 GRSP), exogenous EE-GRSP
significantly increased plant height, leaf number, stem diameter,
and shoot and root biomass of trifoliate orange seedlings, with ½
EE-GRSP treatment having the most significant effect, increasing
17, 19, 22, 52, and 38%, respectively (Figure 1 and Table 2).
By contrast, the growth response of DE-GRSP treatment was
completely different from that of exogenous EE-GRSP, resulting
in a significant inhibition in these plant growth parameters.
The inhibiting effect of DE-GRSP on growth increased with the
increase of DE-GRSP concentrations. Compared with 0 GRSP, 1
DE-GRSP significantly reduced plant height, leaf number, stem
diameter, and shoot and root biomass by 61, 52, 50, 71, and
41%, respectively.

Changes in Chlorophyll Concentration
Application of exogenous EE-GRSP significantly increased
leaf total chlorophyll concentration, independent of the
concentrations, with ½ EE-GRSP treatment displaying the
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TABLE 1 | Specific primer sequences of genes used in this study for quantitative reverse transcription (qRT)-PCR.

Genes Accession number Forward primer (5′
→ 3′) Reverse primer (5′

→ 3′)

PtTAA1 Pt4g006620 TTTGAGGCGTTTTGGAGGAA TTGTTGATTGCTTCAGCGAGTT

PtTAR2 Pt3g005090 CACACACGGCACACCCCTA GCCTCCCACTCCCCAGATC

PtYUC3 Pt9g009520 CCTTCAGGTTTAGCCGTTGC GGAAGTTTGGAAGTTGGCAGA

PtYUC4 Pt1g005780 GACCATCTGGGTTAGCCGTTT GTATTTTGGGAAGTTTTCAGGGA

PtAUX1 Pt6g013420 CTTGACTCTGCCCTATTCATTCTC TGGACCCAGTAACCCATCAAGC

PtLAX1 Pt4g022040 TTGGCGGACATGCAGTGAC CAGCGGCAGCAGAAGGAAT

PtLAX2 Pt8g001790 TGTGGGAAGATGGGTAGGGAC TAGTVATGCTCGCCCACCC

PtLAX3 Pt5g008650 ATCACTTTCGCTCCTGCTGC CAAACCCAAATCCCACCACTA

β-Actin Pt7g003560 CCGACCGTATGAGCAAGGAAA TTCCTGTGGACAATGGATGGA

Gene accession number is from the genome database of trifoliate orange.

FIGURE 1 | Growth performance of trifoliate orange by exogenous EE-GRSP and DE-GRSP at varying strength. DE-GRSP, difficultly extractable glomalin-related soil

protein; EE-GRSP, easily extractable glomalin-related soil protein.

highest magnitude of response (Figure 2). Nevertheless, all the
DE-GRSP treatments significantly reduced total chlorophyll
concentration compared with 0 GRSP treatment. In a regression
analysis between chlorophyll concentration and EE-GRSP
and DE-GRSP concentration, a quadratic relationship was
observed with exogenous EE-GRSP treatments, showing the
highest total chlorophyll concentration occurring between
0.012 and 0.018mg protein/ml (Figure 3A). And with
exogenous DE-GRSP treatment conditions, total chlorophyll
concentration was negatively and linearly correlated with
DE-GRSP concentration (Figure 3B).

Changes in Root Mineral Element Contents
Application of exogenous GRSP influenced the root nutrient
acquisition to varying proportions. Compared with the control
(0 GRSP), ¼ EE-GRSP treatment significantly increased root
N, P, K, Ca, Mg, Zn, and Fe content by 7, 43, 42, 342, 8,
32, and 5%, respectively; ½ EE-GRSP treatment dramatically
increased root N, P, K, Ca, Mg, Cu, and Fe content by 21, 23,
60, 314, 84, 50, and 12%, respectively; 1 EE-GRSP significantly
increased root N, P, K, and Zn content by 12, 84, 12, and 35%,
respectively (Table 3). However, compared with 0 GRSP, ¼ DE-
GRSP treatment significantly reduced root N, P, K, Mg, Cu, Zn,
and Fe content by 22, 31, 23, 17, 27, 22, and 78%, respectively;
½ DE-GRSP decreased root N, P, K, Mg, Cu, Zn, and Fe content

by 21, 15, 34, 19, 3, 32, and 70%, respectively; and 1 DE-GRSP
treatment reduced root N, P, K, Mg, Cu, Zn, and Fe content by
20, 29, 31, 25, 46, 32, and 59%, respectively. However, EE-GRSP
and DE-GRSP displayed no significant effect on rootMn content.

Changes in Root Morphology
Compared with the control, ¼ EE-GRSP treatment had no
significant effect on root total length, root surface area, and root
volume, whereas ½ EE-GRSP treatment significantly increased
root total length, surface area, and volume by 25, 35, and
43%, respectively (Figures 4A–C). Application of 1 EE-GRSP
distinctly increased root total length and surface area by
27 and 17%, respectively, with no significant effect on root
volume. Exogenous application of DE-GRSP, however, almost
significantly decreased root total length, surface area, and volume
compared to the control, with increasing DE-GRSP strength,
except that there was no difference in root volume between ¼
DE-GRSP and the control.

Changes in Element Composition of
Purified GRSP
From the purified EE-GRSP and DE-GRSP, we collectively
detected C, H, O, N, P, K, Ca, Mg, Cu, Al, Mn, Mo, Zn, and
Fe, and some elements were below a detection concentration
(Figures 5A–C). A significant difference in element content
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TABLE 2 | Effects of exogenous GRSP on plant growth performance of potted trifoliate orange seedlings.

Treatments Plant height Leaf number Stem diameter Biomass (g DW/plant)

(cm) (#/plant) (mm) Shoot Root

0 GRSP 19.68 ± 0.22c 17.55 ± 0.19d 2.01 ± 0.08c 0.96 ± 0.07c 0.68 ± 0.04c

¼ EE-GRSP 21.83 ± 0.33b 19.13 ± 0.15b 2.59 ± 0.06a 1.02 ± 0.08c 0.73 ± 0.05b

½ EE-GRSP 23.06 ± 0.44a 20.85 ± 0.17a 2.45 ± 0.13a 1.46 ± 0.10a 0.94 ± 0.08a

1 EE-GRSP 21.47 ± 0.19b 18.58 ± 0.34c 2.22 ± ± 0.14b 1.10 ± 0.11b 0.73 ± 0.07b

¼ DE-GRSP 10.63 ± 0.34d 9.93 ± 0.15e 1.51 ± 0.04e 0.37 ± 0.03d 0.53 ± 0.05d

½ DE-GRSP 8.83 ± 0.14e 9.00 ± 0.24f 1.77 ± 0.07d 0.32 ± 0.03d 0.49 ± 0.05d

1 DE-GRSP 7.67 ± 0.11f 8.50 ± 0.16f 1.00 ± 0.06f 0.28 ± 0.03e 0.40 ± 0.03e

Data (mean ± SD, n = 4) followed by the different letters among treatments indicate significant differences at p < 0.05.

DE-GRSP, difficultly extractable glomalin-related soil protein; EE-GRSP, easily extractable glomalin-related soil protein.

FIGURE 2 | Effects of exogenous EE-GRSP and DE-GRSP on total

chlorophyll concentration in leaves of trifoliate orange seedlings. Data (mean ±

SD, n = 4) followed by different letters above the bars indicate significant

differences (p < 0.05). DE-GRSP: difficultly extractable glomalin-related soil

protein; EE-GRSP: easily extractable glomalin-related soil protein.

between purified EE-GRSP and purified DE-GRSP was observed.
H, N, K, Al, and Mg content were not significantly different
between two GRSP fractions. Purified DE-GRSP showed higher
C, Ca, Cu, Mn, Zn, and Fe content than purified EE-GRSP by 52,
41, 43, 45, 38, and 55%, respectively. Purified EE-GRSP, however,
had 9, 40, and 334% significantly higher O, P, and Mo content,
respectively, than purified DE-GRSP.

Changes in Root Auxins
Compared with the control treatment, ¼ EE-GRSP treatment
significantly reduced root IAA and IBA content by 25 and
23%, respectively (Figure 6); ½ EE-GRSP treatment registered
an increase in root IAA and IBA content by 121 and 87%,
respectively; and 1 EE-GRSP treatment recorded the increase in
root IAA content by 40%, but decreased root IBA content by 10%.
On the other hand, exogenous DE-GRSP application showed
a decreasing trend on root IAA and IBA content. Compared

with 0 GRSP treatment, ¼ DE-GRSP, ½ DE-GRSP, and 1 DE-
GRSP treatment reduced root IAA content by 51, 40, and
33%, respectively, with the corresponding reduction in root IBA
content by 52, 41, and 30%, respectively.

Changes in Expression of Root Genes
Associated With Auxin Synthesis
Compared with the control, root PtTAA1 expression was
induced by exogenous ¼ EE-GRSP and ½ EE-GRSP, whereas
it was inhibited by exogenous DE-GRSP with full strength
(Figure 7A). Root PtTAR2 expression was not affected by
exogenous EE-GRSP, whereas it was downregulated by ¼ and 1
DE-GRSP application, accompanied by upregulated expression
of PtTAR2 by ½ DE-GRSP (Figure 7B). The PtYUC3 expression
was upregulated by exogenous EE-GRSP, along with increased
expression with an increase in the concentration of EE-GRSP,
but the PtYUC3 expression remained unaffected by exogenous
DE-GRSP, independent of its concentration (Figure 7C). The
PtYUC4 expression was increased by exogenous ¼ EE-GRSP but
inhibited by ¼ DE-GRSP (Figure 7D).

Changes in Expression Levels of Root
Auxin Influx Transporter Protein Genes
Application of ¼ and ½ EE-GRSP treatment upregulated
PtLAX1 and PtLAX2 expression, coupled with downregulated
expression of PtLAX1 with ¼ DE-GRSP and PtLAX2 with 1 DE-
GRSP, compared with the control (Figures 7E,F). Root PtLAX3
expression was increased by ½ EE-GRSP while reduced by ½DE-
GRSP (Figure 7G). Root PtAUX1 expression was induced by 1
DE-GRSP, whereas inhibited by ¼ and ½ DE-GRSP (Figure 7H).

Correlation Between Root IAA
Concentration and Gene Expression Levels
Root IAA was significantly and positively correlation with
PtTAA1 (p < 0.01), PtYUC3 (p < 0.01), PtYUC4 (p < 0.05),
PtLAX1 (p< 0.01), and PtLAX3 (p< 0.01), respectively (Table 4).
However, there was no any significant correlation of root IAA
with PtTAR2, PtLAX2, and PtAUX1.
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FIGURE 3 | Correlation between exogenous EE-GRSP (A) and exogenous DE-GRSP (B) and total chlorophyll concentration (n = 16). DE-GRSP, difficultly extractable

glomalin-related soil protein; EE-GRSP, easily extractable glomalin-related soil protein.

TABLE 3 | Effects of exogenous EE-GRSP and DE-GRSP on nutrient acquisition in roots of trifoliate orange seedlings.

Treatments N (%) P (g/kg) K (g/kg) Ca (g/kg) Mg (g/kg) Cu (mg/kg) Zn (mg/kg) Mn (mg/kg) Fe (mg/kg)

0 GRSP 1.07 ± 0.02d 2.03 ± 0.02d 9.60 ± 0.42d 6.11 ± 0.25cd 3.09 ± 0.09c 14.14 ± 0.82b 11.68 ± 0.54b 47.68 ± 6.64a 1720.49 ± 31.61c

¼ EE-GRSP 1.14 ± 0.03c 2.90 ± 0.03b 13.66 ± 0.59b 27.03 ± 1.09a 3.35 ± 0.08b 16.35 ± 0.37b 15.38 ± 0.72a 46.73 ± 7.00a 1804.40 ± 32.99b

½ EE-GRSP 1.29 ± 0.03a 2.50 ± 0.03c 15.33 ± 0.66a 25.28 ± 1.04b 5.69 ± 0.14a 21.22 ± 5.67a 10.21 ± 0.48c 44.90 ± 6.73a 1927.29 ± 35.33a

1 EE-GRSP 1.20 ± 0.03b 3.73 ± 0.04a 10.76 ± 0.47c 6.20 ± 0.25cd 2.75 ± 0.07d 17.14 ± 3.31b 15.82 ± 0.74a 45.66 ± 6.83a 1752.08 ± 32.12c

¼ DE-GRSP 0.83 ± 0.01e 1.40 ± 0.02f 7.39 ± 0.32e 6.44 ± 0.26cd 2.56 ± 0.06e 10.27 ± 0.59c 9.07 ± 1.82c 46.80 ± 2.90a 380.40 ± 6.97f

½ DE-GRSP 0.85 ± 0.02e 1.72 ± 0.02e 6.38 ± 0.28f 7.02 ± 0.28c 2.49 ± 0.06e 9.95 ± 1.15c 7.99 ± 0.37d 42.78 ± 3.38a 520.82 ± 9.67e

1 DE-GRSP 0.86 ± 0.02e 1.44 ± 0.02f 6.59 ± 0.29f 5.83 ± 0.24d 2.32 ± 0.06f 7.63 ± 0.44d 7.97 ± 0.37d 44.25 ± 6.32a 703.47 ± 12.86d

Data (mean ± SD, n = 4) followed by the different letters among treatments indicate significant differences at p < 0.05.

DE-GRSP, difficultly extractable glomalin-related soil protein; EE-GRSP, easily extractable glomalin-related soil protein.

FIGURE 4 | Effects of exogenous EE-GRSP and DE-GRSP on root total length (A), root surface area (B), and root volume (C) of trifoliate orange. Data (mean ± SD, n

= 4) followed by different letters above the bars indicate significant differences (p < 0.05). DE-GRSP, difficultly extractable glomalin-related soil protein; EE-GRSP,

easily extractable glomalin-related soil protein.

DISCUSSION

In this study, we firstly observed a difference in plant growth
response of trifoliate orange with exogenous application of

two GRSP fractions. Exogenous EE-GRSP strongly promoted
plant growth, whereas exogenous DE-GRSP distinctly inhibited
plant growth. Such results provide important clues in favor
of EE-GRSP functioning as a growth promoter of trifoliate
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FIGURE 5 | Differences in the element content [(A): C, H, and O; (B): N, P, K, Ca, and Mg; (C): Cu, Al, Mn, Mo, Zn, and Fe] in purified EE-GRSP and DE-GRSP. Data

(mean ± SD, n = 4) followed by different letters above the bars indicate significant differences (p < 0.05). DE-GRSP, difficultly extractable glomalin-related soil protein;

EE-GRSP, easily extractable glomalin-related soil protein.

FIGURE 6 | Effects of exogenous EE-GRSP and DE-GRSP on root IAA (A) and IBA (B) concentrations of trifoliate orange seedlings. Data (mean ± SD, n = 4)

followed by different letters above the bars indicate significant differences (p < 0.05). DE-GRSP, difficultly extractable glomalin-related soil protein; EE-GRSP, easily

extractable glomalin-related soil protein; IAA, indoleacetic acid; IBA, indolebutyric acid.

orange. The increase in plant growth response to EE-GRSP
treatments was consistent with the findings of Wang et al.
(2015). It is well-known that GRSP contained an amount of
humic acid (Gadkar and Rillig, 2006), similar to NMR spectrum-
based humic acid (Schindler et al., 2007). Humic acid as an
important component of humic substance, a part of natural
organicmatter, could improve the growth performance of various
plants (Spohn and Giani, 2010; Mora et al., 2012; Xu et al.,
2012; Duan, 2014; Dong et al., 2016). It is believed that EE-
GRSP having a parallel NMR spectrum-based humic acid-like
substance, functions in increasing plant growth. On the other
hand, plant height, stem diameter, leaf number, and biomass
production decreased significantly after the application of DE-
GRSP, and the inhibitory effect increased with the increase of
exogenous DE-GRSP concentration. Perhaps DE-GRSP contains
some impurities (Gillespie et al., 2011) that are detrimental
to plant growth, but it is not clear about the nature of those

impurities responsible for such undesirable plant responses. EE-
GRSP, an active form of newly produced glomalin, and DE-
GRSP, a recalcitrant and older glomalin (Wu et al., 2015a), also
contribute primarily toward difference in magnitude of plant
response. More studies have to be conducted to analyze the
difference inmolecular structure and relevant properties between
EE-GRSP and DE-GRSP.

In the present study, leaf total chlorophyll content was
differentially affected by EE-GRSP and DE-GRSP. Exogenous
EE-GRSP significantly increased total chlorophyll content, and
the most significant effect was observed with ½ EE-GRSP. In
contrast, exogenous DE-GRSP caused a significant decrease in
total chlorophyll content. Our study also revealed that GRSP
contained many mineral elements, such as Fe and Mg, which
are part of chlorophyll (Schindler et al., 2007). In addition, EE-
GRSP as a heat-shock protein-like substance could keep the
stability of PSII complexes and thylakoid membrane, which plays
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FIGURE 7 | Effects of exogenous EE-GRSP and DE-GRSP on relative expression levels of auxin synthetase genes (A–D) and transporter protein genes (E–H) in roots

of trifoliate orange seedlings. Data (mean ± SD, n = 4) followed by different letters above the bars indicate significant differences (p < 0.05). DE-GRSP, difficultly

extractable glomalin-related soil protein; EE-GRSP, easily extractable glomalin-related soil protein.

an important role in chlorophyll functioning. Chi et al. (2018)
proposed that EE-GRSP as a molecular chaperone improved
plant photosynthetic efficiency. On the contrary, DE-GRSP is an
inert substance recalcitrant in the soil, which possibly induced
a disadvantageous influence on chlorophyll production. The
content of Fe in purified DE-GRSP was significantly higher
than that in purified EE-GRSP. Nevertheless, it still showed
that exogenous DE-GRSP inhibited the chlorophyll content,
hinting toward another unknown mechanism to be perused as
future research.

We investigated the elemental composition alongside their
concentrations of purified GRSP, revealing the presence of as
many 14 elements, of which P, K, Mo, and O were higher in
purified EE-GRSP than in purified DE-GRSP. Other nutrients,
viz., C, Ca, Cu, Mn, Zn, and Fe, displayed higher concentrations
in purified DE-GRSP than in purified EE-GRSP. The variation
in element contents of two GRSP fractions constituted different
organic substances (e.g., tyrosine, tryptophan, fulvic acid, humic
acid, nitrobenzoxadiazole, and calcofluor) (Zhang et al., 2017b),
thus presenting such contrasting growth responses.
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TABLE 4 | The Pearson’s correlation coefficient between root IAA and expressions of auxin synthetase genes and carrier genes (n = 28).

Genes associated with auxin synthesis Auxin influx carrier genes

PtTAA1 PtTAR2 PtYUC3 PtYUC4 PtLAX1 PtLAX2 PtLAX3 PtAUX1

Root IAA 0.62** 0.07 0.61** 0.40* 0.63** 0.47 0.53** 0.21

IAA, indoleacetic acid.

*p < 0.05; **p < 0.01.

The root nutrient acquisition of trifoliate orange was
differentially regulated by exogenous GRSP: an increase in N,
P, K, Ca, and Fe under EE-GRSP application conditions and
a reduction in N, P, K, Mg, Cu, Zn, and Fe under DE-GRSP
application conditions. As reported by Chi et al. (2018), ½ EE-
GRSP improved the morphological establishment of trifoliate
orange roots under normal water and drought stress. Exogenous
EE-GRSP also improved soil aggregate stability and soil enzyme
activity (Wang et al., 2015), both of which are beneficial to
plant growth and nutrient acquisition. Root Fe was elevated
by exogenous EE-GRSP, amounting to 1.8–4.9%, and inhibited
by exogenous DE-GRSP, amounting to 59.1–77.9%. However,
purified DE-GRSP possessed 55% higher Fe than purified EE-
GRSP, gluing more Fe into an organic state to render Fe into
inaccessible form to be absorbed by plant roots. Our study also
showed that EE-GRSP-applied plants maintained a relatively
higher root total length, surface area, and volume than the control
plants, with ½ EE-GRSP presenting the best effect. However, DE-
GRSP dramatically inhibited the root morphology, and the root
morphology declined with the increasing concentration of DE-
GRSP. The changed trend of root morphology was surprisingly
consistent with the plant growth performance and chlorophyll
changes triggered by GRSP application. As a result, it was
concluded that changes in plant growth response and root
nutrient acquisition under GRSP application are associated with
root morphology triggered after GRSP application.

Plant growth response is closely linked to endogenous auxins
(Zheng et al., 2013; Chen et al., 2016). In the present study,
exogenous ½ and 1 EE-GRSP significantly increased root
IAA and IBA contents, due to the presence of tryptophan
(the precursor of auxins) in purified EE-GRSP (Zhang et al.,
2017b), accelerating the synthesis of auxins. Chi et al. (2018)
also observed an increase of IAA in trifoliate orange under
soil water deficit conditions, following the application of
exogenous EE-GRSP. However, exogenous application of DE-
GRSP deteriorated the soil environment for roots to absorb
nutrients (Zhang, 2009), thus hampering the bidirectional
transport of IAA in the phloem.

The synthesis of IAA in plants starts with the conversion of
L-tryptophan into 3-indole pyruvic acid (IPyA) in the presence
of tryptophan transcarbamylase (tryptophan aminotransferase
related, TAA1/TAR), which is then converted into IAA under
the influence of flavin monooxygenase-like enzymes (YUCs)
(Brumos et al., 2014). In the present study, exogenous application
of EE-GRSP induced root PtTAA1, PtYUC3, and PtYUC4
expression, depending upon the concentration of EE-GRSP used,
whereas exogenous DE-GRSP inhibited the relative expression

of PtTAA1 and PtYUC4. The GRSP-regulated IAA change was
related to the expression of GRSP-induced auxin-related synthase
genes (PtTAA1, PtYUC3, and PtYUC4), based on the correlation
analysis. TAA is involved in the conversion of tryptophan into
IpyA, and then YUCs convert IpyA into IAA (Brumos et al.,
2014). It indicates that the two processes were regulated by
exogenous GRSP. Indeed, the IAA synthesis process is regulated
by various transcription factors, such as the phytochrome-
interacting factor 4 (PIF4) for direct regulation of TAA1 gene
expression and the PIF7 for regulation of YUCs (Li et al., 2012;
Sun et al., 2012), implying that exogenous GRSP regulated PIF
transcription factors to modulate the expression of TAA and
YUCs. However, the evidence of direct involvement is lacking in
our study, and further research is needed in this direction.

In plants, IAA enters into cells in the form of anion under
the influence of endocytosis carrier genes (Delbarre et al., 1996).
Auxin residue 1/like AUX1 (Aux/LAX) genes play an important
role in auxin influx (Yoshihiro and Keiichirou, 2012). The results
of our study showed that the application of exogenous EE-GRSP
with quarter and half strength upregulated the expression of
PtLAX1 and PtLAX2 and did not affect the expression of PtAUX1,
suggesting LAX genes could be induced by EE-GRSP. However,
exogenous DE-GRSP, to some extent, decreased the expression
of PtLAX genes, dependent on the combination of DE-GRSP
concentration and gene species, likely to reduce the flow of IAA
from shoot parts to roots. A positive correlation of root IAA with
PtLAX1 and PtLAX3 suggested the stimulating effect of GRSP
on the expression of IAA influx carrier genes. The AtLAX1 in
Arabidopsis thaliana was expressed in the vascular system of the
primary root maturation zone but weakly expressed at the root
tip (Peret et al., 2012). The expression of AtLAX3 at the cortex of
the newly lateral root primordia mediated auxin transport during
lateral root primordia development, making the formation and
development of lateral roots easier (Swarup et al., 2008). Higher
expression of PtLAX1 and PtLAX3 in EE-GRSP-treated plants
indicated better polar auxin transport and lateral root formation,
as seen in greater root morphology in EE-GRSP-treated plants.
Such results also showed that the change of root IAA in response
to the GRSP application is associated with regulation of IAA
in polar transport from shoots to roots, besides aiding in the
formation of lateral roots.

CONCLUSION

Exogenous GRSP triggered differential effects on plant growth
response of trifoliate orange: the increase by exogenous EE-
GRSP and the reduction by exogenous DE-GRSP. The change in
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plant growth under GRSP application conditions was associated
with the element content of pure GRSP, the auxin content of
the plant, and root morphology. GRSP-regulated IAA changes
were associated with the GRSP regulation of TAA and YUC gene
expression in the IAA synthesis pathway and polarity transport
of IAA. These results provide the future possibility of using
EE-GRSP as a plant growth promoter for citrus production.
However, more field studies coupled with elaboration on the
physiological basis of GRSP functioning and mechanism of
growth response by GRSP are mandatory before such efforts
become an accepted field practice as a technological novelty.
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Space availability and the maintenance of adequate phosphorus (P) supply in the root
zone are essential for achieving high yield and P-use efficiency in maize production by
manipulating the root morphology and arbuscular mycorrhizal (AM) fungi colonization.
A major trade-off exists between root growth and AM colonization that is influenced
by soil P supply intensity and space availability. However, how soil P manipulates the
root morphological characteristics and AM colonization to compensate for the limitation
of root-growth space induced by high-planting density is not clear. Therefore, pot
experiments were conducted to investigate interactions between the root growth and AM
fungi by optimizing soil P supply to compensate for limited root growth space induced by
high-planting density. Similar shoot biomass and P uptake values were obtained in P200
(200mg P kg−1 soil) under D = 40 (i.e., diameter of the pot is 40 cm) and P400 under
D = 30, and similar values were obtained for root length, tap root length, root angle,
lateral root density, and AM colonization. However, the improvement in P supply in the
root zone, shoot biomass, and P uptake in P400 under D = 20 were lower than in P200
under D = 30, and there were no significant differences in the root parameters between
P200 and P400 under D = 20; similarly, the root growth and AM colonization exhibited
similar trends. These results suggest that optimizing P supply in the root zone to regulate
the interaction between root morphological traits and AM colonization can compensate
for limited root-growth space. Although P supply in the root zone increased after the
root-growth space was compressed, it could not meet the P demand of maize; thus, to
achieve the most efficient use of P under intensive high-density maize production, it is
necessary to optimally coordinate root growth space and P supply in the root zone.

Keywords: AM colonization, maize, phosphorus supply intensity, space availability, trade-off

INTRODUCTION

The sustainable use of phosphorus (P) is a major challenge in agricultural production, especially
in high-density planting systems (Testa et al., 2016). High planting density reduces the growth
space of maize roots per plant; such conditions are often accompanied by smaller roots per plant,
reduced soil volume occupied by the root system, and decreased the total root length (Wang et al.,
2020). Maize plants primarily depend on the root morphological traits to enhance P acquisition in
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the soil (Lambers et al., 2015; Wang et al., 2020). The low
root growth spaces are induced by high planting density, which
results in difficulty in acquiring P from the soil (Shao et al.,
2018). Artificially increasing P supply is an effective method of
regulating the P absorption capacity of plants to meet the P
demand of high-density populations (Poorter et al., 2012). In
intensive agriculture, smallholders often employ the insurance
approach, that is, large amounts of mineral P fertilizer are applied
in excess to increase the P availability to crop plants, resulting
in low P-use efficiency (PUE) (Dhillon et al., 2017; Zhang et al.,
2019), with considerable adverse environmental impacts, such as
non-point source pollution of surface waters (Ni et al., 2015).
Therefore, both the P supply and root growth space availability
should be considered when attempting to increase the PUE under
intensive high-density planting maize systems.

The P-supply intensity and root-growth-space availability
often affect the root morphology and arbuscular mycorrhizal
(AM) colonization (Zhang et al., 2017; Shao et al., 2018; Wang
et al., 2020), and in turn, impact PUE under maize production.
Lyu et al. (2016) showed that at the root soil interface, available P
could be enhanced by altering the root morphology. Moreover, P
has been shown to stimulate root development and subsequent P
uptake (Ma et al., 2020). In addition, P availability can profoundly
influence the plant responses to AM colonization (Campos et al.,
2018). The high level of P can inhibit AM colonization, reducing
P uptake, and the benefits of AM colonization (Breuillin et al.,
2010). Furthermore, increasing evidence demonstrates that high
plant density can affect the plant root morphology and AM
colonization (Schroeder and Janos, 2004; Niu et al., 2020). Space
availability decreases with the increasing plant density, and the
root growth is subsequently inhibited. In maize, the high plant
density reduces the root to shoot ratio, root biomass, and root
length (Shao et al., 2018); however, root length density increases
with high-density planting, which increases the chances of roots
crossing and overlapping, and could easily lead to P deficiency
in the rhizosphere (Postma et al., 2014; Li et al., 2019). In
contrast, AM colonization increases with an increase in the
planting density, as AM fungi can partially alleviate P deficiency
stress (Abdel-Fattah and Asrar, 2012). Hence, a trade-off exists
between the root morphological traits and AM colonization
to enhance P acquisition under intensive P supply and space
availability; however, the mechanism of interactive effects of root
morphological traits and AM colonization on maize P uptake is
not fully understood. A deeper understanding of the mechanisms
of root and AM interactive effects on the root growth space
exploitation and maize P uptake is key to fostering high PUE.

The high plasticity of root system architecture and AM
fungi responses to P supply intensity and space availability have
indicated a high potential to improve PUE in maize production
(Postma et al., 2014; Li et al., 2019; Shao et al., 2019). For example,
PUE in maize production can be improved by manipulating
the root morphology and AM colonization to maintain an
appropriate P supply intensity in the root zone (Deng et al.,
2017; Kobae, 2019; Chu et al., 2020). Similarly, maintaining
space for proper root growth in intensive high-plant-density
maize production systems could modify the root morphology
and AM colonization to enhance maize yield (Yu et al., 2019;

Hou et al., 2021). However, most of the previous studies in high-
density planting systems have focused on the regulation of root
morphology. Our understanding of how AM colonization in
high-density planting systems responds to P supply is poor (Ma
et al., 2013; Teng et al., 2013; Testa et al., 2016), in addition to
how altered P supply affects the root growth andAM colonization
to compensate for limited root growth space. To simultaneously
achieve high maize yield and PUE in high-density planting
systems, it is necessary to comprehensively consider P supply
in the root zone and root-growth space by modifying root
morphology and AM colonization. An improved understanding
of the compensatory effects of maize root expansion on the
root growth space, under P supply intensity regulation, would
further enhance our understanding of the biological potential for
efficient P use in maize.

Here, a pot experiment was carried out with maize to
determine the compensation mechanisms of soil P supply
intensity on the maize root morphology, AM colonization, and
P uptake under different space availability scenarios. The present
study specifically aimed: (1) to investigate maize growth and
P uptake under different P intensities and root-growth space
treatments; and (2) to examine the compensatory effects of soil
P supply on root-growth space to determine environments that
enhance PUE in maize.

MATERIALS AND METHODS

Experimental Site
A greenhouse pot experiment was conducted from June to
August 2020 at the Quzhou Experimental Station of China
Agricultural University (36◦ 51′ 57′′ N, 150◦ 0′ 37′′ E), Quzhou
County, Hebei province, China. Calcareous loamy soil was
collected from the Quzhou Long-Term Fertilizer Station (36◦

52′ 0′′ N, 115◦ 02′ 0′′ E) of China Agricultural University,
Hebei province, China. The basic soil properties were as
followed: pH, 8.13; soil organic carbon (SOC), 7.3 g kg−1; Olsen-
P, 2.40mg kg−1; soil total nitrogen (TN), 0.91 g kg−1; and
available potassium (AK), 183mg kg−1. The soil was air-dried
and passed through a 2-mm sieve prior to experimentation.
The soil pH was measured in a 1:2.5 (w/v) soil/water slurry.
SOC was determined with 0.25-mm sieved soil as explained by
Cambardella et al. (2001). Soil TN was determined using the
Kjeldahl method (Carter and Gregorich, 2007). Soil Olsen-P was
determined in 0.5M NaHCO3 extracts using Mo-Sb colorimetry
(Olsen et al., 1954).

Experimental Design and Management
The experiment consisted of a 3 × 3 complete factorial design.
There were three P levels (0, 200, and 400mg P kg−1 soil
as CaH2PO4, hereafter referred to as P0, P200, and P400,
respectively) and three pot sizes (20 cm diameter× 50 cm height,
30 cm diameter × 50 cm height, and 40 cm diameter × 50 cm
height, hereafter referred to as D = 20, D = 30, and D =

40, respectively). Each of the nine treatment combinations was
replicated four times to yield a total of 36 pots.

Urea and muriate of potash were applied to all the treatments
at a rate of 150 kg ha−1 to supply nitrogen (N) and potassium (K),
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TABLE 1 | Two-way ANOVA of the effects of phosphorous (P) supply, space availability, and their interaction on P supply and space availability.

Parameters P supply Space availability P supply × Space availability

F-value P-value F-value P-value F-value P-value

Shoot biomass 148.9 <0.0001 87.28 <0.0001 16.17 <0.0001

Shoot P content 149.01 <0.0001 92.01 <0.0001 <0.0001 <0.0001

Root biomass 133.3 <0.0001 73.05 <0.0001 10.74 <0.0001

Root length 156.3 <0.0001 115.5 <0.0001 18.05 <0.0001

Tap root length 103.3 <0.0001 115.0 <0.0001 7.921 0.0002

Root angle 1.5712 0.2022 146.1 <0.0001 6.137 0.0012

Lateral root density 92.04 <0.0001 13.87 <0.0001 4.115 0.0099

AM colonization 1128 <0.0001 235.8 <0.0001 61.90 <0.0001

Bulk soil Olsen P 654.3 <0.0001 1.280 0.0701 1.618 0.2129

Rhizosphere soil Olsen P 1,128 <0.0001 235.8 <0.0001 61.90 <0.0001

which are often limiting factors in the calcareous loamy soils. All
fertilizers were incorporated and thoroughly mixed with the soil
at the time of planting.

Maize seeds (Zea mays L. cv. Zhengdan958) were surface
sterilized in 10% v/v H2O2 for 30min, washed with deionized
water, and placed in a dish containing aerated saturated CaSO4

solution at 25◦C in the dark until a radicle emerged. Then, four
germinated seeds of uniform size were sown in each pot. Each pot
was watered daily to 80% field capacity as measured by weight.
The temperature ranged from a minimum of 22◦C at night to a
maximum of 30◦C during the day.

Plant Harvest and Measurements
The plants were harvested 55 days after sowing. The shoots were
cut at the soil surface, oven-dried at 105◦C for 30min and then, at
75◦C for 3 days until they reached constant weight and weighed
to record the biomass. Afterward, the shoots were crushed and
homogenized. Shoot P concentration was determined using the
vanadomolybdate method (Johnson and Ulrich, 1959) after wet
digestion with a mixture of 5ml of 98% H2SO4 and 8ml of
30% H2O2.

Soil Sampling and Measurements
Bulk soil sample was obtained 20 cm from the soil surface using
a soil auger. Rhizosphere soil was obtained by brushing off the
soil adhering to the whole roots with a sterile brush. Visible
roots were removed manually before the samples were ground to
pass through a 2-mm sieve and dried naturally. Soil Olsen-P was
determined in 0.5M NaHCO3 extracts using Mo-Sb colorimetry
(Olsen et al., 1954).

Root Sampling and Root Parameter
Measurements
After cutting off the shoots, the excavated roots were shaken
briefly to remove a large fraction of the soil adhering to the
root crown. The root angle was assessed using the method
outlined by Hecht et al. (2019). Afterward, all the visible roots
in each pot were collected from the soil on a 2 mm-diameter
mesh and washed clean with running water in the lab. Total

root length was analyzed using Win-RHIZO software (Pro2004b,
version 5.0, Regent Instruments Inc., QC, Canada). Lateral root
density was the number of lateral roots per unit length of
primary root, which was calculated by dividing the number of
lateral roots per 5 cm of primary root by the 5 cm length of
the root.

The fine roots were cut to 1 cm segments and thoroughly
mixed. The root samples were cleaned with 10% (w:v) potassium
hydroxide and placed in a water bath (90◦C) for 2 h. The cooled
root samples were cleaned in 2% HCl for 5min and then stained
with Trypan blue solution. For each sample, 15 root segments
were used to evaluate AM colonization by scoring based on
the findings of Trouvelot et al. (1986) and calculated using
MYCOCALC program (http://www.dijon.inra.fr/mychintec/
Mycocalc-prg/ download.html). AM colonization (%)= number
of intersections colonized (hyphae, arbuscules, vesicles, and
hyphal coils)/total number of intersections examined × 100%
(Zhang et al., 2014).

All roots were collected and dried at 75◦C for 72 h and
weighed to determine the biomass.

Statistical Analysis
IBM SPSS Statistics 20.0 (IBM Corp., Armonk, NY, USA) was
used to compute one-way or two-way ANOVA. The mean
differences among the means were determined by the least
significant difference (LSD) at P ≤ 0.05 probability level. The
data were presented as graphs prepared by Sigmaplot version 10.0
(Systat Software Inc., San Jose, CA, USA).

RESULTS

Shoot Biomass and P Content
Shoot biomass was significantly affected by soil P supply
and space availability (P < 0.01, Table 1; Figures 1A,B;
Supplementary Figures 1A,B). Shoot biomass increased as the
soil P supply increased, and the highest shoot biomass was
obtained in the P400 treatment groups, followed by in the
P200 and P0 treatments. The effect of space availability on
shoot biomass was more prominent when more P was added
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FIGURE 1 | Plant growth performance (A), shoot biomass (B), and shoot
phosphorous (P) content (C), under different P supply gradients and space
availability conditions. Each value represents the mean of four replicates
(+SD). Different lower-case letters indicate a significant difference among
different space availability levels, and different capital letters indicate a
significant among different P levels. P0, 0mg P kg−1 soil; P200, 200mg P
kg−1 soil; and P400, 400mg P kg−1 soil; D = 20, D = 30, and D = 40
represent diameter of pot is 20, 30, and 40 cm, respectively.

FIGURE 2 | Root biomass under different phosphorous (P) supply gradients
and space availability conditions. Each value represents the mean of four
replicates (+SD). Different lower-case letters indicate a significant difference
among different space availability levels, and different capital letters indicate a
significant among different P levels (P < 0.05). P0, 0mg P kg−1 soil; P200,
200mg P kg−1 soil; and P400, 400mg P kg−1 soil; D = 20, D = 30, and
D = 40 represent diameter of pot is 20, 30, and 40 cm, respectively.

to the soil (P200 and P400 treatments); however, the limited
space availability could restrict the growth of shoot biomass.
Lower shoot biomass was obtained with the D = 20 treatment
among all the P supply treatments (Figures 1A,B). However,
the reduction in shoot biomass due to space limitation was
compensated by soil P supply with certain space availability
treatments. Higher shoot biomass was obtained in P400 under
D = 30, which was equivalent to the shoot biomass observed
in P200 under D = 40; the shoot biomass in P200 under D
= 30 was significantly higher than that in P0 under D = 40.
Furthermore, the shoot biomass in P400 under D = 20 was
significantly lower than in P200 under D = 30. In addition, the
shoot biomass did not tend to increase under the improving P
supply conditions at lower space availability treatments. Under
D = 30 and D = 40, the shoot biomass significantly increased
as soil P supply increased, while there was no significant
difference in the shoot biomass between P200 and P400 under
D = 20, indicating that the shoot biomass was restricted by
the amount of space and could not be compensated by soil
P supply.

The shoot P content in maize among the treatments was
also significantly affected by soil P supply and space availability
(P < 0.01, Table 1; Figure 1C; Supplementary Figure 1C). The
shoot P content increased as soil P supply increased, and the
lower rates of shoot P uptake were obtained with the D = 20
treatment across different P supply rates, when compared with
D = 30 and D = 40. Similar complementary effects of soil
P supply and space availability on the shoot P content were
obtained under some circumstances. When compared with that
in P200 under D = 20 and D = 30, higher P content was
obtained under D = 40. Further, the shoot P content in P200
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FIGURE 3 | (A) Root length, (B) tap root length, (C) root angle, and (D) lateral root density under different phosphorous (P) supply gradients and space availability
conditions. Each value represents the mean of four replicates (+SD). Different lower-case letters indicate a significant difference among different space availability
levels, and different capital letters indicate a significant among different P levels (P < 0.05). P0, 0mg P kg−1 soil; P200, 200mg P kg−1 soil; and P400, 400mg P kg−1

soil; D = 20, D = 30, and D = 40 represent diameter of pot is 20, 30, and 40 cm, respectively.

under D = 30 was significantly higher than in P0 under D =

40. In contrast, the shoot P content obtained in P200 under
D = 30 was significantly higher than in P400 under D = 20.
There was no significant difference in the shoot P content as P
supply increased from P200 to P400 under D = 20 due to the
space limitation.

Root Biomass
Root biomass was significantly influenced by soil P
supply and space availability (P < 0.01, Table 1; Figure 2;
Supplementary Figure 2). Root biomass increased as soil P
supply increased, and the effect of space availability on root
biomass was stronger under higher P supply (P200 and P400),
while no significant difference was observed in P0 between D
= 30 and D = 40. There was a strong complementary effect
of soil P supply and space availability on root growth. Similar
root biomass levels were observed in P200 under D = 40 and
P400 under D = 30; root biomass in P200 under D = 30 was
significantly higher than in P0 under D = 40. However, a higher
root biomass was observed in P200 under D = 30 than in P400
under D = 20. In addition, root biomass increased as soil P

supply increased under higher space availability (D = 30 and D
= 40).

Root Morphological Traits
The root length was strongly influenced by soil P supply (P
< 0.01) and space availability (P < 0.01) (Table 1; Figure 3A;
Supplementary Figure 3A). The effect of root length increased
as soil P supply increased. The effect of space availability on the
root length was stronger at higher P supply levels (P400). The
complementary effects of soil P supply and space availability on
root length were obtained; root length obtained in P200 under
D= 40 was equivalent to the root length obtained in P400 under
D=30. Furthermore, the root length obtained in P200 under D=

30 was significantly higher than in P0 under D= 40; however, the
root length did not increase as space availability decreased: there
was no significant difference in the root length between P200 and
P400 under D = 20. Finally, the root length in P400 under D =

20 was lower than that in P200 under D= 30.
Tap root length was also affected by soil P supply and space

availability (Table 1; Figure 3B; Supplementary Figure 3B). Tap
root length increased as space availability increased. Similar tap
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root length was obtained in P400 under D= 30 and P200 under D
= 40 and tap root length in P200 under D = 30 was significantly
higher than that in P0 under D = 40. However, there was no
significant difference in tap root length between P200 and P400
under D = 20. Furthermore, tap root length in P400 under D =

20 was lower than that in P200 under D= 30.
The root angle was strongly affected by space availability,

with little relationship to soil P supply (Table 1; Figure 3C;
Supplementary Figure 3C). Significantly higher root angles were
observed in D = 40 compared with that in D = 20 and D = 30
among all P supply treatments; however, there was no significant
difference in the root angle between P400 under D= 30 and P200
under D = 40. The effect of soil P supply on the root angle was
negligible under low space availability (D= 20).

Soil P supply and space availability significantly influenced
the lateral root density. The lateral root density significantly
increased as P supply increased, while the effect of space
availability on the lateral root density was considerable when
more P was added to the soil (P200 and P400). Notably, the lateral
root density obtained in P400 under D= 30 was equivalent to the
lateral root density in P200 under D = 40. Significantly higher
lateral root density was obtained in P200 under D= 30 than in P0
under D= 40. Similar to root angle, the effect of soil P supply on
lateral root density was negligible under lower space availability
(D= 20). The lateral root density in P400 under D= 20was lower
than that in P200 under D= 30.

AM Colonization
Arbuscular mycorrhizal colonization was significantly affected
by soil P supply and space availability (Table 1; Figure 4;
Supplementary Figure 4); AM colonization decreased with
increasing P supply from P0 to P400, regardless of space
availability. Furthermore, the effect of AM colonization
decreased as the space availability increased in all P treatments;
P supply in the root zone and intraspecific density altered plant
responses to AM colonization. Higher levels of AM colonization
were observed under D = 20 compared with under D = 30 and
D = 40. No significant differences were found between AM
colonization in P200 under D = 40 and P400 under D = 30,
while AM colonization in P0 under D = 40 was significantly
higher than that in P200 under D = 30. AM colonization
decreased significantly as P supply increased under D = 30 and
D = 40, whereas there was no significant difference between
AM colonization under conditions of higher P supply (P200 and
P400) under D = 20. In addition, AM colonization decreased
as space availability increased. The findings imply that the
absorption of P by maize is most dependent on AM fungi at the
limit of space availability, especially under P0.

Soil Olsen-P Concentration
Bulk soil Olsen-P concentration was strongly affected by
soil P supply, with little correlation with space availability
(Table 1; Figure 5A; Supplementary Figure 5A). In contrast, the
rhizosphere soil Olsen-P concentration was greatly influenced
by both soil P supply and space availability (Table 1; Figure 5B;
Supplementary Figure 5B). Soil Olsen-P concentration in the
bulk and rhizosphere soils increased as soil P supply increased.

FIGURE 4 | Arbuscular mycorrhizal (AM) colonization under different
phosphorous (P) supply gradients and space availability conditions. Each value
represents the mean of four replicates (+SD). Different lower-case letters
indicate a significant difference among different space availability levels, and
different capital letters indicate a significant among different P levels (P <

0.05). P0, 0mg P kg−1 soil; P200, 200mg P kg−1 soil; and P400, 400mg P
kg−1 soil; D = 20, D = 30, and D = 40 represent diameter of pot is 20, 30,
and 40 cm, respectively.

The highest soil Olsen-P concentration was observed in P400
followed by in P200 and then P0. Higher rhizosphere soil-Olsen
P concentrations were obtained in P200 under D = 40 and P400
under D= 30.

DISCUSSION

Plants have evolved a series of mechanisms to acquire P from
the soil (Lynch, 2011). In maize, the root morphology is a major
pathway for obtaining P from soils (Liu et al., 2016; Lugli et al.,
2020). Therefore, in addition to P supply in the root zone,
space availability for root growth is critical for optimal maize
production (Lynch, 2013; Poorter et al., 2016); however, in the
maize plants grown at high density, root growth space can be
limited, and whether additional soil P supply can compensate
for such limitation and the underlying mechanisms are not
fully understood. Understanding such interactions is crucial
for improving the PUE of under high maize planting density
production. In the present study, similar shoot biomass and P
uptake were observed in P200 under D = 40 and P400 under D
= 30 (Figure 1). Furthermore, the shoot biomass and P uptake
in P400 under D = 30 were significantly higher than those in
P200 under D= 40. Under insufficient space for root growth, the
increasing P supply in the root zone could satisfy crop P demands
to a certain extent (Poorter et al., 2012). The findings suggest that
the negative effects of low space availability on shoot biomass
and shoot P uptake could be counteracted by the improved soil P
supply for enhanced maize growth.

With reduced space availability, the photoassimilates are less
frequently allocated to the roots (Poorter et al., 2012; Shah
et al., 2017). The findings of the previous studies have suggested
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FIGURE 5 | (A) Bulk soil Olsen phosphorous (P) and (B) rhizosphere soil
Olsen P under different P supply gradients and space availability conditions.
Each value represents the mean of four replicates (+SD). Different lower-case
letters indicate a significant difference among different space availability levels,
and different capital letters indicate a significant among different P levels (P <

0.05). P0, 0mg P kg−1 soil; P200, 200mg P kg−1 soil; and P400, 400mg P
kg−1 soil; D = 20, D = 30, and D = 40 represent diameter of pot is 20, 30,
and 40 cm, respectively.

that root growth is more inhibited under high plant density
than shoot growth, which may be a factor limiting nutrient
uptake, especially immobilized soil P (Shao et al., 2018). In
addition, under P deficiency, the plants may allocate more
carbon to the belowground parts; in maize, the root to shoot
ratio can increase along with the enhanced root length and
lateral root density to increase the exploration of more areas
(Postma and Lynch, 2011; Niu et al., 2020). Over the long-term,
low P input is usually accompanied by low productivity. As
P is immobilized, increasing mineral P input into the soil is
a common agronomy practice used to improve productivity
(Zhang et al., 2019). In the present study, both bulk and
rhizosphere soil Olsen-P concentrations increased as P supply
increased (Figure 5; Supplementary Figure 5), which is similar
to the findings observed when alfalfa was grown in a loessial soil
(Peng et al., 2020). P is a nutrient that stimulates shoot biomass
production and more importantly, acts as a regulatory signal

mediating changes in root architecture (López-Bucio et al., 2003;
Pongrac et al., 2020). Therefore, under lower space availability,
a plant requires greater P supply to build a more efficient root
system with a sufficient capacity to absorb P. In the present study,
root dry weight in P400 under D= 30 was similar to that in P200
under D = 40, and root dry weight in P400 under D = 30 was
significantly higher than that in P200 under D = 40 (Figure 2;
Supplementary Figure 2). Root growth regulation by soil P
supply and space availability could explain the complementary
effects of the two factors on shoot biomass and P uptake.

Changes in space availability led to the plant responses
that alter the root architecture (Ramireddy et al., 2018).
The reduced space availability inhibits root length, tap
root elongation, and the development of lateral roots
(Figures 3A,B,D; Supplementary Figures 3A,B,D). In maize,
the root architecture, such as root length, root surface area,
root volume, and root diameter, can decrease under high plant
density (Mi et al., 2016; Shao et al., 2018). In addition, the
steeper root angles were obtained in treatments with lower space
availability (Figure 3C; Supplementary Figure 3C), increasing
the risks of rhizosphere P deficiency (Figure 5B). However,
improved AM colonization was observed with lower space
availability, suggesting that the soil P acquisition predominantly
relies on root-associated AM fungi under high-planting density,
where the formation of a sizeable hyphal network structure
in the soil benefits P uptake (Deng et al., 2017). However, the
regulation of root growth through P supply intensity is closely
related to crop productivity through the exploitation of the
biological potential for nutrient-use efficiency enhancement
(Shen et al., 2013; McNickle, 2020). Root morphology exhibits
high plasticity under varying P supply levels (Wang et al.,
2020); increasing P supply induces root length growth, tap root
elongation, and development of lateral roots and facilitates
the acquisition of P through expansion into a greater soil
volume, thereby increasing the absorptive surfaces of the
roots (Williamson et al., 2001). In contrast, according to the
results of the present study, AM colonization decreases as P
supply increased. As expected, the root length, tap root length,
and lateral root density increased as soil P supply increased
through increased root-soil contact, subsequently enhancing
P uptake (Figures 3A,B,D; Supplementary Figures 3A,B,D),
while AM colonization decreased. Notably, this study results
indicated similar root length, root angle, and lateral root density
values in P200 under D = 40 and in P400 under D = 30. This
finding suggests that P supply intensity may compensate for
the limitation of growth space through the exploitation of the
biological potential of maize to enhance P uptake through the
root morphological changes.

At higher planting densities, plant growth and development
can be limited by soil nutrients in the root zone (Dong et al.,
2015). When the nutrient content is adequate for plant growth,
increases in growth space may improve productivity (Fageria and
Moreira, 2011). In the present study, shoot biomass and P uptake
significantly increased with an increase in space availability under
P200 and P400 (Figure 1; Supplementary Figure 1). In contrast,
higher P supply (P200 and P400) did not improve shoot biomass
and P uptake under D= 20 (Figure 1; Supplementary Figure 1).
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Due to the existence of a threshold value for the efficient uptake
of P by maize roots, maize cannot absorb more P than the
threshold value, even if the amount of P supply is increased in a
P-limited area (Santner et al., 2012). There are two plant P uptake
pathways in the soil that include P uptake from soil: P uptake
by roots and the AM fungal pathway (Watts-Williams et al.,
2015). Root development and AM colonization are hindered
under lower space availability considering that the plant density
can lead to growth factor competition (Schroeder and Janos,
2004). The potential of root biology may not be fully exploited
by P supply through the regulation of root morphology and AM
colonization; therefore, only by matching P supply and space
availability can root growth be regulated and the plant PUE can
then be improved.

Collectively, the findings of the present study provide an
important scientific basis for an enhanced understanding of the
mechanisms via which soil P supply intensity could be used to
counteract the adverse effects of high maize planting density
on root morphology, P uptake, and PUE improvement, for
sustainable crop production with high yields and high nutrient-
use efficiency. Whether the advantages of soil P supply can
compensate for the limited root growth spaces induced by high
planting density under field conditions still requires further
comprehensive studies.

CONCLUSIONS

Both P supply in the root zone and space availability influence
the PUE in maize by influencing the root morphology and
AM colonization dynamics. Similar shoot biomass and P
uptake were observed in the conditions with high P supply
and low space availability, and in the conditions with low P
supply and high space availability. The lower maize biomass
observed in conditions with relatively low space availability
was fully counteracted by the relatively high P supply through
the modification of root morphology and AM colonization
activities. Furthermore, shoot biomass and P uptake did not
increase with increased P supply in the root zone after

root-growth space was reduced; here, the lower maize biomass
obtained under low space availability was not fully counteracted
by the relatively high P supply. The findings highlight the
need to optimally coordinate the root growth space and
P supply in the root zone, specifically to achieve optimal
PUE under the intensive high-density maize production. The
results of the present study highlight that understanding the
optimal P supply in the root zone and space availability are
essential for high PUE under the intensive high-density maize
production system.
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Plants respond to environmental cues via adaptive cell reprogramming that can affect
whole plant and ecosystem functionality. Microbiota constitutes part of the inner
and outer environment of the plant. This Umwelt underlies steady dynamics, due to
complex local and global biotic and abiotic changes. Hence, adaptive plant holobiont
responses are crucial for continuous metabolic adjustment at the systems level. Plants
require oxygen-dependent respiration for energy-dependent adaptive morphology, such
as germination, root and shoot growth, and formation of adventitious, clonal, and
reproductive organs, fruits, and seeds. Fermentative paths can help in acclimation and,
to our view, the role of alternative oxidase (AOX) in coordinating complex metabolic
and physiological adjustments is underestimated. Cellular levels of sucrose are an
important sensor of environmental stress. We explored the role of exogenous sucrose
and its interplay with AOX during early seed germination. We found that sucrose-
dependent initiation of fermentation during the first 12 h after imbibition (HAI) was
beneficial to germination. However, parallel upregulated AOX expression was essential
to control negative effects by prolonged sucrose treatment. Early downregulated AOX
activity until 12 HAI improved germination efficiency in the absence of sucrose but
suppressed early germination in its presence. The results also suggest that seeds
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inoculated with arbuscular mycorrhizal fungi (AMF) can buffer sucrose stress during
germination to restore normal respiration more efficiently. Following this approach, we
propose a simple method to identify organic seeds and low-cost on-farm perspectives
for early identifying disease tolerance, predicting plant holobiont behavior, and improving
germination. Furthermore, the research strengthens the view that AOX can serve as a
powerful functional marker source for seed hologenomes.

Keywords: seed quality, ROS, Warburg effect, bacterial endophytes and mycorrhizal fungi, organic seeds, biotic
stress, on-farm seed selection

INTRODUCTION

Understanding the role of microbiota in adaptive plant
robustness is important for crop improvement and developing
innovative tools that could allow more efficient plant selection
(Arnholdt-Schmitt et al., 2014; Arnholdt-Schmitt et al., 2015,
2018; Nogales et al., 2015). Research on the relevance of
endophytic and associated microbiota and usage of microbes as
bioinoculants are often hampered by low reproducibility, due
to a lack of better understanding of fundamental principles of
the plant-microbe interactions (Arnholdt-Schmitt, 2008; Vicente
and Arnholdt-Schmitt, 2008; Campos et al., 2015; Mercy et al.,
2015, 2017; Bedini et al., 2018; Albornoz et al., 2020) emphasized
the need to study mycorrhizal benefits on a case-by-case basis
which should consider more holistic and context-dependent
views on mycorrhiza functioning at plant family and biome-
wide levels. Also, it is widely confirmed that endophyte effects
are genotype-specific (Abdelrazek et al., 2020a,b). Furthermore,
Durán et al. (2018) identified bacterial endophytes as drivers for
soil suppressive take-all disease. Nevertheless, they highlighted
that they did not find a relevant correlation between disease
suppression and reduced pathogen biomass. In our opinion, these
are key observations. They encouraged us to initiate the work
on the hypothesis that the competence of individual plant hosts
for resilience plays the most critical role for beneficial or non-
beneficial plant-microbe interactions, which can be superior to
plant families and biome origins.

However, there is a lack of knowledge on traits that aid in (a)
early prediction of the plant strength, (b) demonstration of its
relevance for plant-microbe interactions, and (c) transformation
of such knowledge toward user- and environment-friendly
applications for sustainable agriculture. We earnestly aim with
the perspective to understand these phenomena and to contribute
to the knowledge base toward closing these three gaps.

Seed Germination/Reprogramming as a
Model to Study Plant Adaptive
Robustness
The capacity for efficient reprogramming as a trait per se is
recognized as a marker for adaptive plant robustness (Cardoso
and Arnholdt-Schmitt, 2013). Seed germination can serve as an
experimental in vitro tool to study environmental stress-induced
reprogramming and to identify early functional markers and
tools for predicting plant performance under field conditions
(Mohanapriya et al., 2019). Dry seeds are known to respond upon

water imbibition and subsequent penetration of oxygen. Thus,
radicle emergence can be seen as an indicator of environmental
stress recovery from the dry-to-water imbibed conditions and
low-to-high oxygen status.

Efficient seed germination under field conditions is especially
required in organic agriculture, where the application of chemical
herbicides and pesticides to suppress competitors shall be
avoided to support healthy food and feed production and to
improve the sustainability of bio-based socioeconomic systems.
At the same time, organic agriculture impacts seed quality and
the amount of microbiota in seeds (Cope-Selby et al., 2017;
Wassermann et al., 2019). Recently, the use of the so-called
“organic seeds” vs. conventionally produced seeds is raised as an
ethical issue (European Parliament and of the Council, 2018).
However, the better quality of organic seeds in terms of their
contribution to agriculture sustainability, nutritional quality, and
yield performance is under intensive debate (e.g., Bhaskar et al.,
2019; Voss-Fels et al., 2019) and requires scientific validation
(Simon et al., 2017; Abdelrazek et al., 2020a,b). Appropriate
methods and tools are in absolute need to discriminate organic
vs. conventional seeds by traits that should allow predicting the
superior quality of organic seeds.

The Complex Role of Sucrose in
Adaptive Reprogramming
Cellular reprogramming is an energy intensive phenomenon.
Reactive oxygen species (ROS) are known to interact with
redox-sensitive protein cysteine thiol groups relevant for
energy metabolism and metabolic channeling linked to cell
differentiation and cell cycle regulation (Bigarella et al., 2014;
Dumont and Rivoal, 2019; Gupta et al., 2020a,b; Pengpeng et al.,
2020; Qi et al., 2020). Sugars and sugar phosphates interact
with hormone-mediated signal networks to modulate energy
metabolism. Auxin-stimulated sugar metabolism is frequently
reported (e.g., Zhao et al., 2021); however, only few examples
revealed that sucrose can induce new cell programs (Grieb et al.,
1994; see in Zavattieri et al., 2010) and also, vice versa, can change
auxin metabolism (Lin et al., 2016; Meitzel et al., 2021). In maize,
sucrose induced several cell cycle markers during germination
than glucose (Lara-Núñez et al., 2017). Downstream of sugars,
two important antagonistic protein kinases are involved in energy
sensing and physiological adaptation (reviews in Bailey-Serres
et al., 2018; Sakr et al., 2018; Schmidt et al., 2018). While
sucrose non-fermenting-1-related protein kinase 1 is activated
when energy is depleted (Schmidt et al., 2018; Wurzinger et al.,
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2018; Wang et al., 2020), the target of rapamycin (TOR) is
induced under conditions of energy excess to stimulate the cell
cycle progression and the cell proliferation (Sangüesa et al.,
2019). Sucrose can have various functions: besides its metabolic
role, it acts as a signaling component (Baena-González and
Hanson, 2017; Sakr et al., 2018), as an osmotic stressor that
can disrupt communication within and between cells (Moon
et al., 2015), shown to trigger aerobic alcohol fermentation in
support of respiration, and biosynthesis of higher molecular
weight compounds, such as lipids (Mellema et al., 2002).

Multifunctional Role of AOX as Switch
Between Respiration and Fermentation
During the Germination Process
Alcohol fermentation has been found to play a critical role in
controlling tissue level pyruvate in plants, thereby, adjusting
respiration rates to prevailing cellular energy status (Zabalza
et al., 2009). Fan et al. (2020) identified hormone and alcohol
degradation pathways that were mostly activated during the early
stages of somatic embryogenesis (SE), which is a prominent
example of de novo programming. Ethanol has been shown to
reduce ROS levels and led to high induction of alternative oxidase
(AOX) and glutathione-S-transferase transcripts (Nguyen et al.,
2017). Transcriptome analyses at 2,4-dichlorophenoxyacetic acid
(2,4-D) induced reprogramming indicated that the extent of
aerobic fermentation is connected to cell proliferation and is
regulated by interacting levels of sucrose and AOX (Costa
et al., 2021). Transient upregulation of genes related to
alcoholic and lactic acid fermentation is shown to be associated
with glycolysis and modified complex stress signaling patterns
with enhanced superoxide dismutase (SOD) and decreased
transcript levels of nitric oxide (NO) producing nitrate reductase
(NR). Furthermore, the data signaled activation of cell death-
regulating system and arrested cell cycle by reducing alpha-
tubulin gene transcription in the earliest step of reprogramming.
Considering the generality of these observations, we proposed
a reference transcriptome profile to identify virus traits that
link to harmful reprogramming (Arnholdt-Schmitt et al., 2021).
This approach helped to identify an early trait for combating
SARS-CoV-2 that covers ROS/reactive nitrogen species (RNS)
balancing, aerobic fermentation regulation, and cell cycle control
(Costa et al., 2021).

In seeds, fermentation and alternative respiration (AR) are
dominating metabolic reactions (Arnholdt-Schmitt et al., 2018;
Mohanapriya et al., 2019). During seed germination, structural
and functional acclimation of aerobic respiration is central and
determines the temperature-dependent efficiency of germination
(Bello and Bradford, 2016; Paszkiewicz et al., 2017). Nevertheless,
markers for respiration and oxygen consumption were not
superior to simple germination tests for predicting the vigor
of single seeds (Powell, 2017). However, it is suggested that
AR plays the most critical role during germination (Arnholdt-
Schmitt et al., 2018; Mohanapriya et al., 2019). This role
requires managing ROS/RNS increase and channeling energy and
substance flow from fermentation, when carbohydrate storages
are released and enzymes get into action (Saleh and Kalodimos,
2017), but the respiration chain is still structurally restricted

and overloaded by massively incoming oxygen. AOX is mainly
regulated by pyruvate (Millar et al., 1996; Hoefnagel et al.,
1997; Hakkaart et al., 2006; Albury et al., 2009; Carré et al.,
2011; Selinski et al., 2018) and strikingly, Ito et al. (2020)
showed in Arum that energy-related metabolic regulation can be
determined by temperature-dependent switching between AOX
polymorphisms in the binding site for AOX-pyruvate. In this
scenario, it might be of interest that AOX is essential in ethylene-
induced drought tolerance and mediating autophagy via
balancing ROS levels (Zhu et al., 2018). Also, thermoinhibition of
carrot seed germination could be circumvented by seed priming,
which was found to be linked to increased ethylene production
at higher temperatures (Nascimento et al., 2013). Ethylene
biosynthesis is found to be induced by hydrogen peroxide
(H2O2) and acted positively on germination, independent of
auxin-coordinated hormonal crosstalk linked to abscisic acid
suppression and gibberellin activation (Wojtyla et al., 2016).
During ethylene biosynthesis, cyanide is generated as a by-
product of the pathway and probably shifts cytochrome oxidase
(COX)-mediated respiration to AR (Siegień and Bogatek, 2006;
Machingura et al., 2016). Eckert et al. (2014) stressed that
microbiota has developed ethylene-producing pathways to profit
during the invasion and to evade defense responses of the host
plants. Additionally, Mercy et al. (2017) observed that treating
mycorrhiza-infected seedlings with potassium cyanide promoted
local arbuscular formation.

AOX Is a Key Molecule for Cellular
Reprogramming: Toward a Perspective
Recently, we identified AOX as the stress level sensing
coordinator for auxin inducible metabolic reprogramming by
comparing induction of SE and seed germination (Arnholdt-
Schmitt et al., 2018; Mohanapriya et al., 2019). Association of
AOX to target cell reprogramming is also observed in other
systems such as adventitious root development in olive (Santos
Macedo et al., 2009; Porfirio et al., 2016) and elicitor-induced
hairy roots (Sircar et al., 2012). Furthermore, our group had
contributed to novel functional marker strategies by highlighting
AOX as a marker across taxonomic borders that includes
“shared” AOX genes in plant holobionts (Arnholdt-Schmitt,
2005a,b, 2008; Arnholdt-Schmitt et al., 2006; Campos et al., 2015;
Mercy et al., 2017; Bedini et al., 2018). Based on the role of
AOX in carbohydrate metabolism (Vanlerberghe et al., 1994),
our approach has been stimulated to understand the role of
fermentation and sugars during plant–mycorrhiza interactions
(Mercy et al., 2017; Bedini et al., 2018) and had led to a
privately explored patent (Lucic and Mercy, 2014). However, the
early phase of reprogramming was not sufficiently considered in
that research (Mercy et al., 2017) to drive our core functional
marker approach (Arnholdt-Schmitt, 2008; Mercy et al., 2015).
Recently, Mohanapriya et al. (2019) observed that arbuscular
mycorrhizal fungi (AMF) inoculation in carrot seeds interacted
with the AOX-inhibitor salicyl hydroxamic acid (SHAM) and
palliated negative SHAM effects on early germination. Also,
AMF effects in seeds seemed to be modified by non-culturable
microbiota. Integrated in silico studies on experimental data
revealed that endophytes interact with AOX expression in
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species-, stress-, and developmental-dependent manner. Also,
Costa et al. (2021) highlighted the importance of microbiota–
plant genotype interaction and its impact on early carrot seed
germination which can be modified by SHAM.

In our earlier work in Mohanapriya et al. (2019), we
demonstrated successful prediction of oxycaloric equivalents
from germinating seeds at 10 HAI. The present perspective
questions the metabolic nature of AOX coordination
and provides deeper phenotyping during germination of
endophyte-free and microbiota-inoculated seeds focused
at early times around 12 HAI. Figure 1 demonstrates the
step-by-step rationale of fundamental insights and deduced
practical strategies (methodology of experiments is provided in
Supplementary File 1).

In our findings, we observed that (a) during Arabidopsis
thaliana seed germination alcohol dehydrogenase (ADH)
transcript levels were increased at 12 h after seed stratification
(SL) in water followed by a decline, and the increase in ADH
transcript levels is in general accompanied by increased AOX1a
transcript accumulation (Figure 1B2). (b) In agreement with
(a), germinating carrot seeds displayed a higher level of ADH
activity at 12 HAI than 24 HAI. In the presence of 3% sucrose,
this level was further enhanced (Figures 1A3,B3). (c) Two
hours short pulses of sucrose before water imbibition enhanced
early germination in seeds of two different species, viz., carrot
and wheat (Figures 1A2,E3 and Supplementary Figure 2).
Additionally, in carrots, we showed that the effectiveness of
such early sugar pulse was dependent on sucrose concentration.
A short pulse could be substituted by a longer pulse at a lower
concentration of sucrose (Figure 1A2). (d) On the contrary,
SHAM treatment until 6 and 12 HAI suppressed germination
in the presence of 3% sucrose. However, it favored early
germination in the absence of sucrose (Figure 1C1).

(e) Three carrot native bacterial endophytes (EN1, EN2, and
EN3) were used for carrot seed inoculations with two cultivars
(cv. Kuroda, cv. Early Nantes) and showed a tendency to
improve germination (Figure 1D1). However, a positive effect is
dependent on cultivar-endophyte interaction. SHAM treatment
reduced the early germination percentage of endophyte-treated
seeds against the respective endophyte-treated controls. This
was observed in all cases though to a different degree of
inhibition (Figure 1D2 and Supplementary Table 2). (f) Sucrose
has displayed different impacts on endophyte-mediated effects
on germination and is dependent on cultivar and endophytes.
However, in no case did endophytes improved germination of
sucrose-treated seeds when compared with endophyte-treated
controls without sucrose (Figure 1D2 and Supplementary
Table 2). (g) In a good germinating carrot cultivar (cv.
Kuroda), the two selected Rhizophagus species (Rhizophagus
irregularis and Rhizophagus proliferus) acted negatively on early
germination, while in a delayed germinating carrot cultivar
(cv. Early Nantes), both Rhizophagus species acted positively
(Figure 1D1 and Supplementary Table 2). In both cultivars,
sucrose could improve Rhizophagus effects on early germination
to higher levels than the AMF-treated controls. However, this
is dependent on cultivar-species interaction. In the presence
of sucrose, R. irregularis (M1) improved germination of both
cultivars compared to M1-treated control seeds in the absence of

sucrose (Figure 1D2). (h) In addition, at lower concentrations of
SHAM (5 mM), early germination could be improved to higher
levels as compared to the AMF-treated controls (Figure 1D2),
but this is observed only in the cv. Kuroda variety, which did
not show positive AMF effects against non-AMF-treated controls
(Figure 1D1 and Supplementary Table 2).

In Figure 2, we present a simplified scheme that summarizes
our conclusion based on wet-lab experiments, state-of-the-art
knowledge, and our hypothetical inferences related to the dynamic
metabolic interplay between sucrose, aerobic fermentation, COX-
mediated respiration, AOX regulation/AR, and microbiota on
cell reprogram functioning. In this scheme, we separated AOX
as a macromolecule (gene/protein) from its functional pathway,
AR, to highlight the outstanding position of AOX as the key
and only enzyme of the pathway that, if present in an organism,
is recognized to provide a central metabolism-coordinating
function for efficient survival (Mohanapriya et al., 2019; Arnholdt-
Schmitt et al., 2021; Costa et al., 2021). We consider that under
development- and/or environment-induced conditions of rapid
sucrose increase, the COX pathway is stimulated via enhanced
glycolysis, pyruvate production, and increased tricarboxylic acid
(TCA) cycle, in a way that the respiratory chain can get overloaded
by electrons followed by enhanced ROS/RNS levels and, on the
other hand, restricted due to rapidly consumed oxygen and/or
yet low numbers of functional mitochondria concerning the
presence of oxygen during germination. In response, aerobic
alcoholic and lactic fermentation are stimulated (refer points a,
b, and c; Costa et al., 2021). At the same time, AOX is activated
[refer point d and in Mohanapriya et al. (2019), Costa et al.
(2021)] mainly through AOX gene sequence-dependent pyruvate
regulation and ROS/RNS.

Depending on stress level and the amount of sucrose and
duration of the situation of high sugar-level, anaerobic glycolysis
can reach high turnover during cell reprogramming and high
levels of adenosine triphosphate production even corresponding
to the Warburg effect. This latter hypothesis is supported by
parallel research on auxin-induced callus growth (Costa et al.,
2021), where we observed a rapid increase in ADH1 transcripts
of 1,777% and a parallel increase in LDH (Lactate dehydrogenase)
transcripts of 346%. Warburg effects are increasingly recognized
also in human systems (Kutschera et al., 2020; Melkonian and
Schury, 2020) as being part of normal physiology. However, in
plants, they are studied still more concerning photosynthesis
(Kutschera et al., 2020) and anaerobic conditions are best
explored under flooding conditions and are related to anaerobic
tolerance in rice (Narsai et al., 2017). It is shown that AOX
plays a beneficial role under low oxygen and especially during
reoxygenation (Jayawardhane et al., 2020).

Under increased sucrose, fermentation can escape feedback
downregulation with the help of enhanced AR, since AOX-
transferred electrons enable the continuation of the TCA cycle
for metabolic reorganization though with relatively less energy
efficiency. Thus, fermentation and AOX are complementing
each other to maintain metabolic and energetic homeostasis
thereby avoiding inefficient situations when the respiration chain
is overloaded with oxygen availability. As soon as oxidative stress
gets sufficiently diminished at equilibrated oxygen availability
in the COX pathway, AOX will be downregulated and normal
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FIGURE 1 | (Continued)
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FIGURE 1 | (Continued)
Step-by-step rationale of the perspective. (A1) Exogenous sucrose postponed germination of endophyte-free and superficially sterilized carrot seeds: Sucrose
inhibited early germination [at 48 h after imbibition (HAI)] depending on increasing sugar concentrations. This trend is the same for endophyte-free seeds that were
superficially sterilized. At 120 HAI, the effect of 0.5–3% sucrose could not be noticed anymore, while 7% sucrose inhibited germination for a prolonged time. This
observation indicates a critical role of sucrose during the induction of adaptive performance. To confirm, the role of sucrose, in Supplementary Figure 1, the effect
of sucrose is shown for auxin-dependent early induction of somatic embryogenesis (SE) as the most studied example of de novo programming. It demonstrates that
(a) sugar is essential for cell reprogramming since SE induction was not observed at around 45 DAI (days after inoculation) in controls, but only at 2 and 3% sucrose
supply and (b) that SE can be optimized with the help of increasing amounts of exogenous sucrose since SE induction efficiency is highest at 3% sucrose
(Supplementary Table 1). Cell reprogramming competes with cell division. This is a common insight, which got here validated again through the observed delay in
embryonic vs. non-embryonic callus emergence at lower sucrose concentrations. As a general tendency, at higher sucrose levels, less number of seeds showed
callus growth, which was later demonstrated to be embryogenic, in comparison to the higher number of seeds with (non-embryogenic) callus growth at lower
sucrose levels (Supplementary Figure 1). (A2) Short early pulses of sucrose enhanced early germination in carrot seeds: A total of 3% sucrose applied for 2 or
10 h imbibition enhanced early germination for about the same degree compared to the control and longer pulse of 30 h. A lower sucrose concentration of 0.5% had
the highest effect only by a longer pulse of 10 h and, at 7% sucrose, a higher effect against the control was only indicated when given as a short pulse of 2 h. This
observation was confirmed with a second carrot cultivar in a rapid on-farm check by using a ca. 5% solution of commercial sugar (significant) (Supplementary
Figure 2). (A3) Exogenous sucrose enhanced the level of alcohol-dehydrogenase (ADH) at 12 HAI during carrot germination: At 12 HAI, treatment with 0.5 and 3%
sucrose resulted in an increase in ADH activity as compared to the control, while for 7% sucrose no effect is observed. At 24 HAI, the control indicated a decline of
ADH values. In the presence of 0.5 and 3% sucrose, this decline is not avoided or might even have been strengthened. However, at 30 HAI, a second phase started,
where sucrose enhanced the levels of ADH in a concentration-dependent manner including a positive effect of 7% sucrose. (B1) Salicyl hydroxamic acid (SHAM)
affects early germination and this links to expression of AtAOX1a: In wild-type Arabidopsis thaliana seeds, while monitoring germination at 72 HAI, showed that
SHAM treatment led to reduced germination rates. This inhibition is dependent on its concentration of 0.5 or 1.5 mM. However, when alternative oxidase (AOX) had
been silenced (antisense), SHAM did not affect germination. On the contrary, when AOX was constitutively overexpressed (OE), SHAM indicated stronger inhibition of
germination than in the wild type. Nevertheless, the three genotypes germinated with similar efficiency about their respective controls. This latter observation points
to the fact that AOX is critically important for germination, if present. However, in case it is not present or activated (antisense) alternative pathways can substitute the
functional role of AOX during germination. (B2) AtAOX1a and AtADH1 + 2 transcripts accumulated simultaneously: A study on ADH transcript accumulation in
wild-type A. thaliana confirmed a biphasic activation of ADH during germination. A first increase was observed 12 h after stratification (significant), which includes the
imbibition of water. The second enhancement occurred from 12 h SL shortly before root emergence was monitored at 24 h SL. In parallel to increased ADH
transcript accumulation, AOX1a transcripts accumulated during both phases, i.e., induction and early initiation of germination. After early induction, ADH transcripts
showed a high decline (significant) until the end of the dark stratification phase, while AOX1a transcript levels remained more stable. During the second phase at the
initiation of exponential root length growth in light observed at 48 h SL, AOX1a transcript accumulation keeps on enhancing, while the increase of ADH transcripts
stopped at that time point. This is also indicated in the first phase. AOX2 transcript accumulation is differentially regulated in comparison to AOX1a and showed
continuous downregulation during the whole period, which appeared to be stronger in the SL phase. (B3) Seeds germinating at 3% sucrose showed higher ADH
levels at 12 and 30 HAI: During early germination of carrot seeds, ADH levels follow a parable, when monitored between 12 and 30 HAI. This is observed in control
seeds and seeds germinating at 3% sucrose. Nevertheless, suppressed germination at 3% sucrose is linked to higher levels of ADH at 12 and 30 HAI. This means
the more efficient germination in control seeds is linked at these two-time points to lower levels of ADH. Under both conditions, in the absence of exogenous sucrose
and at 3% sucrose, 24 HAI displayed a turning point with the lowest ADH activity levels. However, ADH activity at 24 HAI is higher in controls (significant) than under
conditions of sucrose-supplementation. (B4) Early chickpea plant vigor is critical for plant productivity under terminal drought conditions (Sivasakthi et al., 2017).
From the two principle chickpea types, Desi and Kabuli, vast field experience has shown that Desi is superior in terms of multistress tolerance and yield performance
(Purushothaman et al., 2014). In former research, we could discriminate both types at 10 HAI by a lower oxycaloric equivalent (Rq/RCO2; calorespirometric ratio)
value due to differential carbon use and, thus, predict a posteriori better yield stability of Desi (Mohanapriya et al., 2019). In this study, we show that Desi increased
the level of ADH at 10 HAI during germination (significant at 23 and 28◦C), while this is not seen in Kabuli. The reached level of ADH is higher at 23◦C than at 28◦C.
(B5) Pronounced SHAM effects on ADH levels at 24 HAI that show interaction with sucrose: During the germination of carrot seeds, the most pronounced effect of
SHAM treatment on ADH levels is observed at 24 HAI. At that time point, SHAM stimulated ADH levels compared to levels observed at 12 and 30 HAI. This
happened independently of the presence of sucrose (3%). However, under both conditions, 5 mM SHAM showed a stronger stimulating effect on ADH levels
(significant) at 24 HAI than 10 mM SHAM. But the level of SHAM-enhanced ADH is higher at both tested concentrations of SHAM when sucrose is not present. On
the contrary, at time points 12 and 30 HAI, a higher ADH level in the 0% sucrose controls is associated with the higher concentration of 10 mM SHAM versus 5 mM
SHAM. In the presence of 3% sucrose, ADH activity is at any time point higher at 5 mM SHAM than at 10 mM SHAM. Together, these observations point to the
importance of differential AOX activity regulation for optimized germination during all three time points independently of the presence or absence of exogenous
sucrose. (C1) SHAM pulses ≤12 HAI impact germination efficiency and interact with sucrose effects: In control seeds, short pulses of SHAM (10 mM) until 12 HAI
enhanced germination efficiency and were more effective than pulses until 6 HAI. However, prolonged SHAM treatment of 72 HAI suppressed early germination. In
contrast, at 3% exogenous sucrose, early germination efficiency is reduced against 0% sucrose controls (confirming panel A1) and SHAM pulses until 6 and 12 HAI
led to complete suppression of early germination. However, from 48 HAI onward to 72 HAI, continuous SHAM treatment in the presence of 3% sucrose increased
germination, but along with 0% sugar continuous SHAM suppressed germination also at 72 HAI. Collectively, these results show that plastic AOX regulation is critical
for the timing of germination in controls and under conditions of sucrose supplementation. (C2) 10 and 30–40 HAI are critical times for sucrose–SHAM interaction
during carrot germination: A total of 10 h of previous water imbibition reduced the strong negative effects of the combination of exogenous sucrose (3%) and SHAM
(5 mM) on germination efficiency that was observed at only 2 h of previous water imbibition (significant). Also, during the phase of initiated root emergence at 30
Hours of imbibition (HOI), a transfer from water to media supplemented with sucrose and SHAM suppressed germination (significant). Water imbibition until 40 h
before transfer to sucrose- and SHAM-containing media relieved and even supported germination when monitored at 30 and 48 HAI (significant). However, this
increase in germination efficiency seemed to be restricted from 72 HAI onward (significant). (D) Sucrose and SHAM can improve the effect of arbuscular mycorrhizal
fungi (AMF) on early germination: In panel D1, it is shown that carrot seeds treated with native endophytes (EN1—endophyte 1; EN2—endophyte 2;
EN3—endophyte 3; isolated from cv. Kuroda) tend to improve early germination at 48 HAI in both the cultivars (not seen for EN3 in cv. Early Nantes). Exogenous
sucrose had differential effects depending on endophyte and cultivar (Panel D2), but in no case does sucrose enhances early germination rates compared to the
respective endophyte-treated controls (as shown also in Supplementary Table 2). However, SHAM treatment (Panel D2) reduced early germination against
endophyte-treated controls in all cases (as shown also in Supplementary Table 2). In a separate trial, two AMF species (R. irregularis—M1 and R. proliferus—M2)
were tested and acted negatively on germination in cv. Kuroda, but positively in slowly germinating seeds of cv. Early Nantes (Panel D1). Nevertheless, the effect of
M1 on early germination could be improved in cv. Kuroda by 0.5 and 3% sucrose (Panel D2). However, this was not seen for M2. In the better germinating cv.
Kuroda, the lower concentration of 5 mM SHAM (Panel D2) improved the effect of both mycorrhiza species on early germination. In later germinating seeds of
cv. Early Nantes, 0.5% sucrose improved the already positive effect on germination (Panel D1) of Rhizophagus species M1 (Panel D2). In this cultivar, SHAM decreased
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FIGURE 1 | (Continued)
the germination rate to the level of the untreated controls (Supplementary Table 2). (E1) On-farm organic vs. conventional seed discrimination and organic breeding
with the help of quick germination tests, commercial sugar, and SHAM treatment: Seeds from six of seven winter wheat cultivars originated from organic agricultural
management could be discriminated at 15 HAI through better germination against conventionally produced seeds when germinated in 5% sugar solution. In water,
seeds of only four cultivars showed better germination than organic seeds. When conventionally produced material is compared, seeds of the first cultivar showed
poor germination. This was much more pronounced when tested in a 5% sugar solution instead of water. Seeds of the second cultivar demonstrated the highest
germination rates among all tested cultivars (as shown in Supplementary Figure 4). This was observed for seeds originating from both agricultural conditions,
although higher germination in 5% sugar solution indicated the presence of microbiota (Panel E1). In contrast to all other cultivars, seeds of the second cultivar did
not differ in germination rates for organic vs. conventional production under SHAM treatment when compared to the water control (as shown in also
Supplementary Figure 4). This signals already low levels of AOX at 15 HAI for this cultivar no matter from which agricultural management system seeds originated.
Overall, these observations indicate the interplay between plant genotype, sugar, and AOX activity that impacts differential germination capacities between organic
and conventional seeds. (E2) Identification of disease tolerant pea seeds by germination tests under SHAM discrimination (T-tolerant reference; S-susceptible
reference): Pea lines with differential degrees of root rot disease susceptibility could be ranked by employing SHAM inhibition. The most tolerant line (T) showed the
lowest degree of SHAM-related inhibition of germination monitored at 27 HAI. This indicates the reasonability of germination tests under SHAM discrimination for the
selection of seed vigor and plant robustness. (E3) On-farm simple seed germination improvement of stored conventional and organic wheat seeds by a 2 h initial
pulse with commercial sugar (first cultivar in 1E1): This figure demonstrates the general potential of improving early germination through a short pulse of sugar its
validity across species (in this study winter wheat, but also refer for carrot in Panel A2 and Supplementary Figure 2), agricultural management practices and also
related to the aging of seeds.

FIGURE 2 | A simplified scheme on hypothesis and conceptualization for working out metabolic principles on dynamic cell reprogram functioning (details explained
in the text).

respiration will reach priority again for driving growth and
development. Fermentation and AOX downregulation will
again be regulated in adaptation to sucrose- and COX-mediated
respiration-transmitted conditions embedded in adaptive
hormonal crosstalk and overall complex cellular and apoplastic
network signaling. Thus, rapid downregulation indicates efficient
adaptation of COX-mediated respiration, a dynamic trait
appropriate to mark seed vigor (Mohanapriya et al., 2019).

Sucrose can improve early germination of Rhizophagus-
treated seeds (as shown in point g) while non-AMF-treated seeds
respond upon sucrose typically with a delay in germination
(as shown in Figure 1A1). This suggests that AMF and its
associated bacteria (Pandit et al., under review) can alleviate
or buffer the negative effects of sucrose on germination to
relevant degrees by providing an additional sink. This is not
indicated with the three tested endophytes (f). Also, early
germination of endophyte-treated seeds is reduced at 48 HAI
through the continuous presence of SHAM when compared to

endophyte-treated controls (e). On the contrary, when seeds
from the cv. Kuroda were inoculated with Rhizophagus, SHAM
treatment (5 mM) could improve early germination to higher
levels than observed in AMF-treated controls. This observation is
in agreement with the palliating effects observed by Scutellospora
calospora on negative SHAM effects on carrot germination
by using the same cultivar (Mohanapriya et al., 2019). In an
overall assessment, it is inferred that AMF treatment might
improve early germination by alleviating stress-induced by rapid
sucrose excess through two mechanisms: providing an additional
sink for sucrose and supplying an enhanced capacity and/or
engagement of AR. Rhizophagus spores were shown to be a
rich source for polymorphic AOX gene sequences (Campos
et al., 2015). We believe that there could be an operation
of two separate mechanisms since we observed differential
effects on early germination of M1-treated seeds upon SHAM
treatment in the two selected cultivars (Figure 1D). However,
M1-treated seeds of both cultivars showed improvement in
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early germination when sucrose was provided (Figure 1D). We
tend to interpret that the isolated native carrot endophytes
were already well integrated into the internal host cell habitat.
Thus, their reinoculation tended to influence early germination
positively, but could not provide a striking new advantage or
disadvantage when sucrose is enhanced or SHAM treatment
reduced the level of AR. However, we reported that endophytes
modulate AOX transcripts in species-, stress-, and development-
dependent manner, and endophytes could have modified the
effect of AMF inoculation on seed germination efficiency
(Mohanapriya et al., 2019).

OUTLOOK

The observations offer new perspectives for low-cost prediction
of plant holobiont behavior of seeds and for providing simple
and rapid on-farm support toward sustainable agriculture. We
propose three tools for validation:

(A) Seed selection with the help of short germination tests
under SHAM discrimination. This tool provides modalities
to identify seeds with higher seed vigor, general adaptive
plant robustness, and superior internal seed quality related
to the content of secondary metabolites (Figures 1E1,E2 and
Supplementary Figures 3, 4).

(B) Discrimination of organic vs. conventionally produced
seeds with the help of short duration germination tests in water
solutions with 5% commercial sugar (Figure 1E1).

(C) Germination improvement by 2-h pulses of commercial
sugar (Figures 1A1,E3 and Supplementary Figure 1).

Furthermore, we encourage developing novel tests for AMF
functionality in germinating seeds in the presence of sucrose. This
approach targets compatibility between selected plants and AMF
strains to support plant holobiont plasticity.

Our results suggest that polymorphic AOX gene sequences
of symbiotic partners can impact plant–AMF compatibility.
Therefore, we want to accomplish wider screening of major
AOX polymorphisms in species-specific target cells for
evaluating plant performance (Abe et al. 2002; Arnholdt-
Schmitt, 2015; Nogales et al., 2016) and in AMF sources
(Arnholdt-Schmitt, 2008; Vicente and Arnholdt-Schmitt, 2008;
Campos et al., 2015). Such a strategy needs to also include
near neighboring polymorphisms in conserved functional
sites that can discriminate differentially regulated AOX1 and
AOX2 (Costa et al., 2009). This approach would include a
screening of compatible AOX polymorphisms from both
partners in the proposed functional tests to identify the best
plant–AMF combinations.

We hypothesize that the observed integration of bacterial
endophytes into host plants with similar sensitivity against
SHAM effects might point to synchronized AOX regulation in
plant holobionts. Into this derivation would fit that we observed
the same tendency of inhibiting sucrose effects on endophyte-
free and superficially sterilized seeds (Figure 1A1), which we
noticed also for SE induction (unpublished). Vicente et al. (2015)
highlighted a “provocative” lack of interest in bacterial AOX.
They anticipated that bacteria-harboring AOX could facilitate

adaptation to extreme conditions, which could also be of interest
when thinking about plant endophytes and AMF-associated
bacteria (Pandit et al., under review).

This present perspective is complementing Mohanapriya et al.
(2019) and Costa et al. (2021). Joining the central figures
of these publications is thought of as one teaching tool that
can help to explain a straightforward way from fundamental
interdisciplinary research to the application that might support
sustainable socioeconomies because of the diversity of emergent
environmental changes.
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Fulvic acids are organic compounds widely distributed in soils, and the application of
fulvic acids is thought to increase crop yield and quality. However, the effects vary among
various sources and doses of fulvic acids and environmental and growth conditions
of crops. Here, we investigated the effects of bioresource-derived (corn straw) fulvic
acids on plant production and quality of tomato plants and soil chemical properties in
soil cultures while experiments on seed germination and hydroponics were conducted
to explore the underlying mechanism. Base dressing with 2.7 g kg−1 increased the
yield of tomato by 35.0% at most as increased fruit number. Fulvic acids increased the
concentrations of minerals, such as Ca, Fe, and Zn and the concentrations of citric,
malic, and some amino acids in berries of tomato but did not affect the concentrations
of soluble sugars and aromatic substances in tomato fruits. Similarly, fulvic acids at
80–160 mg L−1 increased germination rate, growth vigor, and radicle elongation of
tomato seeds while it increased plant biomass, concentrations of nutrients, and root
length of tomato plants in hydroponics to the greatest extent in general. The increases
in yield and quality can be attributed to the improvement in root growth and, thus,
increased nutrient uptake. In addition, the base application of fulvic acids improved soil
cation exchange capacity and soil organic matter to an extent. In conclusion, base
dressing and the addition into solution of fulvic acids at moderate doses facilitate root
growth and nutrient uptake and, thus, vegetable production and quality; therefore, fulvic
acids can be an effective component for designing new biofertilizers for sustainable
agricultural production.

Keywords: humic substances, nutritional quality, plant biomass, seed germination, soil organic matter

INTRODUCTION

Fulvic acids are one portion of soil humic substances based on the solubility in strong acid and
base solutions; the other two main portions are humic acids and humins (Hayes, 2006; Ahmad
et al., 2018). Fulvic acids consist of a group of soluble organic compounds widely distributed
in nature and are one of the critical components of soil organic substances (Piccolo, 2002;
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Qin et al., 2016; Shah et al., 2018). These organic compounds
contain many active functional groups, such as carbonyl,
carboxyl, hydroxyl, phenolic hydroxyl, and quinone, and these
are capable of chelating and exchanging anions or ions
(Calvo et al., 2014; de Melo et al., 2016; Zhang et al.,
2020). The mechanisms by which humic-like substances
improve plant growth can be attributed to the increased
ability of regulating membrane permeability and intracellular
signaling, thus increasing root growth (Blomster et al., 2011),
increasing concentrations of chlorophyll and photosynthetic
activity (Haghighi et al., 2012), and activating carbon and
nitrogen metabolism (Jannin et al., 2012). In addition, the
biochemical fulvic acids encompass amino acids, vitamins, trace
elements, and hormones, and all those compounds can stimulate
cell division, root growth, and nutrient uptake and improve the
antistress ability of plants and, thus, promote the growth and,
thus, yield of crops (De Pascale et al., 2018; Shah et al., 2018; Qin
and Leskovar, 2020). For example, fulvic acids are demonstrated
to relieve Pb toxicity to plants by reducing its uptake, thus
alleviating various morphological, physiological, and biochemical
functions of plants (Shahid et al., 2012).

In recent decades, numerous studies confirm the effectiveness
of fulvic acids in agriculture. Fulvic acids are demonstrated to
increase the yield and quality of cotton plants, soil fertility,
fertilizer-use efficiency, and net profit (Geng et al., 2020). The
application of fulvic acids alleviates the damage on wheat plants
under salinity stress by improving antioxidant-defense systems,
thus increasing growth and production (Elrys et al., 2020).
With respect to vegetable production, fulvic acids increase the
size and number of tomatoes while decreasing the incidence
of cracking and blossom-end rotting (Suh et al., 2014). As a
result of increased plant growth, fulvic acids are recommended
as an essential constituent to achieve the goal of high yield and
quality and sustainable agriculture in horticulture particularly
(Olk et al., 2018).

However, due to the complex composition of fulvic acids,
in-depth trials have not been not comprehensively investigated,
especially the effects of bioresource fulvic acids on the yield
and quality of vegetables and the underlying mechanisms.
Bioresource fulvic acids are renewable and recyclable, and thus,
the popular agricultural fulvic acids in recent decades are
considerable for sustainable agriculture (Quilty and Cattle, 2011;
Rose et al., 2014).

This study investigates the effects of straw-derived fulvic
acids on vegetable plants. We carried out soil experiments, seed
germination, and hydroponic cultures to explore the effects of
various doses and application patterns on the production, yield,
and quality of tomato plants and the underlying mechanisms
that potentially facilitate the design of new biofertilizers by
using fulvic acids.

MATERIALS AND METHODS

Bioresource-derived fulvic acids, abbreviated as Zhongliang or ZL
in the study, were produced by the national company COFCO
Nutrition and Health Research Institute, Beijing, China (Table 1).

ZL fulvic acids are derived from corn straw. The lignocellulosic
corn straws were pretreated by continuous steam explosion and
then hydrolyzed by a series of enzymes (cellulase, hemicellulase,
and β-glucosidase) to get a sugar solution. The sugar solution was
fermented by using a pentose/hexose co-fermentation strain (C5
strains, Green Tech America, United States) to get the mature
fermented mash. Then, the mash was rectified to obtain biofuel
ethanol from the top of the rectification tower while the residual
mash was obtained from the bottom of the rectification tower.
The residual mash was separated from the supernatant and
then evaporated, concentrated, and tube-bundle-dried to get the
final fulvic acids.

Experiment 1: Soil Culture of Tomato
Plants
Experiment 1 was a soil culture to explore the effects of fulvic
acids on the yield and quality of a fruit vegetable and soil fertility
(Supplementary Figure 1). A randomized complete block design
with 11 treatments consisted of various methods of fulvic acid
application, i.e., top dressing, foliar, and base dressing (Table 2).
Another commercial fulvic acid produced by QuanlinJiayou Co.,
Ltd. (Jiayou or JY) that was the most effective and popular
product in China was used to compare with our product and to
demonstrate the effectiveness of our Zhongling (ZL) fulvic acids.
Five replicates were set for each treatment.

The soil was collected from the top 0–20 cm in a high
tunnel vegetable farm managed for 18 years in Shanghai, China
(Table 3). In this area of the Yangtze River Delta, rice was

TABLE 1 | The chemical properties of fulvic acids of Zhongliang used in this study.

Items Value Items Value Items Value

Fulvic acids 69.5% Ca (g kg−1) 9.25 As (µg g−1) 2.36

pH 3.94 Mg (g kg−1) 5.22 Cd (µg g−1) 0.23

Water content 6.11% Fe (µg g−1) 1123 Cr (µg g−1) 18.9

Ach content 19.1% Mn (µg g−1) 135 Hg (µg g−1) 0

Total C 30.3% Cu (µg g−1) 2.54 Pb (µg g−1) 2.00

Total N 5.63% Zn (µg g−1) 52.3

Total P (P2O5) 0.26%

Total K (K2O) 3.09%

TABLE 2 | The treatments of soil culture for tomato growth (Experiment 1).

Fertilization Chemicals Rates Abbreviation

Control Water Local practice Control

Top dressing ZL fulvic 0.3 g kg−1 ZL Top

Foliar application acids 100 mg L−1 ZL Foliar

Top dressing + Foliar 0.3 g kg−1
+ 100 mg L−1 ZL T + F

Top dressing JY fulvic 0.3 g kg−1 JY Top

Foliar application acids 100 mg L−1 JY Foliar

Top dressing + Foliar 0.3 g kg−1
+ 100 mg L−1 JY T + F

Base dressing ZL fulvic 0.3 g kg−1 Base 0.3

Base dressing acids 0.9 g kg−1 Base 0.9

Base dressing 2.7 g kg−1 Base 2.7

Base dressing 8.1 g kg−1 Base 8.1
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TABLE 3 | The chemical properties of the experimental soil for Experiment 1.

pH EC(dS m−1) SOM% Available N(µg g−1) Available P(µg g−1) Available K(µg g−1) CEC(cmol kg−1)

7.5 0.47 1.9 342 169 303 19.4

produced for several hundred years before, and then the fields
were used for vegetable production in the recent two decades. The
base dressing followed the local practice, 5 kg mixed soils were
loaded into a pot, watered to 100% field capacity, and stabilized
for 1 week before being transplanted. The seeds of the tomato
cultivar Hezuo906 is an anti-mosaic-virus cultivar, which was
sterilized, germinated, and nurtured. Tomato seeds were soaked
in 0.5% NaClO solution for 20 min, then washed by deionized
water twice, and placed in Petri dishes to be germinated in a
dark incubation chamber (CWI800, Sheyan, Shanghai, China)
at 25◦C. The 3-day-germinated seeds were sown into a peat-
pearlite mixture (2:1, v/v) in a naturally lit greenhouse and
watered with a mixture of 1% urea and 1% potassium phosphate.
Twenty-day-old seedlings with four true leaves were transplanted
into pots. Soils in pots were watered to 80% field capacity
at a frequency of 1 or 2 days. Foliar spray and top dressing
were conducted every 10 days six times commencing from the
initial fruiting stage. The soils were covered by plastic films
when the foliar application was conducted to avoid fulvic acids
dropping into the soils. The temperature and light intensity were
recorded every 10 min by loggers L95-82 and L99-LX (Hangzhou
Loggertech Co., China), respectively. The entire growth period
was 126 days from August 31 to January 03 in the same naturally
lit greenhouse with an average temperature of 18.7◦C ± 3.6◦C,
a light intensity of 253 ± 212 µmol m−2 s−1, and daily light
integral of 12.6± 4.3 µmol m−2 day−1.

Experiment 2: Germination of Tomato
Seeds
Experiments 2 and 3 were conducted to explore the mechanisms
of fulvic acids increasing the production and quality of vegetables.
We conducted Experiment 2 to explore the stimulation of
fulvic acids on seed germination rate and radicle elongation
(Supplementary Figure 2). It was a randomized complete block
design with eight concentrations of fulvic acids in solution: 0,
10, 20, 40, 80, 160, 320, and 640 mg L−1 with three replicates
for each treatment. Two Chinese cultivars, i.e., Huangmenren
(Jinfa Seed Company, Cangzhou, China) and Zizhenzhu (Huashu
Seed Company, Qingxian, China) were used, and seeds were
sterilized and germinated as in Experiment 1. The temperature
and humidity in the incubation chamber were 28◦C and
70%, respectively. The seed germination experiment lasted for
7 days. The fulvic acid solution was supplied daily to avoid
water deficiency.

Experiment 3: Hydroponic Experiment
With Tomato Plants
We conducted a hydroponic experiment with tomato plants to
explore the effects of fulvic acids on root elongation and plant
production (Supplementary Figure 3). The experiment was a

randomized complete block design with eight concentrations
of fulvic acids and four replicates for each treatment. Eight
concentrations of fulvic acids in hydroponic nutrient solution
were 0, 10, 20, 40, 80, 160, 320, and 640 mg L−1.

Tomato seeds of cultivar cv. Zizhenzhu were sterilized,
germinated, and grown till transplanting as in Experiment
1. Seedlings with four true leaves in similar sizes were
selected and then transplanted into containers with 5 L 1/2
Hoagland nutrient solution, and the solutions were shifted
to a full-strength nutrient solution at the second week. The
macronutrients of Hoagland solution consisted of 4 mM
Ca(NO3)2·4H2O, 6 mM KNO3, 1 mM NH4H2PO4, and 2 mM
MgSO4·7 H2O, and the micronutrients were the universal
formula (mg L−1): 2.86, H3BO3; 13.9, FeSO4·7H2O; 1.81,
MnCl2·4H2O; 0.22, ZnSO4·7H2O; 0.08, CuSO4·5H2O; and
0.02, (NH4)6Mo7O4·4H2O. The nutrient solution’s pH was
maintained at about 6.5 by daily adjusting using 0.25 M H2SO4
or 0.5 M NaOH. All the plants were harvested after growth for
21 days from June 24 to July 15.

Sampling Methods
The tomato fruits were harvested twice a week once matured
and stored in a −20◦C fridge. All the fruits were cut finely
and homogenized thoroughly after final harvest, using a fruit
blender. The homogenates were centrifuged at 3,000 g for 10 min
and filtered by a syringe filter (0.45 µM) for biological analysis.
At the final harvest, the leaves, stems, and roots of tomatoes
were separated and collected. Separated tissues were cleaned
and green-killed, then dried at 65◦C to a constant weight to
record the dry mass. Fresh portions were stored in a −20◦C
fridge till analysis. After plant sampling, the soils in pots were
sieved at 1 mm after mixing and air-drying to determine soil
chemical properties.

Measurements of Seed Germination and
Radicle Length
We took daily photos of each Petri dish in Experiment 2
with a digital camera (5D Mark IV, Cannon, Germany). The
germination rates were achieved by counting the number of
germinated seeds in the photos. The radicle length of each seed
was measured by ImageJ (Version 1.51a, National Institute of
Health, United States). The germination rate and vigor index are
calculated using Equations (1) and (2), respectively.

Germination rate =
Number of germinated seeds
Total number of seeds sown

× 100%

(1)

Vigor index = (mean radicle length)×
∑ Gn

Dn
(2)
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where Gn is the number of germinated seeds at the nth day and
Dn is the number of the nth day.

Determinations of Root Morphology
The fresh roots in Experiment 3 were washed by deionized
water three times and scanned (V700, Epson, Japan) to obtain
root images. The images were then analyzed by WinRhizo Pro
(Version 2013, Regent, Canada) to determine root length and the
number of root tips.

Determinations of Soil Property
Soil organic matter (SOM) was determined by dichromate
titration. Soil pH was extracted by deionized water at a soil–
water ratio of 1:2.5 and determined by a pH meter. Soil
available N was determined by the alkali-hydrolyzed reduction
diffusing method using 1 M NaOH. Available P was extracted by
0.5 M NaHCO3 and determined by the molybdenum-antimony
anti-spectrophotometric method. Available K was extracted by
1 M CH3COONH4 and determined by ammonium acetate
extraction-flame photometry (Bao, 2000).

Determination of Tomato Quality
The total soluble solids in the juice of tomato fruits were
analyzed by a portable digital sugar meter (PAL-1, Atago, Japan).
The fruit juice was used for the determination of various
compounds. The concentrations of C and N in the ground
plant tissues were measured by a CNS analyzer (Vario MAX
CNS, Elementar, Germany). The concentrations of P, K, Ca,
Mg, S, Fe, Mn, Cu, and Zn were determined by an ICP-
OES (Optima 8000, PerkinElmer, Germany), using the HNO3-
H2O2-digested solutions or the fruit juice of the tomato. The
concentrations of heavy metals Cd, Cr, and Pb were measured
by an ICP-MS (X Series II, Thermo Fisher, United States). The
concentrations of metalloids As and Hg were measured by an
X-ray Fluorescence Spectrometer (Axios-Advanced, PANalytical,
Netherlands). The quantity and composition of metabolites in
tomato fruits were determined by LC-MS (Thermo Vanquish
UHPLC, Company Thermo Fisher, United States), coupled with
an Orbitrap Q Exactive series mass spectrometer (Orbitrap Q
Exactive, Company Thermo Fisher, United States). The fresh
tomato fruits (100 mg) were individually ground using a blender
and centrifuged and then the homogenate was passed through
a 0.45-µM membrane. The supernatant was injected onto an
Hyperil Gold column (100 mm × 2.1 mm, 1.9 µm), using a 16-
min linear gradient at a flow rate of 0.2 mL min−1 for analysis.
The Orbitrap Q Exactive series mass spectrometer was operated
in positive/negative polarity mode with spray voltage of 3.2 kV,
capillary temperature of 320◦C, sheath gas flow rate of 35 arb,
and aux gas flow rate of 10 arb.

Statistical Analysis
All the data were analyzed according to the experimental design,
using SPSS 22 software (SPSS Statistics 22.0, IBM, United States).
Pictures were drawn by Origin 2016 (Origin 2016, OriginLab,
United States) and ImageJ (ImageJ 1.8.0, National Institutes of
Health, United States). The means of these parameters were
compared using Duncan’s multiple range test at P < 0.05.

RESULTS

Effects of Fulvic Acids on Soil-Culture
Tomatoes
Moderate doses of fulvic acids applied by base and top dressing
improved the yield and nutrient quality of tomato fruits in
general. More specifically, base dressing of ZL fulvic acids of 2.7 g
kg−1 increased the yield and fruit number of tomatoes in soil
cultures by 35.0 and 44.4% greater than other doses (Figure 1).
The other commercial JY fulvic acids with top dressing increased
the total biomass of tomato plants by 22.4% (Table 4).

The base dressing of 0.9 and 2.7 g kg−1 tended to increase fold
changes of essential and non-essential amino acids (Figure 2).

FIGURE 1 | The effect of fulvic acids on total yield (A), fruit number (B), and
fruit size (C) of tomato plants cv. Hezuo906 grown in soil culture for 126 days
from transplanting at the final harvest. Data are means ± s.e (N = 5). The
same letters denote insignificant differences (P < 0.05) among treatments
according to Duncan’s new multiple range test (Experiment 1).
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TABLE 4 | The effect of fulvic acids on plant height, leaf number, and dry matter of
stem, leaf, and the entire plants of tomato plants cv. Hezuo906 grown in the soil
culture for 126 days from transplanting (Experiment 1).

Plant
height

(m)

Leaf
number

(No.
plant−1)

Root Stem Leaf Total Root/
shoot

(g plant−1)

Control 1.08 a 10.3 c 1.83 bc 20.5 ab 34.5 ab 56.8 ab 0.033 ab

ZL top 1.15 a 12.7 abc 1.85 bc 20.6 ab 30.5 ab 53.0 ab 0.036 ab

ZL foliar 1.15 a 11.3 bc 1.44 bc 15.5 b 26.6 b 43.5 b 0.034 ab

ZL T + F 1.17 a 15.7 a 1.72 bc 20.8 ab 34.6 ab 57.2 ab 0.033 ab

JY top 1.24 a 15.8 a 2.00 ab 26.6 a 40.9 a 69.5 a 0.031 b

JY foliar 1.16 a 15.8 a 1.33 c 18.3 ab 30.0 ab 49.7 b 0.028 b

JY T + F 1.11 a 13.7 abc 1.56 bc 18.2 ab 34.5 ab 54.2 ab 0.031 b

Base 0.3 1.28 a 12.0 abc 1.49 bc 19.8 ab 31.4 ab 52.7 ab 0.029 b

Base 0.9 1.09 a 13.0 abc 1.65 bc 18.7 ab 36.4 ab 56.7 ab 0.031 b

Base 2.7 1.09 a 12.8 abc 1.71 bc 19.4 ab 34.9 ab 56.0 ab 0.032 ab

Base 8.1 1.22 a 14.8 ab 2.38 a 19.9 ab 38.9 a 61.2 ab 0.041 a

Total biomass is the biomass of entire plants but without fruits. Root/shoot is the
ratio of root dry biomass to shoot dry biomass. Data are means (N = 5). The same
letters denote insignificant differences (P < 0.05) among treatments according to
Duncan’s new multiple range test.

Base dressing of 2.7 g kg−1 fulvic acids increased fold changes
of phenylalanine, valine, and methionine by 55, 56, and 61%,
respectively. Compared with the control, ZL fulvic acids by top
and foliar application increased the fold changes of linolenic and
linoleic acid by 209 and 275%, respectively. Fulvic acids increased
fold changes of citric and malic acid with the greatest increased
by 291 and 67% in JY top dressing treatment, 211 and 42% in
Base 2.7 (Figure 2). However, fulvic acids in all treatments did not
affect fold changes of soluble sugar (glucose, fructose, maltose,
and sucrose) and some aromatic substances (β-lonone, citral, and
eugenol) (Figure 2).

The base dressing of 2.7 g kg−1 also increased the
concentrations of mineral elements in tomato juice, especially
Mg by 55.9%, Ca by 31.4%, and Zn by 43.1% (Table 5).
The concentrations of Mg, S, Ca, and Fe increased in all
modes of application.

Fulvic acids by top and base dressing tended to decrease soil
pH and increase the soil CEC and SOM across all treatments
while foliar application did not affect these soil properties
(Table 6). More specifically, Base 2.7 treatment decreased soil pH
from 8.06 to 7.81 while it increased EC by 102.9%.

Effects of Fulvic Acids on Germination of
Tomato Seeds
The seed germination rates of both tomato cultivars increased
and then decreased when the concentration of fulvic acids
increased after 7 days (Figures 3A,B). Specifically, the most
effective seed germination rate was 12.9% greater than the
control when fulvic acids were at a concentration of 80 mg
L−1 on average. Fulvic acids of 80 mg L−1 also increased the
radicle length and vigor index by 32.2 and 49.7% compared
with the control, respectively (Figure 3). The promotion of seed
germination by fulvic acids on tomato seed cv. Huangmeiren was

greater than that of cv. Zizhenzhu. The average seed germination
rates of Huangmeiren and Zizhenzhu across the various
concentrations of fulvic acids were 62.6 and 89.9%, respectively.

Effects of Fulvic Acids on Hydroponic
Tomatoes
Similar to seed germination, the effects on total biomass, foliar
C/N ratio, and root growth of tomato plants in hydroponics
increased at first and then decreased when the fulvic acid
concentrations increased (Table 7 and Figure 4). Fulvic acids
increased the total biomass and foliar C/N ratio by 40.8 and 14.5%
at concentrations of 160 mg L−1, respectively, compared with
the control. Fulvic acids increased the root length and number
of lateral root tips of hydroponic tomato plants (Figure 4). The
optimal concentration of fulvic acids on root growth was 80 mg
L−1, which increased root length and root tips by 44.4 and
13.8% when compared with the control, respectively (Figure 4
and Supplementary Figure 4). Fulvic acids of 80 mg L−1 also
increased the concentrations of mineral elements in the leaf,
especially Fe, by 109% compared with the control (Table 7).

Another soil-culture experiment with pak choi was conducted
to expand the application of fulvic acids on leafy vegetables
with shallow roots using the soils in Experiment 1 and a series
of concentrations of fulvic acids the same as Experiments 2
and 3 (Supplementary Figure 5). The aboveground portions
of pak choi were harvested on the 21st and 30th day from
seeding, respectively. The yield and mineral concentrations in
the edible portion were measured (Supplementary Table 1 and
Supplementary Figure 6). The analysis of the cost and benefit of
fulvic acid application is calculated in Supplementary Table 2.
Results are shown in the Supplementary Material.

DISCUSSION

Humic substances are the end products of microbial
decomposition derived from plant residuals, which play
key roles in various soils and influence plant functions. Fulvic
acids are components of humic substances according to their
solubility and molecular weight. There are similarities between
humic substances and fulvic acids, but the effects on plants
depend on the source organic matter, the plant species, and the
growth medium (Calvo et al., 2014). Although the effects of
humic-like fertilizers differ, studies confirm their effectiveness
and economic value in agricultural production. However, it
lacks studies focusing on the effects of renewable sources of
fulvic acids on vegetable production and yield under various
growth mediums and the underlying mechanisms. Our study
investigates the effects of straw-derived fulvic acids on the
entire growth period of tomato from seed to fruit under either
hydroponic or soil culture and give certain explanations on how
fulvic acids work.

Fulvic Acids Increased the Yield and
Production of Vegetables
Fulvic acids at moderate concentrations and applications of base
and top dressing increased the production and yield of tomato
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FIGURE 2 | The effect of fulvic acids on the fold changes of quality-related can carbon containing substances in fruit juices of tomato plants grown in soil cultures
(Experiment 1).

TABLE 5 | The effect of fulvic acids on mineral concentration (µg g−1) in fruit juices of tomato plants cv. Hezuo906 grown in the soil culture for 126 days from
transplanting (Experiment 1).

K P Mg S Ca Fe Zn Mn Cu

Control 1755 bc 144.8 ab 38.3 c 37.6 a 11.8 bc 0.30 d 0.320 c 0.110 d 0.095 d

ZL top 2049 ab 152.4 ab 54.3 ab 45.9 a 13.3 bc 0.66 ab 0.480 ab 0.203 ab 0.143 abc

ZL foliar 1789 bc 135.8 ab 53.9 ab 43.7 a 15.0 abc 0.54 bcd 0.445 bc 0.175 bcd 0.136 abcd

ZL T + F 1520 c 98.4 b 63.4 a 44.7 a 16.0 abc 0.60 abc 0.540 ab 0.213 ab 0.129 cd

JY top 1889 bc 119.6 ab 54.0 ab 43.8 a 20.5 a 0.52 bcd 0.533 ab 0.178 bcd 0.123 cd

JY foliar 1597 c 104.7 b 47.7 bc 40.5 a 12.5 bc 0.44 cd 0.410 bc 0.147 cd 0.114 cd

JY T + F 2196 a 179.3 a 59.5 a 48.2 a 13.4 bc 0.67 ab 0.635 a 0.253 a 0.163 a

Base 0.3 1712 bc 117.9 ab 36.9 c 39.0 a 9.7 c 0.35 cd 0.350 c 0.128 d 0.098 d

Base 0.9 1899 bc 149.8 ab 46.8 bc 41.0 a 11.3 bc 0.40 cd 0.430 bc 0.138 d 0.125 cd

Base 2.7 2064 ab 136.0 ab 50.9 abc 40.5 a 15.5 abc 0.47 bcd 0.458 abc 0.152 cd 0.134 abc

Base 8.1 2251 a 165.7 ab 59.7 a 45.7 a 17.9 ab 0.80 a 0.623 a 0.197 abc 0.157 ab

Data are means (N = 5). The same letters denote insignificant differences (P < 0.05) among treatments according to Duncan’s new multiple range test.

plants in our study (Table 4, Figures 1, 4 and Supplementary
Figure 6). The yield increments of tomato and pak choi can
reach 35.0 and 54% (Figure 1 and Supplementary Figure 6)

while fulvic acids increased the total biomass of hydroponic
tomato plants by 40.8% at most (Figure 4C). The improved
yield could contribute to the farmer’s income to an extent
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TABLE 6 | The effect of fulvic acids on the properties of soils where tomato plants
cv. Hezuo906 were grown for 126 days from transplanting (Experiment 1).

pH EC
(dS

m−1)

SOM
(%)

Available
N

(µg g−1)

Available
P

(µg g−1)

Available
K

(µg g−1)

CEC
(cmol
kg−1)

Control 8.06 ab 0.34 cd 1.87 c 106 b 151 a 110 b 18.9 b

ZL top 7.81 de 0.52 bc 1.91 bc 114 b 152 a 108 b 19.2 ab

ZL foliar 8.14 a 0.30 d 1.88 c 110 b 154 a 112 b 19.2 ab

ZL T + F 7.90 cd 0.45 cd 1.90 bc 113 b 144 a 115 ab 19.4 ab

JY top 7.75 de 0.57 bc 1.93 bc 113 b 152 a 107 b 19.4 ab

JY foliar 8.02
abc

0.36 cd 1.88 c 108 b 154 a 103 b 19.1 ab

JY T + F 7.74 e 0.50
bcd

1.91 bc 111 b 144 a 116 ab 19.4 ab

Base 0.3 8.05
abc

0.35 cd 1.92 bc 110 b 149 a 102 b 19.3 ab

Base 0.9 8.00 bc 0.41 cd 1.94 bc 107 b 151 a 108 b 19.6 ab

Base 2.7 7.81 de 0.69 b 1.96 ab 116 b 148 a 105 b 19.5 ab

Base 8.1 7.46 f 1.68 a 2.01 a 161 a 144 a 136 a 19.8 a

Data are means (N = 5). The same letters denote insignificant differences (P < 0.05)
among treatments according to Duncan’s new multiple range test. EC, electrical
conductance; SOM, soil organic matter; CEC, cation exchange capacity.

(Supplementary Table 2). Similarly, humic-like substances were
reported to increase the production of various vegetable plants.
Atiyeh et al. (2002) report that humic substances extracted from
vermicompost of pig manures and food waste increased the
shoot and root dry masses of tomato seedlings with the optimal
concentration of the humic substance being 0.2–0.5 g kg−1.
Karakurt et al. (2009) treated 20 ml L−1 humic-like substances
with soil and increased the early and final yield of peppers by
38.3 and 11.8% compared with the control. The optimal doses in
Karakurt et al. (2009) were lower than our current study; however,
the fulvic acids in our study increased the plant yield to a greater
extent. Our study demonstrates that fulvic acids have little effect
on fruit size (Figure 1C), different from previous studies (Ferrara
and Brunetti, 2010; Naidu et al., 2013; Suh et al., 2014). These
differences in our study could be attributed to the variety of crops
and the methods of cultivation, and the extent of increments
and the specific performances also differed from the species of
the plants and the sources of the humic-like substances (Morard
et al., 2010). Haghighi et al. (2012) conclude that the mechanism
of the increase in yield was the stimulation on N metabolism
and photosynthesis activity, and Anjum et al. (2011) record that
the application of fulvic acids increased the net photosynthesis,
transpiration rate, and intercellular concentration of CO2—
effects that were related to plant growth promotion.

Fulvic Acids Increased the Quality of
Vegetables
In our study, fulvic acids increased the concentrations of minerals
and carbon-containing substances related to product quality
in the edible portion of vegetables (Table 7, Supplementary
Table 1, Figure 2, and Supplementary Figure 6). Several studies
confirm an improvement of vegetable quality by humic-like
substance application (Haghighi and Teixeira Da Silva, 2013).

Fulvic acids are demonstrated to improve the produce quality,
e.g., by inducing the accumulation of secondary metabolites,
vitamins, antioxidants, and minerals (Calvo et al., 2014; Gruda
et al., 2018), confirming our results.

More specifically, fulvic acids increase the concentrations
of minerals at moderate doses, especially Mg, Fe, and Zn
in either tomato or pak choi (Table 5 and Supplementary
Table 1). It is demonstrated that the application of humic acids
enhances the accumulation of minerals such as Ca, Fe, Mg,
and Zn in soil-cultured garlic (Denre et al., 2014). Similarly,
humic substances increased the concentrations of P and Fe in
grapes (Sánchez-Sánchez et al., 2006). With respect to carbon-
containing substances, base dressing of 2.7 g kg−1 fulvic acids
increased fold changes of phenylalanine, valine, and methionine,
which possibly improved the fragrance of tomato berries (Ou
et al., 2007), and the increased arginine contributed to an
improvement in the quality of fruit berries (Micallef and Shelp,
1989; Nasibi et al., 2011). Consistent with our study, humic
acids increased the concentrations of linolenic and linoleic acid
in rapeseed (Amiri et al., 2020), the titratable acids in citrus
(Hameed et al., 2018), and the amino acids in tomatoes (Yildirim,
2007). However, fulvic acids did not affect fold changes of soluble
sugar and some aromatic substances (Figure 2), similar to a
previous study (Canellas et al., 2013). That could be attributed
to the application of fulvic acids that decreased the activity of
enzymes involved in glucose metabolism (Canellas et al., 2015).
The metabolites alternatively could be used to increase the growth
of plants (Canellas et al., 2013), which confirms our results
of tomato production and yield (Table 4 and Figures 1, 2).
According to Trevisan et al. (2011), Jannin et al. (2012), and
Canellas et al. (2015), the effects of fulvic acids on nutrients
may be attributed to the regulation of enzymes and genes that
are involved in the primary metabolism, and thus affect the
transformation and accumulation of metabolic substances.

The increased quality indicators in tomato fruits by fulvic
acids indicates an improved fruit quality and, thus, human
nutrition in general. However, the quality of vegetables was not
always improved by fulvic acids, such as some reduced sugars in
tomato fruits (Figure 2) and mineral concentration in the edible
portion of pak choi (Supplementary Table 1), so one need to be
cautious when applying. These findings suggest that plant bio-
stimulants, i.e., fulvic acids, may be used to improve product
quality of vegetables in a sustainable way (Gruda et al., 2018).
This will be imperative in the near future due to projected climate
changes with high temperatures, water scarcity (Gruda et al.,
2019a,b), and high CO2 concentrations (Dong et al., 2018, 2020).

The Reasons for Increased Yield and
Quality
The increases in production and quality might be attributed
to the stimulants on plant growth, especially the promotion
of root growth and, thus, the uptake of minerals. In our
study, fulvic acids increased root growth of germinated seeds
(Figure 3) and increased the root length and number of
lateral root tips of hydroponic tomato plants (Figures 4A,B)
while the uptake of mineral nutrients and the plant biomass
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FIGURE 3 | The effect of fulvic acids on the germination rate, root length, and vigor index in of tomato seeds cv. Huangmeiren (A,C,E) and cv. Zizhenzhu (B,D,F)
germinated for 7 days. Data are means ± s.e (N = 3). The same letters denote insignificant differences (P < 0.05) among treatments according to Duncan’s new
multiple range test (Experiment 2).

increased (Table 7 and Figure 4). Fulvic acids are demonstrated
to increase the root length of wheat seeds (Qin et al., 2016)
and tomato plants (Dobbss et al., 2007, 2010) although humic
extracts from hydrochar and Amazonian Dark Earth increased
radicles and seminal lateral roots of maize seeds (Bento et al.,
2020). The effects on root growth could be attributed to the
hormone-like molecules and their auxin- and gibberellin-like
effects that can promote the elongation of root cells, coleoptiles,
and hypocotyls (Zhao and Zhong, 2013; Canellas et al., 2015),
confirming the characteristics of our microbially fermented fulvic

acids. According to Blomster et al. (2011), fulvic acids enhance
the activity of auxin signaling and the involved enzymes to
increase the growth of roots. However, the current study lacks
specific explanation; the roles and mechanisms by which humic
substances affect plant growth need further investigation.

The increased root growth was observed to increase the
nutrient uptake of vegetable plants. Fulvic acids increased the
concentrations of Ca, Fe, and Zn in leaves in hydroponic tomato
plants, especially Fe by 109% at most (Table 7). Similar to the
effects on Fe in our study, humic acid improved the utilization
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TABLE 7 | The effect of fulvic acids (FA) on nutrient concentration in leaves of
tomato plants cv. Zizhenzhu in hydroponics for 21 days from
transplanting (Experiment 3).

FA
(mg
L−1)

P K Ca Mg S Fe Mn Zn

(µg g−1)

0 45.5 a 339 a 143 a 33.8 a 56.2 abc 2.46 b 1.18 a 0.435 ab

10 41.8 a 287 ab 138 a 29.1 a 50.1 abc 1.51 b 0.83 a 0.411 ab

20 42.3 a 262 b 143 a 32.7 a 44.4 c 1.66 b 0.73 a 0.387 b

40 40.3 a 279 b 136 a 33.1 a 46.1 bc 1.48 b 0.88 a 0.447 ab

80 43.8 a 289 ab 151 a 32.3 a 49.7 abc 9.43 a 1.17 a 0.440 ab

160 41.3 a 287 ab 138 a 32.4 a 48.4 bc 1.85 b 1.09 a 0.561 a

320 43.7 a 296 ab 141 a 29.6 a 57.0 ab 2.69 b 1.10 a 0.499 ab

640 42.0 a 280 b 133 a 27.7 a 61.3 a 3.66 b 0.92 a 0.484 ab

Data are means (N = 4). The same letters denote insignificant differences (P < 0.05)
among treatments according to Duncan’s new multiple range test.

efficiency of Fe in both the whole plant and roots of tomato
seedlings in hydroponics by 46 and 161%, respectively (Adani
et al., 1998) while several studies report that fulvic acids can
promote the absorption of Fe (Pinton et al., 1997, 1999; Halim
et al., 2003; Cerozi, 2020). The effects on the concentrations of Fe
could be attributed to the regulation of gene expression, which is
related to reduction and transport of Fe, thus improving the iron
chelation and availability and, thus, the root uptake (Bocanegra
et al., 2006; Elena et al., 2009). In addition, similarly to natural
chelators, fulvic acids chelate Fe and other micronutrients and
move them through membranes, thus enhancing the mineral
accumulation in plants (Calvo et al., 2014).

According to Calvo et al. (2014), humic substances stimulate
the growth of root and chelate ions and, thus, increase plant
uptake of nutrients. Humic substances upregulate the activities
of genes and enzymes involved in the root-to-shoot translocation
of nutrients (Mora et al., 2010). Better root growth facilitates the
uptake of more nutrients due to the greater surface area. On the
other hand, the effect can be attributed to the acidity of fulvic
acids (Table 1), which decreases the pH of growth medium and,
thus, improves the bioavailability of nutrients (Muscolo et al.,
2007). Humic substances are reported to increase the root length
and diameter of tomato seedlings and the yield of greenhouse-
cultured tomato (Qin and Leskovar, 2020), and they also
conclude that the increments were attributed to improvement on
the structure of roots. The increase in nutrient uptake further
contributed to the promotion on biomass, thus increasing the
yield and quality. The C/N ratio of hydroponic plants shared
the similar trends with root growth (Figure 4), which indicated
the accumulation of carbohydrate contributing to plant yield and
similar to a previous study (Aminifard et al., 2012).

Fulvic Acids Increased the Germination
of Seeds
Similar to the root growth of plants, fulvic acids at moderate
concentrations increased the germination rate and vigor index
of tomato seeds (Figure 3). Several other studies confirm our
results that fulvic acids increase the germination of seeds.

FIGURE 4 | The effect of fulvic acids on root length (A), root tips (B), total
biomass (C), and ratio of carbon to nitrogen (D) in leaves of tomato plants cv.
Zizhenzhu grown in hydroponics for 21 days. Data are means ± s.e (N = 4).
The same letters denote insignificant differences (P < 0.05) among treatments
according to Duncan’s new multiple range test (Experiment 3).

Soluble humates extracted from vermicomposted cattle manure
in the soil substrate increased the germination rate of tomato
seeds by 31.6% (Olivares et al., 2015). Humic substances
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increased the germination rate and vigor index of cucumber
seeds (Ahmed and Awad, 2020). Compared with our study,
the humates in Olivares et al. (2015) increased the germination
rate of tomato seeds to a greater extent, which might be
attributed to their combined application of plant growth–
promoting bacterium. The promotion on seed germination
might be attributed to the auxin-like substances in humic
products that can increase the activity of amylase and promote
seed respiration (Zandonadi et al., 2007; Canellas et al., 2010;
Canellas and Olivares, 2014). The different performances of seed
germination between Huangmeiren and Zizhenzhu also indicate
that fulvic acids facilitate the germination of cultivar with greater
germination rates.

Fulvic Acids Affected the Chemical
Properties of Soil
Fulvic acids by top and base dressing tended to decrease soil pH
and increase the soil CEC and SOM across all treatments while
foliar application did not affect these soil properties (Table 6).
Base dressing of 8.1 g kg−1 decreased soil pH while increasing
soil EC, SOM, concentrations of available N, available K, and
CEC to the greatest extent. The decrease in soil pH by fulvic
acid application could be attributed to the acidity from fulvic
acids (Sharif et al., 2002; Tahir et al., 2011). According to Suntari
et al. (2015), fulvic acids increase soil fertility indicated by the
increased concentration of available N. However, fulvic acids
did not affect soil available P in our study, inconsistent with
other reports finding that humic substances could enhance this
parameter (Cimrin and Yilmaz, 2005; Jones et al., 2007). We
believe that the result of our study can be attributed to the high
level of P in the experimental soils (Table 2).

CONCLUSION

Our study demonstrates that the moderate application of
bioresource compounds, i.e., straw-extracted and microbially
fermented fulvic acids, enhanced seed germination, production
and yield of vegetables, and vegetable quality to an extent in both
hydroponics and soil cultures. The improvement in the growth
and quality of vegetables can be attributed to the promotion of
root elongation and, thus, increased nutrient uptake by more
likely the auxin-like substances. Also, fulvic acids can improve

soil fertility indicated by the increased SOM and soil CEC. Our
study confirms that optimal concentrations of fulvic acids were
2.7 g kg−1 as base dressing and 80–160 mg L−1 in solutions as
seed soaking, top dressing, and hydroponic application. Future
studies should aim to specify the effective components of fulvic
acids and to explore the underlying mechanisms of how fulvic
acids work from molecular perspectives.
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Fusarium wilt of banana caused by Fusarium oxysporum f. sp. cubense tropical
race 4 (TR4) is globally one of the most destructive soil-borne fungal diseases.
Biological control using environmental microorganisms is considered as an alternative
and sustainable strategy. Actinomycetes have the potential to explore biocontrol agents
due to their production of diverse metabolites. The isolation and identification of
high-efficiency and broad-spectrum antagonistic actinomycetes are the key for the
application of biocontrol agents. In the present study, 60 actinomycetes were obtained
from the rhizosphere soil of Machilus pingii in the primitive ecological natural reserve
of Hainan province, China. Seventeen isolates and their extracts exhibited significant
antifungal activity against F. oxysporum TR4. Particularly, strain BITDG-11 with the
strongest inhibition ability had a broad-spectrum antifungal activity. The assay of its
physiological and biochemical profiles showed that strain BITDG-11 had the ability to
produce IAA and siderophores and had a positive response to gelatin liquefaction and
nitrate reduction. Enzyme activities of chitinase, β-1,3-glucanase, lipase, and urease
were also detected. Average nucleotide identity calculated by comparison with the
standard strain genome of Streptomyces albospinus JCM3399 was 86.55% below
the novel species threshold, suggesting that the strain could be a novel species.
In addition, Streptomyces BITDG-11 obviously reduced the disease index of banana
plantlets and promoted plant growth at 45 days post inoculation. The higher and lasting
expression levels of defense genes and activities of antioxidant enzymes were induced
in the roots of banana. Genome sequencing revealed that the Streptomyces BITDG-
11 chromosome contained large numbers of conserved biosynthesis gene clusters
encoding terpenes, non-ribosomal peptides, polyketides, siderophores, and ectoines.
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Fifteen bioactive secondary metabolites were further identified from Streptomyces
BITDG-11 extract by gas chromatography–mass spectrometry. Dibutyl phthalate
demonstrating a strong antifungal activity was the major compound with the highest
peak area. Hence, Streptomyces sp. BITDG-11 has a great potential to become an
essential constituent of modern agricultural practice as biofertilizers and biocontrol
agents.

Keywords: Streptomyces isolation, banana Fusarium wilt, antifungal activity, plant-growth promotion,
biosynthetic gene clusters, GC-MS

INTRODUCTION

Banana (Musa spp.) is one of the world’s most important staple
and cash crops and widely cultivated in 135 countries in tropical
and subtropical regions. Annual banana production in the world
is estimated at over 145 million tons (Ploetz, 2015a). Due to the
lack of effective cross-breeding techniques, commercial banana
cultivars are usually multiplied by using vegetative propagation,
resulting in a narrow genetic diversity and a susceptible defect to
pests and diseases (Wang et al., 2012). Fusarium wilt of banana
caused by Fusarium oxysporum f. sp. cubense is one of the most
destructive soil-borne fungal diseases and seriously threatens the
global banana industry. The causal agents are subdivided into
four races based on the banana cultivars infected (Dita et al.,
2018). F. oxysporum tropical race 4 (TR4) distributed in the main
producing areas globally can infect almost all banana cultivars
(Pegg et al., 2019). It can be spread by banana material, soil and
machinery, irrigation water, etc. (Ploetz, 2015b).

Until now, there is a lack of a commercially effective method
of controlling Foc TR4 due to the limited knowledge about its
disease epidemiology (Bubici et al., 2019; Pegg et al., 2019).
Selection of F. oxysporum TR4-resistant cultivars seems to be
an optimal control strategy, but a productive alternative to the
main cultivar Cavendish has not yet been found (Ploetz, 2015b).
The poor fertility of Cavendish limits the improvement program
through conventional breeding (Zorrilla-Fontanesi et al., 2020).
Fungicides lead to chlorotic symptoms and unsatisfactory control
efficiency for soil-borne pathogen due to a vascular pathogen
penetrating into the plant roots or stems (Nel et al., 2010).
Moreover, long-term use of fungicides causes safety concerns
and enhances pathogenic resistance (Bubici et al., 2019). Crop
rotation is also ineffective as F. oxysporum TR4 has a long survival
in the soil beyond 20 years, even in the absence of host plants
(Ploetz, 2015b). Therefore, before resistant cultivars are obtained,
agronomic management approaches will be considered as the
main strategy for controlling Foc TR4 with F. oxysporum TR4.

Recently, biological control using beneficial microorganisms
has drawn the attention of scientists because of their economic
and environmental advantages (Qi et al., 2019; Jing et al.,
2020; Wei et al., 2020). Numerous microbial species have been
identified as having the ability for biocontrol, such as Bacillus
spp., Burkholderia spp., Pseudomonas spp., Rhizobium spp., and
Stenotrophomonas spp., as well as other genera reported (Bubici
et al., 2019). Particularly, Streptomyces can develop a symbiotic
interaction with plants to promote growth of the host and
produce diverse metabolites to inhibit the infection of pathogens

(Chen et al., 2018; van der Heul et al., 2018; Bergeijk et al.,
2020). Streptomyces belonging to the actinomycetes family make
up 1–20% of the culturable soil microbes (Olanrewaju and
Babalola, 2019). A variety of bioactive compounds are produced
with different bioactivities such as antimicrobial, antiviral, and
anticancer properties (Bergeijk et al., 2020). Approximately
two-thirds of natural antibiotics have been isolated from
actinomycetes, and 75% of them are from the Streptomyces genus
(Franco-Correa et al., 2010). They are the primary antibiotic-
producing organisms exploited by the pharmaceutical industry
(Olanrewaju and Babalola, 2019). Our previous studies also
evidenced that the application of Streptomyces sp. could increase
the diversity of antagonistic microbes and reduce the disease
incidence of Fusarium wilt of banana (Jing et al., 2020; Li et al.,
2021a; Yun et al., 2021). However, environmental factors limited
their stability and biocontrol efficiency against phytopathogens
(Saravanan et al., 2003). Thus, the isolation and screening of high
efficiency and broad-spectrum antagonistic microorganisms are
still key for the application of biocontrol agents.

The extreme niches contribute to the rapid expansion
of Streptomyces into various species clusters (Bull and
Stach, 2007). This ecological diversity drives the evolution
of secondary metabolic repertoires and the production of
some novel metabolites (Bergeijk et al., 2020). Specialized
metabolites were isolated from marine organisms such as
arctic Streptomyces nitrosporeus (Yang et al., 2013) and desert-
dwelling Streptomyces sp. (Sayed et al., 2019). In the present
study, our aim is to screen and identify actinomycetes with
excellently antagonistic F. oxysporum TR4 from the primitive
ecological environment. We further assessed its efficacy in
the management of the pathogen and antifungal mechanisms.
Hence, Streptomyces have a great potential to become an essential
constituent of modern agricultural practice as biofertilizers and
biocontrol agents.

MATERIALS AND METHODS

Soil Sampling
The rhizosphere soil of Machilus pingii was collected from
the primitive ecological nature reserve of ‘Yingge’ mountain
(1109◦43′05′′E, 19◦02′03′′N) in Hainan province, China. The
subtropical region has a hot climate in summer (23–36◦C) and
cold in winter (16–24◦C) with an average humidity of 60–
80% and annual rainfall of 1,500–2,600 mm. The samples were
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transported to the laboratory in sterile polythene bags and stored
in an insulated container at 4◦C.

Isolation of Actinomycetes
Actinomycetes were isolated by a gradient dilution separation
method (Sadeghian et al., 2016). The air-dried soil was ground
to powder and passed through a 60-mesh sieve. Five grams of
soil samples were dissolved in 45 ml of sterile water. After being
incubated at 55◦C for 20 min in a water bath, the mixture
was cultured at 28◦C, 180 rpm, for 1 h. The homogenate was
diluted with sterile water into 10−1, 10−2, and 10−3 using a serial
dilution method (Li et al., 2021a). One hundred fifty microliters
of each dilution were spread on the four-separation agar media,
namely, humic acid–vitamin (HV), glucose–aspartic acid (GA),
starch casein agar (SCA), and Gause’s No. 1. These media
were supplemented with potassium dichromate (50 mg/L) and
nystatin (50 mg/L) to inhibit fungal and bacterial contamination.
The plates were cultured at 28◦C for 5–7 days. The colonies were
streaked repeatedly on the ISP2 agar medium for purification
until a single colony was obtained. The purified isolates were
kept on the Gause’s No. 1 agar medium at 4◦C and 20% (v/v) of
glycerol at−80◦C.

Preliminary Screening for Antagonistic
Actinomycetes Against F. oxysporum
TR4
The antagonistic activity of actinomycetes against F. oxysporum
TR4 was initially assayed using an agar diffusion method (Wei
et al., 2020). A 5-mm hyphal disk of F. oxysporum TR4 was
manufactured using a hole puncher and placed in the middle of a
potato dextrose agar (PDA, 200 g/L of potato, 20 g/L of dextrose,
and 16 g/L of agar) plate. The selected isolate was inoculated
in four symmetrical points of about 2.5-cm distance from the
pathogen. The F. oxysporum TR4 plate without the inoculation
of the isolate was used as a control. All plates were cultured at
28◦C for 5–7 days under dark conditions. The inhibition activity
was measured until the mycelia of F. oxysporum TR4 covered
the entire surface of the plate. The inhibition percentage was
calculated using the following formula:

the inhibitory percentage of growth = [(C−−T)/C] × 100%

where C and T were growth diameters of tested pathogens in the
control and treated plates, respectively.

Secondary Screening of Antagonistic
Actinomycetes Against F. oxysporum
TR4
Selected actinomycetes with antifungal activity in a preliminary
screening were subjected to small-scale fermentation. Briefly, the
actinomycete was cultured in a broth medium (15 g of corn
flour, 3 g of beef extract, 10 g of yeast extract, 10 g of soluble
starch, 10 g of glucose, 0.5 g of K2HPO4, 0.5 g of NaCl, 2 g of
CaCO3, 0.5 g of MgSO4, pH 7.2–7.4) at 28◦C, 180 rpm, for 7 days.
The fermentation broth was centrifuged at 13,000 rpm, and the
supernatant was mixed with an equal volume of ethanol (95%,
v/v). The extract was concentrated using a separating funnel and

evaporated with a rotary evaporator (EYELA, N-1300, Japan).
The dried extract was diluted with ethanol (50%, v/v) to a final
concentration of 10 mg/ml. Antifungal activity was determined
by the agar diffusion method as mentioned above after the plates
were cultured at 28◦C for 7 days.

Growth Characteristics of the Selected
Actinomycetes
To detect the growth characteristics of actinomycetes, the isolate
was first cultured in six standard ISP media (yeast extract–
malt agar, ISP2; oatmeal agar, ISP3; inorganic salts–starch agar,
ISP4; glycerol–asparagine agar, ISP5; peptone yeast–iron agar,
ISP6; tyrosine agar, ISP7), PDA, and Gause’s No. 1 (Shirling
and Gottlieb, 1968). These plates were incubated at 28◦C
for 7 days under dark conditions. Colors of substrate and
aerial mycelia as well as diffusible pigments were judged by
comparing them with the ISCC-NBS color charts (Qi et al.,
2019). Some biochemical profiles including nitrate reduction,
gelation liquefaction, hydrolysis of cellulose, starch, Tween 20,
Tween 40, Tween 80, and urease activities were also measured
according to the previous description of Li et al. (2016). IAA
production was qualitatively assayed as the development of pink
color in the plate. Liquid chrome azurol S (CAS) assay was used
to assess siderophore production on ISP2 (Milagres et al., 1999).
Chitinase activity was quantitated by measuring the reducing
end group of N-acetyl glucosamine (Lee et al., 2012). The β-
1,3-glucanase activity was measured using laminarin (Sigma,
MA, United States) as a substrate (Lee et al., 2012). Resistance
evaluation to 20 standard antibiotics was tested by a disk diffusion
method (Jing et al., 2020).

Assay of Broad-Spectrum Antifungal
Activity of the Selected Actinomycetes
To detect the broad-spectrum antifungal activity of actinomycete,
18 phytopathogenic fungi were selected, namely, Fusarium
graminearum Schwabe (ATCC MYA-4620), Botrytis cinerea
(ATCC 11542), Cryphonectria parasitica (ATCC 9414),
Colletotrichum acutatum (ATCC 56815), Curvularia fallax
(ATCC 34598), Colletotrichum fragariae (ATCC 58689),
Colletotrichum gloeosporioides (ATCC MYA-456), Colletotrichum
gloeosporioides (Penz) Saec (ATCC 36351), Curvularia lunata
(ATCC 42011), Colletotrichum musae (ATCC 44422), Fusarium
oxysporum f. sp. cubense race 1 (ATCC 31271), Fusarium
oxysporum f. sp. cubense tropical race 4 (ATCC 76255),
Fusarium oxysporum (Schl.) f. sp. cucumerinum (ATCC 204378),
Fusarium oxysporum f. sp. lycopersici (ATCC MYA-1199),
Colletotrichum gloeosporioides Penz. (ATCC MYA-4130),
Alternaria tenuissima (ATCC 96828), Pyricularia oryzae (ATCC
52083), and Colletotrichum fructicola (ATCC 16103). These
phytopathogenic fungi were kept in the National Banana Industry
Research and Development Center, China Academy of Tropical
Agricultural Sciences, Haikou, China. Antifungal activities of the
selected actinomycetes were evaluated based on the radial growth
inhibition of phytopathogenic fungi in vitro (Wei et al., 2020).
The control plates were poured with only phytopathogenic fungi.
All experiments were performed in triplicate.
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Stable Characteristics and Safe
Evaluation of the Isolate Extract
The extract stock was diluted to 80 µg/ml using sterile water.
Seven temperature gradients, namely, 50, 60, 70, 80, 90, 100, and
121◦C, were selected to treat the isolate extract for 1 h. Different
pH values were prepared from 3 to 10 at an interval of one unit
using 1 mol/L HCl or 1 mol/L NaOH. The extract was irradiated
by an ultraviolet lamp with an illumination intensity of 100 µW
cm−2 for 1, 3, 5, 7, 9, 11, and 13 h. Antifungal activity against
F. oxysporum TR4 was used to evaluate extract stability after
treatment of different physical factors. Hemolytic assay of human
red blood cells treated with the extract was carried out to test its
safety as in our previous description (Li et al., 2021b).

Genome Sequencing and Molecular
Identification of the Selected
Actinomycetes
The actinomycete strain with the highest antifungal activity
was identified by using a molecular procedure. The isolate
was cultured in the ISP2 liquid medium at 28◦C for 4 days.
Total genomic DNA was extracted using a Rapid Bacterial
Genomic DNA Isolation Kit (Biotech Corporation, Beijing,
China) according to the standard manufacturer protocol. The
complete genome was sequenced using a paired-end sequencing
method in the Illumina HiSeq × Ten platform (Illumina, San
Diego, CA, United States) by the Shanghai Majorbio Bio-pharm
Technology Co., Ltd. A multilocus sequence analysis (MLSA) was
performed using 31 housekeeping genes, namely, dnaG, frr, infC,
nusA, pgk, pyrG, rplA, rplB, rplC, rplD, rplE, rplF, rplK, rplL, rplM,
rplN, rplP, rplS, rplT, rpmA, rpoB, rpsB, rpsC, rpsE, rpsI, rpsJ,
rpsK, rpsM, rpsS, smpB, and tsf, from the selected actinomycete
genome (Brady et al., 2008). The MLSA phylogenetic tree was
constructed using the neighbor-joining method in MEGA 7.0
(Kumar et al., 2016). The confidence level was investigated
using bootstrap analysis on 1,000 replicates. Average nucleotide
identity (ANI) between genomes was calculated using the
online OrthoANI (Yoon et al., 2017). The genome sequence
of the standard strain (Streptomyces albospinus JCM3399) was
downloaded from the public genome database of EzBioCloud1.

Genomic Annotation of the Selected
Actinomycetes
Sequencing data of the genome were analyzed on an online
platform of Majorbio Cloud2. Clean sequences were assembled
using SOAPdenovo v2.04. The open reading frames (ORFs) and
genome annotation were predicted by the Rapid Annotation
using Subsystem Technology (Brettin et al., 2015). These genes
were annotated using the Clusters of Orthologous Groups
(COGs) and Kyoto Encyclopedia of Genes and Genomes (KEGG)
(Ogata et al., 1999; Tatusov et al., 2000). Identification of
potential biosynthetic gene clusters (BGCs) was proposed by the
bioinformatics tool website antiSMASH v4.0.2 software (Weber
et al., 2015)3. Gene function analysis was performed through

1https://www.ezbiocloud.net/search?tn=Nocardioides
2www.majorbio.com
3http://antismash.secondarymetabolites.org/#!/start

manual BLAST on NCBI4. The genome sequence data (accession
number: SRR15506182) was deposited in the GenBank database.

Evaluation of Biocontrol and Plant
Growth Promotion Under Greenhouse
Conditions
The biocontrol and growth-promoting effects of the selected
actinomycete were evaluated in greenhouse experiments. The
genotype (cv. Brazilian, AAA group) of banana susceptible to
F. oxysporum TR4 was multiplied by micropropagation. Plantlets
with four to five leaves were transferred to soil and grew at 28◦C
with 70–80% of relative humidity. The selected actinomycete was
cultured in a sterilized soybean liquid medium at 180 rpm for
7 days at 28◦C. F. oxysporum TR4 was inoculated into a PDA
broth at 200 rpm for 10 days at 28◦C. The conidial suspension was
filtered through eight layers of sterile gauze. The spore suspension
of F. oxysporum TR4 was adjusted to 106 CFU ml−1 with sterile
distilled water. Roots of banana plantlets were wounded with a
scalpel and then dipped into 30 ml of fungal inoculum suspension
for 30 min. The fermentation broth of the selected actinomycete
(106 CFU g−1 soil) was also added to the roots of each plant.
Three experimental groups were set, namely, medium treatment
(T1), selected actinomycete+ F. oxysporum TR4 treatment (T2),
and F. oxysporum TR4 treatment (T3). The banana plantlets
were kept in a greenhouse and maintained at approximately 70%
of relative humidity at 28◦C. The expression levels of defense
genes and antioxidant enzyme activity were determined at 1,
2, 3, 4, 5, and 6 days post inoculation (dpi). Plant growth
indicators including chlorophyll content, leaf area, leaf thickness,
stem diameter, plant height, dry weight, and fresh weight were
also measured at 45 dpi (Wei et al., 2020). The disease index
was evaluated according to the description of Jing et al. (2020).
Data were acquired from three independent experiments, and 36
plantlets were selected for each experiment. All experiments were
carried out in triplicates.

Measurement of Antioxidant Enzyme
Activity in Roots of Banana Plantlets
Five grams of frozen root samples were ground in 10 ml of
precooled phosphate buffer (50 mM, pH 7.8) containing 2%
of polyvinylpyrrolidone. The homogenate was transferred to
a 15-ml tube and centrifuged at 15,000 rpm for 15 min at
4◦C. The supernatant was used to determine the activity of
superoxide dismutase (SOD), catalase (CAT), peroxidase (POD),
and polyphenol oxidase (PPO) activities as described by Sun et al.
(2013). H2O2 levels were measured according to the method of
Ferguson et al. (1983). The content of malondialdehyde (MDA)
was assayed using the thiobarbituric acid reaction method
(Zhang et al., 2009).

Expression Analysis of Defense Genes
Total RNA of banana roots was extracted by the routine TRIzol
method. The quality and quantity of RNA were measured
by NanoDrop (Thermo Scientific, United States). cDNA was
synthesized using the M-MLV reverse transcriptase (Takara,

4https://www.ncbi.nlm.nih.gov/
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Kyoto, Japan) after treatment with the RNase-free DNase (Takara,
Kyoto, Japan). Quantitative real-time polymerase chain reaction
(qRT-PCR) was performed in a LightCycler R© 480 System (Roche
Diagnostics, Mannheim, Germany). A 10-µl reaction system
contained 50 ng of first-strand cDNA, 10 µM of forward and
reverse primers, and 5 µl of TB Green Advantage qPCR Premix
(2×) (Takara, Kyoto, Japan). The reaction program was set as
follows: 95◦C for 1 min, followed by 40 cycles of denaturation
at 92◦C for 5 s, annealing at 60◦C for 30 s, and extension at 72◦C
for 30 s. The representative defense marker genes such as Maβ-
1,3-Glu (accession number: AF001523) and mitogen-activated
protein kinase 1 (MaMAPK1, accession number: XM018826311)
were selected. Results were normalized using the expression
levels of 18S rRNA gene (accession number: U42083). The prime
sequences were shown in our previous study (Zhang et al.,
2019). The data obtained from different PCR runs were analyzed
using the mean of CT values from three biological replicates.
The expression ratios were calculated using the 2−11Ct method
(Zhang et al., 2019).

Component Identification of
Actinomycete Extract by Gas
Chromatography–Mass Spectrometry
The chemical compounds in the extract were identified using gas
chromatography–mass spectrometry (GC-MS) as in our previous
description (Li et al., 2021b). The strain extract was first dissolved
in the chromatographic-grade methanol and filtered through
a 0.2-µm filter. The solution was injected into a gas capillary
column (DB-FFAP, 30 m × 0.25 mm × 0.25 µm) of a gas
chromatography (5973 Inert XL MSD, Agilent, United States).
Helium was used as a carrier gas with a flow rate of 1 ml min−1.
The mass spectrometer (EI with replaceable horn) was operated
in the electron ionization (EI) mode at 70 eV with a continuous
scan from 50 to 800 m/z. The peaks were identified by matching
the mass spectra with the National Institute of Standards and
Technology (NIST, United States) library.

Statistical Analysis
All experiments were performed in three biological triplicates.
Data were expressed as the mean ± standard deviation. The
greenhouse experiments were carried out in a randomized design.
All data were analyzed using analysis of variance (ANOVA) by
the SPSS statistical package (version 22, SPSS Inc., Chicago, IL,
United States). The t-test compared the mean of an outcome
variable for different subjects. The LSD’s multiple range test
was applied to determine the significant difference at the level
of p < 0.05.

RESULTS

Actinomycete Isolation
The primitive nature reserve of ‘Yingge’ mountain possessing
great biodiversity was selected for the isolation of antifungal
actinomycetes. A total of 60 actinomycetes were isolated from the
rhizosphere soil of M. pingii using four culture media of HV (18),

GA (12), SCA (10), and Gause’s No. 1 (20). Isolated actinomycetes
showed well-developed aerial and substrate mycelia in Figure 1.
Most aerial mycelia appeared hairy, granular, or powdery. Some
isolates produced colored pigments in the substrate and were
hard to pick from the media. It was a representative trait of the
genus Streptomyces. All the isolates were deposited at the National
Banana Industry Research and Development Center, the Institute
of Tropical Bioscience and Biotechnology, China Academy of
Tropical Agricultural Sciences, Haikou, China.

Antifungal Activity Assay of the Isolated
Actinomycetes
Initially, all the isolates were subjected to a primary screening
test against F. oxysporum TR4. We assessed the inhibition ability
of the mycelial growth of F. oxysporum TR4. By antagonistic
experiments in plates, 17 out of 60 isolates showed significant
antifungal activities (Supplementary Figure 1), accounting for
28.3% of the total actinomycetes screened. The inhibitory activity
of each isolate was further determined. Eleven actinomycetes
owned more than 60% of antifungal activity against F. oxysporum
TR4. Particularly, the strain numbered BITDG-11 had the best
antifungal activity. The inhibition rate reached 80.48± 1.49%.

A small-scale fermentation of the 17 isolates with prominent
zones of inhibition from the primary screening was carried out.
The antagonistic ability of their extracts was further investigated.
The results demonstrated that extracts of all the selected isolates
showed antifungal activity against F. oxysporum TR4, ranging
from 27 to 60% (Supplementary Figure 1). The strong inhibition
zone sizes were observed in extracts of four isolates (BITDG-11,
BITDH-4, BITDG-7, BITDG-19, and BITDA-7). The inhibition
rates were 58.44, 45.10, 43.92, 42.89, and 42.62%, respectively.
Combined with primary and rescreening results, strain BITDG-
11 was selected as an excellent isolate for the subsequent study.

Growth Characteristics of Strain
BITDG-11
The cultural traits of strain BITDG-11 were recorded on eight
media selected (Table 1). It had a good growth on ISP2 and a
moderate growth on the rest of the media except for ISP4. The
color of aerial mycelia varied from white to dark gray. Aerial
hypha exhibited dark gray on ISP3, pale yellow on ISP5, and white
on ISP2, ISP6, ISP7, PDA, and Gause’s No. 1 media. Light yellow
colors of the hyphal substrate were observed on all the media
except for light gray on ISP5. Soluble pigment was produced on
ISP5, ISP7, and Gause’s No. 1. Production of melanin pigment on
ISP7 could be taken as an identification criterion for the genus
Streptomyces (Atta et al., 2011). Therefore, strain BITDG-11
exhibited typical morphological characteristics of Streptomyces.

The analysis of physiological and biochemical characteristics
showed that strain BITDG-11 had the ability to hydrolyze starch
and produce IAA. A positive response was observed to gelatin
liquefaction and nitrate reduction. Enzyme activities of lipase
and urease were also detected (Figure 2A). The level of chitinase
was sharply increased during the exponential phase and reached
the peak (3.50 U/mg protein) at 72 h (Figure 2B). The highest
level of β-1,3-glucanase (0.49 U/mg protein) was found at 72 h
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FIGURE 1 | Growth characteristics of 60 actinomycetes isolated from the rhizosphere soil of Machilus pingii in the primitive ecological natural reserve.

TABLE 1 | Growth characteristics of Streptomyces BITDG-11 on different media.

Medium Growth Aerial mycelium Substrate mycelium Soluble pigment Colony characteristics

Yeast extract malt extract dextrose agar (ISP2) Good White Lemon yellow No Hard and wrinkle

Oatmeal agar (ISP3) Moderate Dark gray Rice yellow No Powder and dry

Inorganic salts starch agar (ISP4) Normal Creamy white Light yellow No Powder and dry

Glycerol asparagine agar (ISP5) Moderate Pale yellow Light gray Light yellow Compact and hard

Peptone yeast extract iron agar (ISP6) Moderate White Pale yellow No Compact and wrinkle

Tyrosine agar (ISP7) Moderate White Light yellow Light purple Powder and loose

Potato dextrose agar (PDA) Moderate White Light yellow No Powder and dry

Gause’s No. 1 Moderate White Light yellow Light yellow Powder and dry

of the incubation period (Figure 2C). Antibiotic susceptibility
testing revealed that strain BITDG-11 manifested tolerance to
15 out of 22 kinds of antibiotics and sensitivity to erythromycin,
kanamycin, gentamicin, amikacin, neomycin, midenomycin, and
ofloxacin (Supplementary Table S1).

Identification of Strain BITDG-11
Based on the alignment of 16S rRNA sequence (1,523 bp,
accession number: MW110901), the sequence shared 98.80%
of similarity with that of S. albospinus NBRC 13846. It
confirmed that the strain belonged to a member of the

genus Streptomyces. However, 58% of the bootstrap value
in the neighbor-joining tree indicated that strain BITDG-11
was not distinguished from closely related species using 16S
rRNA genes.

In order to further identify the species of strain BITDG-11,
its whole genome was sequenced. Sequences of 31 housekeeping
genes were selected to perform the MLSA. The method was
considered as an alternative strategy for defining the Streptomyces
systematics due to the high efficiency of species resolution
and reproducibility (Rong and Huang, 2010). The neighbor-
joining tree based on MLSA showed that strain BITDG-11

Frontiers in Microbiology | www.frontiersin.org 6 October 2021 | Volume 12 | Article 763038446

https://www.frontiersin.org/journals/microbiology
https://www.frontiersin.org/
https://www.frontiersin.org/journals/microbiology#articles


fmicb-12-763038 October 19, 2021 Time: 20:58 # 7

Zhang et al. Isolation of Antifungal Streptomyces

FIGURE 2 | Physicochemical property and identification of Streptomyces BITDG-11. (A) Physicochemical properties of Streptomyces BITDG-11. (B) Measurement
of chitinase production during the culture process of Streptomyces BITDG-11. (C) Measurement of β-1,3-glucanase production. Data are the mean values from
three biological repeats. Different lowercase letters indicate a significant difference in comparison with the initial time point of the strain growth (LSD’s multiple range
test, p < 0.05). (D) Construction of phylogenetic tree based on MLSA using the neighbor-joining method. The confidence level at all nodes was investigated using
bootstrap analysis on 1,000 replicates.

formed a distinct clade with S. albospinus JCM3399 with 70%
of bootstrap value (Figure 2D). We further compared the
strain BITDG-11 genome (accession number: SRR15506182)
with the standard strain genome (S. albospinus JCM3399)
(Supplementary Table S2). The ANI of 86.55% was below the
threshold value of 95–96% for distinguishing a novel species
(Richter and Rosselló-Móra, 2009). Thus, strain BITDG-11 might
be a novel species of the genus Streptomyces and named after
Streptomyces sp. BITDG-11.

Assay of a Broad-Spectrum Antifungal
Activity
To assess whether Streptomyces BITDG-11 had a broad-
spectrum antifungal activity, 18 fungal pathogens were selected
in our study. Compared with the growth diameters of
different phytopathogenic fungi in the control plate, the
strain had strong antifungal activities against all pathogens
selected (Figure 3). The inhibition rates ranged from 65
to 90%. The maximal and minimal inhibition rates were
observed against C. parasitica (96.78% ± 1.83) and C. musae
(65.01%± 1.87), respectively.

Stability Evaluation of Streptomyces
BITDG-11 Extract
To explore and apply Streptomyces BITDG-11 as biopesticides
in the future, the stability of the extract expressed as antifungal
activity was evaluated after treatment in different temperatures,
pH values, and UV doses, respectively. The results showed that
different temperatures reduced antifungal activity of the extract
against F. oxysporum TR4, but 57.05% was kept after treatments
at 121◦C for 1 h (Figure 4A). For different pH treatments,
the strongest antifungal activity was detected at pH 7.0–8.0
and decreased to 52% at pH 3.0 (Figure 4B). Additionally,
the extract stability was negatively correlated with the increase
of UV dose. A slight decrease was observed in the activity
change of the extract treated with UV radiation after 7 h
(Figure 4C). Although an obvious decrease (LSD’s multiple range
test, p < 0.05) of antifungal activity was detected in Streptomyces
BITDG-11 extract after treatment with different physical factors,
more than 50% of residual antifungal activity was retained
in all the groups. It suggested that the Streptomyces BITDG-
11 extract was relatively stable to some extent. To investigate
the extract toxicity on eukaryotic cells, hemolytic activity was
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FIGURE 3 | Determination of a broad-spectrum antifungal activity of Streptomyces BITDG-11 against the 18 selected phytopathogenic fungi. Different data below
the picture indicate antifungal activity of Streptomyces BITDG-11 against different phytopathogenic fungi.

analyzed. Human red blood cells were measured as the release of
hemoglobin after treatment at 37◦C for 1 h. Compared with the
100% hemolytic activity of Triton X-100 (0.1%, v/v), no obvious
hemolytic activity was observed in the extract treatment group
(Supplementary Figure 2).

Streptomyces BITDG-11 Improving
Resistance to F. oxysporum TR4 and
Promoting Growth of Banana Plantlets
Streptomyces BITDG-11 perfectly inhibited the growth of
different phytopathogenic fungi in vitro, indicating that it was a
promising biocontrol agent. With an objective to evaluate in vivo
biocontrol efficiency, we analyzed the effects of Streptomyces
BITDG-11 fermentation broth on the infection inhibition of
F. oxysporum TR4. By contrast, the bottom leaves of banana
plantlets exhibited a significant chlorotic symptom at 45 dpi in
the T3 group (Figure 5A). No obvious disease symptom was
detected in the group of Streptomyces BITDG-11+ F. oxysporum
TR4. Therefore, the protective treatment with Streptomyces
BITDG-11 effectively prevented the infection of F. oxysporum
TR4 and reduced disease index of plants (Figure 5B). We also
evaluated actinomycetes and fungal numbers in the rhizosphere
of banana seedlings (Supplementary Figure 3). The colony-
forming units of F. oxysporum TR4 were very low when compared
to other treated soils. The results showed that Streptomyces

BITDG-11 significantly increased competing bacterial and fungal
counts along with the pathogen in the soil.

Moreover, various agronomic traits of plant health and
condition were measured in Figures 5C–H. Streptomyces
BITDG-11 significantly (LSD’s multiple range test, p < 0.05)
increased the fresh and dry weight of banana plantlets at 45 dpi
(Figure 5C). Compared to those of control (T1, 45.5 ± 2.2 cm)
or F. oxysporum TR4 treatment (T3, 34.0 ± 1.8 cm), the
height of banana plantlets treated with Streptomyces BITDG-
11 + F. oxysporum TR4 reached 50.9 ± 2.0 cm (Figure 5D).
F. oxysporum TR4 significantly inhibited the increase of plant
agronomic indicators (Figures 5E–H). Similar plant-growth-
promoting effects were observed in stem diameters. Although
no obvious difference of leaf thickness was detected between
dual disposal and controls, a significant increase was found
in leaf area and chlorophyll content of plants treated with
Streptomyces BITDG-11.

Streptomyces BITDG-11 Enhancing the
Antioxidant Abilities of Banana Plantlets
As is well-known, the stress condition could induce the
production of reactive oxygen species, thereby resulting in
oxidative damage of plant cells. This effect can be assayed by
quantifying H2O2 content and CAT activity. In our study, H2O2
content in banana roots was increased after F. oxysporum TR4
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FIGURE 4 | Stability evaluation of the Streptomyces BITDG-11 extract after treatment at different temperatures (A), pH values (B), and UV doses (C). Data are the
mean values from three biological repeats. Different lowercase letters indicated a significant difference of antifungal activity in comparison with the control (LSD’s
multiple range test, p < 0.05).

FIGURE 5 | Assay of chlorotic symptoms and plant growth promotion after treatment with Streptomyces BITDG-11 at 45 dpi. T1: medium treatment, T2:
Streptomyces BITDG-11 + F. oxysporum TR4 treatment; T3: F. oxysporum TR4 treatment. (A) Chlorotic symptoms of banana plantlets in different treatment groups.
(B) Quantitative analysis of disease indexes in different treatment groups. Measurement of physiological indicators including plant dry and fresh weight (C), plant
height (D), leaf area (E), leaf thickness (F), chlorophyll content (G), and stem diameter (H) in different treatment groups. Error bars indicated standard errors of the
means of three repeated experiments. Different letters indicated a significant difference in comparison with the treatment group of F. oxysporum TR4 (LSD’s multiple
range test, p < 0.05).

treatment (Figure 6A). Although a similar increase was detected
in banana roots treated with F. oxysporum TR4 + Streptomyces
BITDG-11, H2O2 content was reduced significantly (LSD’s
multiple range test, p < 0.05) by inducing high CAT activity
(Figure 6B). Hence, Streptomyces BITDG-11 effectively alleviated
the cell membrane damage. It was supported by the fact that
MDA content was lower in roots treated with Streptomyces
BITDG-11 (Figure 6C). Moreover, the strain also increased the
higher activities of defense-related enzymes (PPO, POD, and
SOD) in comparison with F. oxysporum TR4 or control treatment
alone (Figures 6D–F). The maximal values of POD, PPO, and
SOD were 83.20, 70.67, and 351.31 U/g in the banana roots after

inoculation with Streptomyces BITDG-11 combined with the
challenge with F. oxysporum TR4 at 3, 6, and 2 dpi, respectively.

Streptomyces BITDG-11 Increasing the
Expression of Defense Genes
To further determine the defense mechanism of Streptomyces
BITDG-11-induced resistance to Fusarium wilt of banana, the
transcription levels of MaMAPK1 (early defense response marker
gene) and Maβ-1,3-Glu (downstream defense marker gene)
were analyzed by qRT-PCR (Figure 7). In comparison with
control and F. oxysporum TR4-only treatment, the transcripts
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FIGURE 6 | Determination of hydrogen peroxide (A), CAT (B), MDA (C), SOD (D), POD (E), and PPO (F) in banana roots after treatment with Streptomyces
BITDG-11 at different time points. T1–T3 represent different treatment groups as in the description in Figure 5. Error bars indicate standard errors of the means of
three repeated experiments. Different letters indicate a significant difference in comparison with the medium treatment group at the same time points (LSD’s multiple
range test, p < 0.05).

of two tested genes were much stronger in the banana roots
treated with Streptomyces BITDG-11 + F. oxysporum TR4 and
reached their maximum values at 4 and 3 dpi, respectively.
In addition, high transcription levels of defense genes were
kept by Streptomyces BITDG-11 treatment until 6 dpi. These
results indicated that Streptomyces BITDG-11 could prime the
banana plants to enhance resistance to F. oxysporum TR4
by simultaneously activating the MAPK-mediated signaling
pathway of defense response.

Bioinformatics Analysis of the Genome
The Streptomyces BITDG-11 genome was sequenced and
contained 10,590,458 bp. The genome with 71.78% of GC
content included seven rRNA genes, 78 tRNA genes, and
10,366 coding sequences (CDSs) (Figure 8A). By annotation,
68.45, 28.51, and 57.77% of CDSs were assigned to COG,
KEGG, and GO, respectively. For 7,096 genes in COG,
the top five categories contained transcription (749), amino
acid transport and metabolism (502), energy production and
conversion (398), and carbohydrate transport and metabolism
(393). Notably, 2,402 of COG genes were clustered into an
unknown function category (Figure 8B). The GO annotation
showed that these genes were classified mainly into the biological
process (2063), cellular component (2113), and molecular
function (5023) (Supplementary Figure 4). Interestingly, 78%
of genes participated in the regulation of metabolism in KEGG

(Supplementary Figure 5). By analysis of the antiSMASH
software, 43 BGCs related to biosynthesis of the secondary
metabolites were found in genome sequences of Streptomyces
BITDG-11 (Supplementary Table S3). BGCs included one
terpene-type I PKS-nucleoside-NRPS, one type III PKS, one
thiopeptide-transatpks-type I PKS-NRPS, five terpene, three
NRPS, four type I PKS, one type II PKS, one type I PKS-
NRPS, one NRPS-lantipeptide, one lantipeptide-terpene, two
lantipeptide, three bacteriocin, one ectoine, two butyrolactone,
one terpene-NRPS, one type II PKS-oligosaccharide-type I PKS,
one transatpks-NRPS, two siderophore, one indole, etc. Genome
analysis further revealed that seven BGCs showed more than
70% of similarity with toyocamycin (100%), naringenin (100%),
lantipeptide B (100%), ectoine (100%), mannopeptimycin (81%),
desferrioxamine (80%), and rimocidin (72%) (Figure 8C).

Identification of the Chemical
Composition of the Streptomyces
BITDG-11 Extract
Gas chromatography–mass spectrometry was performed
to identify the chemical composition in the Streptomyces
BITDG-11 extract. In a comparison of their mass spectra
with the NIST library, 15 compounds were identified based
on their retention time and molecular weight (Table 2).
The peak area represented the proportion of the given
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FIGURE 7 | Expression levels of the selected MaMAPK1 (A) and Maβ-1,3-Glu (B) in banana roots after treatment with Streptomyces BITDG-11 at different time
points. T1–T3 represent different treatment groups as in the description in Figure 5. Error bars indicate standard errors of the means of three repeated experiments.
Different letters indicate significant differences in comparison with the medium treatment group at the same time points (LSD’s multiple range test, p < 0.05).

FIGURE 8 | Genome information and function annotation of Streptomyces BITDG-11. (A) Circular map of Streptomyces BITDG-11 genome. From outside to center,
ring 1 is the mark of genome size. Rings 2 and 3 represent CDS on the forward/reverse strand. Different colors indicate the functional category of different COGs of
CDS. Ring 4 is tRNA and rRNA. Ring 5 shows the G + C content. The outward red part indicates that the GC content of this region is higher than the average GC
content of the whole genome. The inward blue part indicates that the GC content of this region is lower than the average GC content of the whole genome, followed
by a G + C skew in ring 6. (B) COG annotation of Streptomyces BITDG-11 genome. (C) Biosynthesis gene clusters demonstrating more than 70% similarity with the
known sequences.

compound in the total extract. According to the available
library data, chemical compounds were identified as
tetradecanoic acid, tricosene, cis-1-chloro-9-octadecene,
pentadecanoic acid, n-hexadecanoic acid, linoleic acid ethyl
ester, dibutyl phthalate, 1,2-bis(p-(trans-styryl)phenyl)-cis-
ethylene, 3,3′-dihydroxy-4,4′-dinitrohexafluorobiphenyl, 1,2-
bis(p-(cis-styryl)phenyl)-trans-ethylene, 4′-(3-(6-methyl-3-pyri
dyl)-1-(p-tolyl)-2-pyrazolin-5-yl)acetanilide, colchiceinamide,
3,3′-dihydroxy-4,4′-dinitrohexafluorobiphenyl, 2-imidazoline,

3,5-di(4-chlorophenyl)-1-(4-fluorophenyl), naphtho[2,3-c]fura
n-1(3H)-one, 4-(3,4-dimethoxyphenyl)-3a,4,9,9a-tetrahydro-
6,7-dimethoxy, and bis(2-ethylhexyl) phthalate.

DISCUSSION

Fusarium wilt of banana is globally one of the most destructive
soil-borne fungal diseases. Fungicides cause serious problems for
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TABLE 2 | Identification of chemical composition of the Streptomyces BITDG-11 extract by GC-MS.

Compounds name Retention
time (min)

Peak area
(Ab*s)

Baseline
height (Ab)

Absolute
height (Ab)

Peak width
50% (min)

Molecular
weight (amu)

Tetradecanoic acid 31.323 4,364,641 287,197 437,164 0.369 228.209

Tricosene 33.202 1,720,859 386,105 770,438 0.168 322.36

cis-1-Chloro-9-octadecene 33.521 10,411,455 1,506,075 1,927,431 0.235 286.243

Pentadecanoic acid 33.622 12,986,919 1,792,774 2,386,203 0.411 242.225

n-Hexadecanoic acid 35.434 54,441,054 8,332,937 9,724,659 0.512 256.24

Linoleic acid ethyl ester 35.97 4,713,086 1,093,523 2,704,558 0.193 308.272

Dibutyl phthalate 37.9 176,228,995 28,511,169 29,838,598 0.277 278.152

1,2-Bis(p-(trans-styryl)phenyl)-cis-ethylene 40.836 556,397 218,880 1,503,957 0.218 384.188

3,3′-Dihydroxy-4,4′-dinitrohexafluorobiphenyl 42.237 242,647 76,237 1,438,498 0.117 383.982

1,2-Bis(p-(cis-styryl)phenyl)-trans-ethylene 42.824 549,444 96,391 1,506,214 0.193 384.188

4′-(3-(6-Methyl-3-pyridyl)-1-(p-tolyl)-2-pyrazolin-5-yl)
acetanilide

43.067 1,251,949 273,496 1,728,673 0.168 384.195

Colchiceinamide 43.914 365,851 103,654 1,704,206 0.092 384.169

3,3′-Dihydroxy-4,4′-dinitrohexafluorobiphenyl 44.292 47,927 27,767 1,674,508 0.101 383.982

Naphtho[2,3-c]furan-1(3H)-one, 4-(3,4-dimethoxyphenyl)-
3a,4,9,9a-tetrahydro-6,7-dimethoxy

47.119 1,012,098 226,056 1,885,888 0.151 384.157

*represents the multiplication sign.

human health and environment pollution (Bubici et al., 2019).
Biological control is considered as an alternative and sustainable
strategy. In recent decades, the potential of plant-growth-
promoting Streptomyces has been revealed for inhibiting
pathogen infection and improving crop yield (Dias et al.,
2017; Vurukonda et al., 2018). Although several antagonistic
Streptomyces were investigated as biological control agents
(Vurukonda et al., 2018; Jing et al., 2020; Wei et al., 2020; Li
et al., 2021a), field application was limited due to the unstable
and deficient antimicrobial activity. Therefore, screening highly
efficient and broad-spectrum antagonistic Streptomyces is still
the key for development of biocontrol agents. In the present
study, 17 out of 60 actinomycetes obtained from the rhizosphere
soil of M. pingii had antifungal activity against F. oxysporum
TR4. Particularly, Streptomyces BITDG-11 showed the strongest
growth inhibition for F. oxysporum TR4 and broad-spectrum
antifungal activities against the 18 selected phytopathogenic
fungi. In greenhouse experiments, the application of Streptomyces
BITDG-11 could significantly alleviate the development of leaf
chlorotic symptom and decrease the disease incidence of
F. oxysporum TR4. Similar antagonistic effects of Streptomyces
were found in controlling other phytopathogenic diseases
(Chen et al., 2019; Xu et al., 2019; Sharma and Manhas, 2020;
Zhang K. et al., 2020).

The antifungal mechanism of Streptomyces BITDG-11 might
be related with its ability to produce hydrolytic enzymes
including β-1,3-glucanase and chitinase (Figures 2B,C). These
enzymes lead to the destruction of the fungal cell wall and leakage
of cell contents, inhibiting the growth of phytopathogenic fungi
(Hong et al., 2017). Similar reports showed that Streptomyces
cavourensis SY224 prevented the infection of Colletotrichum
gloeosporioides by producing hydrolytic enzymes (Lee et al.,
2012). Antifungal activity of Trichoderma harzianum QTYC77
against F. oxysporum f. sp. cucumerinum was related to the
secretion of chitinase and β-1,3-glucanase (Zhang S. et al.,
2020). The cell-free culture filtrate of Streptomyces violaceusniger

MTCC 3959 exhibited a broad range of antifungal activity
against both white rot and brown rot fungi through the
production of chitinase and β-1,3-glucanase (Nagpure et al.,
2014). Heterologous expression of chitinase from T. harzianum
increased inhibition activity of B. cinerea (Deng et al., 2019).
Mycotoxin production enhanced the fungal infection on plants
by repressing chitinase gene expression of the biocontrol agent
Trichoderma atroviride (Lutz et al., 2004). Indeed, Streptomyces
BITDG-11 had the potential to degrade starch and cellulose
on plate experiments. It was supported by the identification of
glucanase and amylase genes in the genome of Streptomyces
BITDG-11. Together, these findings indicated that the hydrolytic
enzymes of Streptomyces may be linked to their antagonistic
activity against phytopathogenic fungi.

Apart from the generated hydrolytic enzymes, Streptomyces
species were prolific producers of bioactive metabolites (van
der Heul et al., 2018; Bergeijk et al., 2020). Several commercial
biofungicides were developed such as rhizovit, mycostop, thatch
control, and Actinovate R© from different Streptomyces species
(Sharma and Manhas, 2020). Therefore, the antifungal activity
of the Streptomyces BITDG-11 extract was evaluated against
F. oxysporum TR4 in the present study. The results showed
that the methanol extract could effectively inhibit the mycelial
growth of F. oxysporum TR4. Although different physical factors
were selected to treat the Streptomyces BITDG-11 extract,
more than 50% of antifungal activity was retained in all
the treatment groups, suggesting that the steadily secondary
metabolites with antifungal efficiency were produced in the
culture filtrate. Similarly, various metabolites were identified
from Streptomyces as biocontrol agents, and none of them
had any negative effect on plants (van der Heul et al., 2018;
Olanrewaju and Babalola, 2019; Bergeijk et al., 2020). It was
supported by our results that no hemolytic activity was detected
in human red cells treated with the Streptomyces BITDG-11
extract (Supplementary Figure 2), suggesting that the extract
had non-specific cell lytic activity and toxicity to eukaryotic
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cells. Furthermore, 15 bioactive secondary metabolites were
further identified from the Streptomyces BITDG-11 extract by
GC-MS. Among these compounds, alkanoic acids including
tetradecanoic acid, pentadecanoic acid, and linoleic acid were a
main type of antifungal production. The previous study reported
that tetradecanoic acid had the potential for controlling Culex
quinquefasciatus and Aedes aegypti mosquitoes (Sivakumar et al.,
2011). Its isomers can be successfully applied to agriculture and
pharmacy industries due to their excellent anti-elastase, anti-
urease, and antioxidant activities (Sokmen et al., 2014). The
addition of exogenous pentadecanoic acid promoted lipopeptide
production and enhanced the antifungal activities of Bacillus
amyloliquefaciens (Ding et al., 2019). Linoleic acid ethyl ester
was critical for fungal response to salicylic acid, mycelial
growth, and virulence (Zhang et al., 2017). Particularly, dibutyl
phthalate was the major compound with the highest peak
number and area in the Streptomyces BITDG-11 extract. The
compounds produced by Streptomyces strain KX852460 had a
high antifungal activity against Rhizoctonia solani (Ahsan et al.,
2017). Other antibacterial and antifungal agents including 9-
octadecene, colchiceinamide, and bis-(2-ethylhexyl) phthalate
were also detected in microbial culture by the high-performance
liquid chromatographic method (Hughes and Davis, 1981;
Al-Bari et al., 2005; Thekkangil and Suchithra, 2019). A 9-
octadecene compound identified from Streptomyces albidoflavus
STV1572a contributed to the infection inhibition of Trichophyton
mentagrophytes (Thekkangil and Suchithra, 2019).

In greenhouse experiments, Streptomyces BITDG-11 inhibited
the infection of F. oxysporum TR4 and promoted the growth of
banana seedlings. The possible mechanism might be related to the
ability of Streptomyces BITDG-11 to produce IAA, siderophore,
and antifungal compounds. Siderophore- and IAA-producing
actinomycetes in rhizosphere were known to promote plant
growth and stress tolerance in main crops (Dias et al., 2017;
Vurukonda et al., 2018). Siderophores not only inhibited the
growth of phytopathogens but also increased the iron supply
to plants and microorganisms (El-Tarabily et al., 2009). This
might explain our observation that Streptomyces BITDG-11
significantly increased plant height, fresh and dry weight, and
chlorophyll content.

Additionally, the interaction of plant and antagonistic agents
induces the production of specific root exudates and alters the
microbial community diversity (Khamna et al., 2009). We also
found that Streptomyces BITDG-11 improved the fungal and
bacterial abundance to inhibit the growth of F. oxysporum TR4 in
the rhizosphere soil of banana plantlets. These microbes play an
important role in maintaining the stability of the soil ecosystem
and reducing plant susceptibility to pathogens (Palaniyandi et al.,
2011; Zhou et al., 2019; Trivedi et al., 2020). Accumulated
evidences indicated that the plant immune system could be
triggered after inoculation with pathogens or beneficial microbes
(de Lamo and Takken, 2020). Streptomyces BITDG-11 induced
higher and lasting expression levels of defense genes in roots
of banana seedlings. Moreover, higher activities of antioxidant
enzymes such as SOD, CAT, POD, and PPO were detected in
the treatment group of Streptomyces BITDG-11 + F. oxysporum
TR4 over pathogen only or control. POD could directly inhibit
the spore germination and mycelia growth of some pathogenic

fungi like Pseudocercospora abelmoschi (Joseph et al., 1998).
Enhanced activities of antioxidant enzymes were also reported
in bacterium-treated banana plantlets demonstrating tolerance to
banana bunchy top disease (Kavino et al., 2007). A recent report
showed that combining different Streptomyces strains reduced the
disease incidence of Botrytis gray mold by improving the activity
of antioxidant enzymes in chickpea (Vijayabharathi et al., 2018).
The higher activity of antioxidant enzymes in banana roots could
be another additional mechanism attributing to the increase of
the host immune response to pathogens. These findings opened
up the possibility of priming defense reactions by Streptomyces
BITDG-11 inoculation and thus enhanced disease resistance
against pathogens.

Genome sequencing further revealed that the Streptomyces
BITDG-11 chromosome contained a large number of conserved
BGC encoding terpenes, non-ribosomal peptides, polyketides,
siderophores, and ectoines. These BGCs had been proven
to participate in the regulation of antimicrobial activities of
Streptomyces strains (Bergeijk et al., 2020). Some compounds
such as toyocamycin, naringenin, and ectoine analogs showed a
100% similarity with known structures. Toyocamycin produced
by Streptomyces belonged to a member of the nucleoside
antibiotic family. The compound had been recognized as a
promising fungicide for the control of plant diseases (Shentu
et al., 2018; Ma et al., 2020). Naringenin exhibited both
antimicrobial and antioxidant activities (Ng et al., 2019). As
a compatible solute and chemical chaperone, ectoine widely
synthesized by bacteria enhanced a cellular defense against
detrimental effects (Czech et al., 2019).

A detailed survey and analysis revealed that low similarity
was found in other BGCs, suggesting Streptomyces BITDG-11
had a great potential for producing novel secondary metabolites.
It was supported that 33.9% of genes clustered into the
unknown function category in COG. The predicted cluster 12
containing 43 necessary genes showed 81% similarity with the
biosynthetic gene cluster of mannopeptimycin. The compound
was a novel class of lipoglycopeptide antibiotics active against
multidrug-resistant pathogens (Magarvey et al., 2006). Cluster
17 exhibited 72% similarity with the biosynthetic gene cluster
of rimocidin, a structurally unique type polyketide belonging
to a polyene macrolide (Jeon et al., 2016). Rimocidin produced
by Streptomyces rimosus M527 demonstrated a strong broad-
spectrum antifungal activity (Zhao et al., 2019). Cluster 41 had
80% similarity with the known sequence responsible for the
biosynthesis of siderophore. The production of siderophores was
further confirmed by the appearance of a yellow halo around
the colony on CAS agar (Figure 2A). Catechol-siderophore
such as coelichelin (cluster 26) identified from the Streptomyces
species was previously characterized with 2,3-dihydroxybenzoate
(2,3-DHB) as a key functional group (Reitz and Butler, 2019).
A recent study demonstrated that 2,3-DHB was a common
precursor during the biosynthesis of the catecholate siderophores
in Streptomyces sp. MBT76 (Gubbens et al., 2017). A similar
functional crosstalk was also found during the biosynthesis
of enterobactin and other secondary metabolites such as
benzoxazoles and caboxamycin in other Streptomyces species
(Cano-Prieto et al., 2015; Losada et al., 2017). The antiSMASH
analysis showed a large number of PKS and NRPS gene cluster
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distributed in the genome of Streptomyces BITDG-11, whether
a similar crosstalk exists in Streptomyces BITDG-11 merits
further investigation.

CONCLUSION

In our study, 60 actinomycetes were isolated from the rhizosphere
soil of M. pingii. Among 17 isolates with antagonistic ability
against F. oxysporum TR4, strain BITDG-11 had high and
broad-spectrum antifungal activity. The strain can produce
IAA, siderophores, chitinase, β-1,3-glucanase, lipase, and urease.
The molecular identification suggested that strain BITDG-11
might belong to a novel species of the genus Streptomyces. It
obviously promoted the plant growth of banana plantlets and
reduced the disease incidence by inducing the expression levels of
defense genes and the activities of antioxidant enzymes. Genomic
sequencing and analysis revealed that the Streptomyces BITDG-
11 chromosome contained 43 conserved biosynthesis gene
clusters encoding terpenes, non-ribosomal peptides, polyketides,
siderophores, ectoines, etc. Among 15 bioactive secondary
metabolites identified by GC-MS in the Streptomyces BITDG-
11 extract, dibutyl phthalate was the major compound with
the highest peak area. These results implied that Streptomyces
BITDG-11 might be developed as a multifunctional biopesticide
against a wide range of phytopathogens and as a bioinoculant to
enhance plant growth.
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Prudente de Morais, Brazil

The sustainable development of agriculture can be stimulated by the great market
availability of bio-inputs, including phosphate-solubilizing microbial strains. However,
these strains are currently selected using imprecise and questionable solubilization
methodologies in solid or liquid media. We hypothesized that the hydroponic system
could be a more efficient methodology for selecting phosphate-solubilizing strains as
plant growth promoters. This methodology was tested using the plant Glycine max

as a model. The growth-promoting potential of the strains was compared with that
of the Biomaphos® commercial microbial mixture. The obtained calcium phosphate
(CaHPO4) solubilization results using the hydroponic systemwere inconsistent with those
observed in solid and liquid media. However, the tests in liquid medium demonstrated
poor performances of Codinaeopsis sp. (328EF) and Hamigera insecticola (33EF) in
reducing pH and solubilizing CaHPO4, which corroborates with the effects of biotic
stress observed in G. max plants inoculated with these strains. Nevertheless, the
hydroponic system allowed the characterization of Paenibacillus alvei (PA12), which is
also efficient in solubilization in a liquid medium. The bacterium Lysinibacillus fusiformis

(PA26) was the most effective in CaHPO4 solubilization owing to the higher phosphorus
(P) absorption, growth promotion, and physiological performance observed in plants
inoculated with this bacterium. The hydroponic method proved to be superior in selecting
solubilizing strains, allowing the assessment of multiple patterns, such as nutritional level,
growth, photosynthetic performance, and anatomical variation in plants, and even the
detection of biotic stress responses to inoculation, obtaining strains with higher growth
promotion potential than Biomaphos®. This study proposed a new approach to confirm
the solubilizing activity of microorganisms previously selected in vitro and potentially
intended for the bio-input market that are useful in P availability for important crops,
such as soybeans.

Keywords: phosphate solubilizing microorganisms, PSM, bio-inputs, plant nutrition, plant growth promotion
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INTRODUCTION

The world population is estimated to reach∼9.735 billion people
by 2050 (United Nations, 2019). Associated with the pressure
for agriculture to meet the needs of human development, it is
necessary to implement sustainable agricultural practices that
increase productivity integrated with conservation measures
(Taveira et al., 2019). The current productivity of important crops
such as soybean is affected by phosphorus (P) deficiency in acidic
soils since P plays a key role in the symbiotic capacity of nitrogen
(N2) fixation (Sulieman and Tran, 2017;Wang et al., 2020; Jaiswal
et al., 2021). Current agricultural practices use fertilizers to add P
to the soil, however, the use of phosphate fertilizers is expensive
and unsustainable (Situmorang et al., 2015). Nonetheless, these
fertilizers are easily precipitated with aluminum (Al), iron
(Fe), and calcium (Ca), forming low-solubility complexes that
are not used by plants (Penn and Camberato, 2019). In this
context, the dissemination of more economical and ecologically
appropriate technologies to improve P availability in soil has
become urgent.

Currently, the use of phosphate-solubilizing microbes (PSMs)
has been shown as a promising method since they play a key
role in P dynamics in soil and the subsequent availability of this
element to plants (Islam and Hossain, 2012; Kafle et al., 2019).
PSMs fractionate insoluble P forms into soluble forms through
various biological mechanisms, including the production of
organic acids and extracellular enzymes, which convert insoluble
forms of P into forms available for plant absorption (Hanif et al.,
2015; Li et al., 2015; Baliah et al., 2016; Gurikar et al., 2016;
Doilom et al., 2020; Sarr et al., 2020; Zúñiga-Silgado et al., 2020).
The organic acids produced include glycolic, 2-ketogluconic,
acetic, citric, propionic, succinic, tartaric, formic, fumaric, lactic,
malic, butyric, gluconic, valeric, oxalic, and citric acids (Hwangbo
et al., 2003; Chen et al., 2006; Patel et al., 2008; Scervino et al.,
2010; Zhu et al., 2012; Jog et al., 2014; Mehta et al., 2015;
Yadav et al., 2015). However, despite their importance, few PSM
strains are currently available in the global market for inoculants.
This is partly due to faulty strain selection mechanisms, which
often present a high potential for in vitro systems but a reduced
potential for field systems.

Phosphate-solubilizing microbes strains are usually selected
through screening in solid media containing phosphate sources,
such as calcium phosphate (CaHPO4), Ca3(PO4)2, aluminum
phosphate (AlPO4), or iron phosphate (FePO4). In these media,
halo measurements determine the efficiency of the isolate
in solubilizing the insoluble phosphate source. However, this
qualitative method is considered inefficient for selection, as many
isolates that do not produce any visible halo on solid media
can solubilize various types of insoluble inorganic phosphates in
liquid media (e.g., Nautiyal, 1999; Bashan et al., 2013; Salcedo
et al., 2014; Sousa et al., 2016). Therefore, potential strains
are commonly excluded by this screening. Another selection
methodology is screening in a liquid culture medium. This
methodology is currently accepted as the most reliable method,
but it also presents inconsistencies as a colorimetric method.
The most widespread protocol for solubilizing strains in a liquid
medium for determining free P is described byMurphy and Riley

(1962). This protocol is based on the reaction of an ascorbic
acid (vitamin C) stock solution with added molybdate, forming a
blue phosphomolybdenum complex proportional to the amount
of free P in the sample. Nonetheless, this method is highly
susceptible to chemical interference from reducing agents present
in the culture medium, such as ascorbate, which affects the
formation of the blue complex and leads to under- or over-
estimated free P concentrations (Jarvie et al., 2002; Kowalenko
and Babuin, 2007; Kowalenko, 2008; Nagul et al., 2015; Anschutz
and Deborde, 2016).

In this study, tests were performed using CaHPO4 as a
phosphate source, and the hydroponic method was compared
with classic methodologies in solid and liquid media, for
the selection of phosphate-solubilizing strains. The effects
of the strains on plant growth promotion were evaluated.
The methodology was tested using Glycine max plants as
a model because their seedlings are easy to obtain and
because of the current need for developing biotechnologies
for the cultivation of this oilseed. In addition, the growth-
promoting potential of the tested strains was compared with
that of the commercial product Biomaphos R©, which consisted
of a mixture of Bacillus megaterium and B. subtilis bacteria.
We hypothesized that the hydroponic system could be more
efficient in selecting phosphate-solubilizing strains, which are
plant growth promoters, independent of other nutrients. The
hydroponic system requires the presence of a root system, which
provides data related to the effect of the isolates on growth
promotion and photochemical and photosynthetic performance.
Furthermore, the effectiveness of this system was proposed based
on the greater induction of plant-microorganism interactions,
since in the water-plant condition, root exudates are easily
adsorbed in the solution (Hoffland et al., 2006) and are freer to
stimulate the testedmicroorganisms. This study proposed amore
efficient approach for selecting strains with the potential to satisfy
the current demand for bio-inputs applied to P availability in
important crops, such as soybeans.

MATERIALS AND METHODS

Microbial Strains
The potential of eight rhizospheric or endophytic microbial
strains was evaluated, with six previously isolated from
Hymenaea courbaril (for further information see Rocha et al.,
2020) and two from Arecaceae Butia purpurascens (for further
information see da Silva et al., 2018) (Table 1). These strains
currently belong to the microorganism collection of the
Agricultural Microbiology Laboratory of the IFGoiano Rio Verde
campus, Brazil. The potential of these strains was compared with
that of the commercial product Biomaphos R© (BIOMA, Brazil),
which consisted of a mixture of BRM034840 and BRM033112-B
strains from B. megaterium and B. subtilis. The bacterial strains
were reactivated in nutrient agar medium (3 g of meat extract, 5 g
of peptone, 25 g of agar, and H2O qs 1 L) for 48 h at 35◦C in an
incubation chamber, and then reactivated in potato dextrose agar
(PDA; infusion of 200 g of potato, 20 g of dextrose, and 15 g of
agar) for 7 days at 35◦C in an incubator.
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TABLE 1 | Microbial strains were used to compare experimental methodologies
for the evaluation of the solubilization capacity of calcium phosphate (CaHPO4).

Strain Type Strain code

Penicillium sheari Fungus HSCR15-F(SC15)

Epicoccum keratinophilum Fungus HSCR4-F(SC4)

Hamigera insecticola Fungus BP33EF-F(33EF)

Codinaeopsis sp. Fungus BP328EF-F(328EF)

Bacillus cereus Bacterium HSCE5-B(SC5)

Bacillus thuringiensis Bacterium HSCR10-B(SC10)

Paenibacillus alvei Bacterium HPAR12-B(PA12)

Lysinibacillus fusiformis Bacterium HPAR26-B(PA26)

Bacillus megaterium and
Bacillus subtilis

Bacteria BRM034840 e
BRM033112-B
(Biomaphos®)

In the strain codes HSCR and HPAR, isolated from Hymenaea courbaril; BP, isolated from

Butia purpurascens; E, endophytic; R, rhizospheric.

Qualitative Assessment of the
Solubilization Capacity of CaHPO4 in Solid
Medium
Bacterial and fungal strains were inoculated in Petri dishes
containing GELP culture medium (10 g glucose, 5 g peptone,
0.05 g yeast extract, and 15 g agar). We added 25ml of calcium
dichloride (CaCl2) (10%) and 12.5ml of dipotassium hydrogen
phosphate (K2HPO4) (10%) to form an inorganic phosphate
precipitate from CaHPO4 (10%), as described by Sylvester-
Bradley et al. (1982). The ability of the microorganism to
solubilize CaHPO4 was confirmed by observing a clear halo
around the colony of the bacteria or fungus, in contrast to the
opaque medium (Souchie et al., 2007). Plates containing GELP
culture medium with CaHPO4 added without inoculum were
used as negative controls for solubilization.

The capacity of the strains to solubilize CaHPO4 was
compared by measuring the diameters of the solubilization
zones (halos) around the colonies after 7 days of incubation.
The solubilization index (SI) was calculated using the method
proposed by Berraquero et al. (1976):

SI =

(
total diameter including colony and halo

)

(colony diameter)

The SI of the strains was classified according to the methods of
Silva Filho and Vidor (2000) as low (SI < 2), medium (2 < SI <

3), or high (SI > 3). The test was conducted in triplicate for each
strain tested.

Quantitative Assessment of CaHPO4

Solubilization in Liquid Medium
For this test, bacterial samples were grown under constant
agitation using an orbital shaker (NT 712, NOVA TÉCNICA,
Brazil) rotating at 90 rpm for 24 h at 30◦C in 7ml of liquid
GL culture medium (10 g glucose, 2 g yeast extract). Then, 3ml
of the samples were aseptically removed from each culture to
determine the optical density (OD) at 600 nm. All bacterial

samples had their OD adjusted to 0.1 by dilution with saline
solution (0.85%). Fungal samples were grown in a PDA medium
for 4 days at 30◦C. CaHPO4 solubilization in liquid medium
was quantified by inoculating 1ml of the previously standardized
bacterial culture in 10ml of liquid GL medium, with 1.26 g L−1

of the CaHPO4 phosphate source. For the evaluation of fungi,
5mm diameter disks with mycelial growth were removed, which
were inoculated in 10ml of medium (one disk per glass). The
cultures were agitated at 90 rpm and 30◦C for 72 h. The test was
performed in triplicate for each strain tested, using GL medium
without inoculum as a negative control. After growth, the pHwas
measured, and the amount of inorganic P was determined using
the vitamin C colorimetric method at 725 nm, according to the
methods of Gadagi and Sa (2002).

The in vitro solubilization experiments were conducted in a
completely randomized design, considering nine treatments with
microorganisms (eight strains + Biomaphos R©) and a control
treatment (without inoculation). CaHPO4 solubilization means
and pH were subjected to a one-way ANOVA to evaluate only
the treatment effect. When significant, the effects were evaluated
using the Scott-Knott test at 5% significance probability.

In vivo Assessment of the Solubilizing
Potential of CaHPO4 Using a Hydroponic
System
Inoculum Preparation
Bacterial inoculates were prepared in nutrient broth for
24 h at 30◦C under constant agitation at 90 rpm. The cell
concentration in each culture was estimated by CFU counting
in nutrient agar and was standardized to 104 ml−1 using
0.85% saline solution. The fungal mycelia were cultivated in
a PDA medium for 14 days at 30◦C. Subsequently, the plates
were superficially washed using 10ml of 0.85% saline solution
per plate, and the spore concentration was determined by
counting them in a Neubauer chamber (hemocytometer) using
an optical microscope (BA210, MOTIC, Canada) (40–100 ×

magnification). The spore concentration of the cultures was
adjusted to 105 ml −1.

Root Colonization and Microscopic Examination
This test was conducted to verify the colonizing potential of
the strains to be tested in a hydroponic system. The test was
conducted using G. max seeds of the Bonus 8579 RSF IPRO
cultivar (BRASMAX, Brazil). The seeds were disinfected to
remove epiphytes, successively washed in running water, and
agitated in water and neutral detergent (Tween) for 5min. Then,
the seeds were immersed in 70% ethanol for 1min, followed
by immersion in sodium hypochlorite (2.5% active chlorine)
for 1min and 30 s, and then again in 70% ethanol for 30 s.
Finally, the seeds were washed three times in autoclaved distilled
water and planted in plastic trays containing autoclaved sand
as substrate, where the seedlings remained for 7 days in a
BOD Camera (SSBODU320, PROLAB, Brazil) at 25◦C (77F)
and 12/12 h photoperiod. During this period, the seedlings were
aseptically watered once a day with sterilized water. The plants
were then carefully removed from the sand, and the roots
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were detached and washed four times with sterilized distilled
water under vigorous agitation. The roots were then submerged
in the previously prepared inoculum solutions and deposited
in Petri dishes containing GELP medium. Plates containing
roots immersed in autoclaved distilled water were used as a
negative control and incubated at 28◦C for 48 h. Subsequently,
the roots were prefixed with glutaraldehyde, post-fixed with
osmium tetraoxide, dehydrated in an ethanol series, transferred
to amyl acetate, and critically dried in a dryer with carbon
dioxide (CO2), following the methodology described by Ghosh
et al. (2016). Then, they were coated with gold using an ion
jet to evaluate microbial colonization under a scanning electron
microscope (Jeol JSM-IT300LV, JEOL USA, Inc., Peabody,
MA, US).

Experiment in the Hydroponic System
The experiment was conducted in a greenhouse at the Plant
Tissue Culture Laboratory of the IFGoiano Rio Verde campus
(17◦ 48’ 15.9’ ‘S – 50◦ 54’ 19,5” W), from July to August 2020,
under an average temperature of 26.85◦C and relative humidity
of 23.7%. Soybean seeds of the same cultivar were subjected to
the same disinfestation and germination treatment in autoclaved
sand, where the seedlings remained until they reached a mean
size of 15 cm, and then transferred to 4 L pots containing the
hydroponic nutrient solution proposed by Hoagland and Arnon
(1950) with half ionic strength for 15 days of adaptation. After
this period, the plants were subjected to a nutrient solution with
full ionic strength.

The inoculation of microorganisms occurred during phase
R5 of soybean development. For this, 10ml of the previously
prepared inoculate solutions were added to the nutrient solution
along with 10 g L−1 of aseptic glucose to stimulate microbial
growth in the nutrient solution. Biometric, physiological, and
anatomical evaluations were conducted after 10 days of exposure
to the tested strains. Plants grown in a nutrient solution
without adding microorganisms and grown in a nutrient P-
free solution (without the addition of CaHPO4) were used as
control treatments.

The in vivo experiment was conducted in randomized blocks,
with nine treatments with microorganisms (eight strains +

Biomaphos R©) and two control treatments (plants grown in a
nutrient solution without microorganisms and plants grown in
P-free nutrient solution). All treatments were evaluated in five
repetitions, with each repetition consisting of two plants per pot.
The results obtained for biometric analyses, tissue P content, and
physiological and anatomical analyses were subjected to ANOVA
to evaluate the treatment effect.When significant, the effects were
evaluated using the Scott-Knott test at 5% probability.

Subsequently, all variables were evaluated using a correlation
matrix and combined in a principal component analysis
(PCA). Since these variables had different measurement units,
a correlation PCA was performed which was constructed using
standardized data with a mean of 0 and a standard deviation
of 1. The number of components was chosen as a function
of the eigenvalues (>1) and explained variance (above 80%).
The variables were also evaluated using Pearson’s correlation
coefficient, and the strength of the relationship was analyzed

through R-values and the significance of the interaction at
5% probability. All statistical tests were performed in the
R software version 4.0.4 (R Core Team, 2021), using the
“ExpDes.pt” (Ferreira et al., 2014) and “FactoMineR” (Husson
et al., 2010) packages.

Biometric and Tissue P Content Evaluations
The biometric variables plant height, stem diameter (SD), root
length (RL), number of leaves (LN), and biomass were evaluated.
For biomass evaluation, the plants were segmented into leaves,
stems, and roots, and the material was dried in a forced-air
oven at 65◦C to a constant mass. Subsequently, the dry mass
(DM) of each plant part was determined. The sum of the values
corresponding to the biomass of each structural component of
the plants (LDM + SDM + RDM) enabled the determination of
the total DM (TDM).

Leaves, stems, and roots were oven-dried at 65◦C until they
reached a constant weight (Oven; SL-102/1152, SOLAB, Brazil)
and crushed in aWilleymill with a 20mm-mesh sieve (R-TE-680,
TECNAL, Brazil). Finally, the P content was estimated according
to the procedure described by Malavolta et al. (1997).

Anatomical Evaluation of the Root
The diameter of the root pot elements was evaluated as
an indication of root development because it is commonly
associated with P availability to plants (Rosolem and Marcello,
1998). Thus, root samples were fixed in glutaraldehyde solution
(2.5%) and paraformaldehyde (4%) in sodium cacodylate buffer
(pH 7.2) and added to 5mM calcium chloride (Karnovsky,
1965). The roots were cross-sectioned into 5-µm-thick slices and
stained with toluidine blue at pH 6.8 (O’Brien et al., 1964). In
these sections, the diameter of the vessel elements was measured
using the Anati Quanti 2 software (Aguiar et al., 2007). Each
repetition was measured 15 times, and the treatments were
evaluated in quintuplicate.

Gas Exchange
Gas exchange was evaluated from 7:00 AM to 10:00 AM on
the third leaf counted from the apex of the plant using an
infrared gas analyzer with a fluorometer (LI-6800xt, LI-COR Inc.,
Lincoln, USA) and photosynthetically active radiation (1,000
µmol photons m−2 s−1) at a block temperature of 27◦C and
relative humidity of ∼70%. The net photosynthesis rate (A)
(µmol CO2 m−2 s−1), stomatal conductance (gsw) (mol of H2O
m−2 s−1), transpiration (E) (H2Om−2 s−1), and internal carbon
concentration (Ci) (mmol m−2 s−1) were measured (see Hunt,
2003).

Photosynthetic Pigments
The concentration of photosynthetic pigments was evaluated
using leaf disks (three fresh matter mass disks of 5mm diameter
each). These disks were covered with a DMSO solution and
saturated with calcium carbonate (CaCO3) (Santos et al., 2007).
Subsequently, they were stored in tubes wrapped in Al foil
for 24 h at 65◦C. The absorbance of the obtained extract was
determined by spectrophotometry at 664, 649, and 480 nm.
Chlorophyll a, b, and total and carotenoid concentrations were
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determined according to the methods described by Wellburn
(1994).

Chlorophyll a Fluorescence
Chlorophyll a fluorescence OJIP transient was determined
using a portable FluorPen FP 100 fluorometer (Photon Systems
Instruments, Drasov, Czech Republic). The third leaf of all
sample units was previously dark-adapted for 30min for
complete oxidation of the photosynthetic electron transport
system. They were later subjected to a 3,000 µmol m−2 s−1

blue light pulse, with minimum fluorescence (F0) and maximum
fluorescence (FM). These values were used to estimate several
PSII bioenergetic indices, according to the methods described by
Strasser et al. (2000). The values of the specific light absorption
flow per reaction center (ABS/RC), energy flow captured per
reaction center at t = 0 (TRo/RC), electron transport flow
per reaction center (ETo/RC), specific energy dissipation flow
at the level of the antenna complex chlorophylls (DIo/RC),
photosynthetic performance index (Pi_Abs) that incorporates
energy cascade processes from the first absorption events
to PQ reduction, the maximum quantum yield of primary
photochemistry (PHI_Po), the probability of an exciton moving
an electron through the electron transport chain after quinone
(PSI_O), and the quantum yield of electron transport (PHI_Eo)
after dark adaptation of the leaves (30 min) were determined in
this study.

Chlorophyll a fluorescence in G. max leaves was also
evaluated using the modulated Imaging-PAM fluorometer to
obtain fluorescence images. Initially, the initial fluorescence (F0)
and maximum fluorescence (Fm) were determined in leaves pre-
adapted to the dark for 30min. Then, it was possible to calculate
the potential quantum yield of photosystem II (PSII) (Genty
et al., 1989). Sequentially, the fluorescence in the light-adapted
sample before the saturation pulse (F) and Fm in a light-adapted
sample (Fm’) were used to obtain the effective quantum yield of
photochemical energy conversion in PSII, 8II= (Fm′-F)/Fm′.

RESULTS

In vitro Experiment: Solid Culture Medium
In a solid medium, only the B. thuringiensis (SC10), B.
megaterium, B. subtilis (Biomaphos R©), and B. cereus (SC5)
strains demonstrated potential for CaHPO4 solubilization
through the production of solubilization halos. The solubilizing
capacity of these strains was classified as low (SI < 2) (Table 2).

In vitro Experiment: Liquid Culture Medium
B. thuringiensis (SC10), Paenibacillus alvei (PA12), and B. cereus
(SC5) strains showed the highest solubilization efficiency in a
liquid medium containing CaHPO4 as a phosphate source. All
microbial strains reduced the pH of the medium compared with
the control without inoculation, except for fungal Hamigera
insecticola (33EF) and Codinaeopsis sp. (328EF) strains, which
presented the lowest solubilization means (Table 3).

TABLE 2 | Evaluation of calcium phosphate (CaHPO4) solubilization in solid
medium (GELP) by rhizospheric or endophytic bacterial and fungal strains from
Hymenaea courbaril or endophytic bacterial and fungal strains from Butia

purpurascens.

Microorganisms Solubility index Solubilization capacity

SC10 1.25 a Low

PA12 NS NS

Biomaphos® 1.27 a Low

SC5 1.14 a Low

SC15 NS NS

PA26 NS NS

SC4 NS NS

33EF NS NS

328EF NS NS

Control NS NS

Means followed by the same lowercase letter in the column do not significantly differ

according to the Scott-Knott test at 5% probability. NS, did not form a solubilization halo.

TABLE 3 | Evaluation of calcium phosphate (CaHPO4) solubilization in liquid
medium (GL) by rhizospheric or endophytic bacterial and fungal strains from
Hymenaea courbaril or endophytic bacterial and fungal strains from Butia

purpurascens.

Treatments pH Soluble P (mg L−1)

SC10 4.79 c 5.53 a

PA12 4.80 c 5.62 a

Biomaphos® 4.89 c 4.61 b

SC5 4.96 b 5.13 a

SC15 5.28 b 3.15 c

PA26 5.48 b 3.69 b

SC4 5.53 b 3.18 c

33EF 6.37 a 1.82 d

328EF 6.49 a 1.48 d

Control 6.73 a 0.33 e

Means followed by the same lowercase letter in the column did not differ significantly

according to the Scott-Knott test at 5% probability.

Root Colonization
All bacteria and fungi evaluated demonstrated the ability
to effectively colonize the root system, forming large
superficial aggregates (Supplementary Figures 1, 2). Electron
microscopy analyses showed the formation of protein crystals
in B. thuringiensis (SC10) colonies and bacterial spores in
Lysinibacillus fusiformis (PA26) root colonies (Figures 1A–D).
They also found a large concentration of fungal spores in
Codinaeopsis sp. (328E) colonies (Figures 1E,F).

In vivo Experiment: Hydroponic Cultivation
Evaluation of Growth Promotion
The exposition of G. max seedlings to the microorganisms tested
did not affect the height of the plants; the means ranged between
a minimum of 84.8 cm in plants inoculated with Epicoccum
keratinophilum (SC4) and a maximum of 93.8 cm in plants
treated with P. alvei (PA12). However, the development of plants
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FIGURE 1 | Microscopic aspects of root colonization in soybean plants (Glycine max) treated with the bacterial strains SC10 = Bacillus thuringiensis (A,B) and PA26
= Lysinibacillus fusiformis (C,D), and the fungal strain 328EF = Codinaeopsis sp. (E,F). Red arrows indicate the presence of protein crystals (B) and spores (D–F).

in a control solution without P was significantly affected by the
unavailability of this element, with a mean height for these plants
of only 64.25 cm (Supplementary Figure 3A). Similar results
were obtained for RL, which remained statistically equal in
plants inoculated with differentmicroorganisms and in a solution
without microorganisms, with the means ranging between a
minimum of 46.5 cm in plants inoculated with E. keratinophilum
(SC4) and without microorganisms and a maximum of 93.8 cm
in plants treated with P. alvei (PA12). Plants kept in a nutrient
solution without P also had their RL affected, with a mean of
34 cm (Supplementary Figure 3B).

Standard deviation means also followed the same pattern:
not differing between plants grown in a solution without
microorganisms and inoculated plants, ranging from aminimum

of 0.38mm in non-inoculated plants to a maximum of 0.46mm
in plants treated with P. alvei (PA12). As described for the
previous variables, plants subjected to a nutrient solution
without P also presented low SD development (0.16mm)
(Supplementary Figure 3C). However, the LN was significantly
affected by the inoculation treatments, with the highest values
for plants inoculated with P. alvei (PA12), L. fusiformis (PA26),
and Penicillium sheari (SC15) (21.2, 20.2, and 19.6 leaves,
respectively). The absence of P in the solution also affected the LN
in the plants, with a mean of only 3.25 leaves in plants developed
with this treatment (Figure 2A).

The dry matter mass of leaves, stems, and roots did not
differ between plants inoculated with microorganisms and plants
grown in a solution without microorganisms. Leaf dry matter
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FIGURE 2 | Number of leaves (A), total dry mass (B), P tissue content in the stem (C), and total P tissue content (D) in soybean plants (Glycine max) grown in nutrient
solution providing calcium phosphate (CaHPO4) as the phosphate source and inoculated with four bacterial strains and four fungal strains. Means followed by the
same lowercase letter do not differ from one another according to the Scott-Knott test at 5% probability.

means varied between a minimum of 4.39 g in non-inoculated
plants and a maximum of 5.2 g in plants treated with L.
fusiformis (PA26) (Supplementary Figure 4A). Shoot dry matter
mass followed a similar trend, ranging from a minimum of 4.05 g
in non-inoculated plants and a maximum of 5.31 g in plants
treated with L. fusiformis (PA26) (Supplementary Figure 4B).
Root dry matter also followed the pattern described above,
ranging from a minimum of 2.91 g in non-inoculated plants
to a maximum of 4.12 g in plants treated with L. fusiformis
(PA26) (Supplementary Figure 4C). However, plants grown in
a solution without P presented the lowest values for LDM, SDM,
and RDM (0.196, 1.036, and 0.847 g, respectively).

For TDM, the highest values were observed for plants
inoculated with P. alvei (PA12) and L. fusiformis (PA26) (14.63
and 14.43 g, respectively). Plants grown in solution without
microorganisms had a mean of 11.35 g TDM, but plants kept in
solution without P had the lowest values (2.08 g) (Figure 2B).

P Absorption Performance Evaluation in P Tissue

Content
Phosphorus content did not differ in leaves of plants subjected
to the different treatments evaluated, and the means ranged
between a minimum of 0.67 g in plants grown without P and a
maximum of 1.30 g kg−1 in plants treated with P. alvei (PA12)

(Supplementary Figure 5A). Stem P content was affected by the
inoculation treatments, being higher in plants inoculated with
P. alvei (PA12) and L. fusiformis (PA26) (1.25 and 1.25 g kg−1,
respectively) (Figure 2C). The P content in roots was higher for
plants inoculated with Codinaeopsis sp. (328EF), H. insecticola
(33EF), P. alvei (PA12), L. fusiformis (PA26), B. thuringiensis
(SC10), and P. sheari (SC15) (1.50, 1.57, 1.40, 1.45, 1.35,
and 1.35 g kg−1, respectively) (Supplementary Figure 5B). The
evaluation of total P content showed the highest means in plants
inoculated with the bacteria P. alvei (PA12) and L. fusiformis
(PA26) (3.95 and 3.77 g kg−1), while the lowest means were
verified in plants growing in a solution without microorganisms
(2.58 g kg−1) and P-free (2.13 g kg−1) (Figure 2D).

Photosynthetic Performance Assessment: Gas

Exchange
Microbial inoculation significantly affected gas exchange rates in
G. max. The net CO2 assimilation rate (A) was higher in plants
inoculated with the strains P. alvei (PA12), L. fusiformis (PA26),
B. cereus (SC5), and P. sheari (SC15) at 8.41, 7.43, 9.65, and 8.78
µmol CO2 m−2 s−1, respectively (Figure 3A). However, these
plants presented low rates of internal CO2 (Ci) concentration,
respectively 235.56, 219.9, 230.85, and 230.24 mmol m−2 s−1,
while the highest means were verified in plants grown in a
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FIGURE 3 | Photosynthetic rate (A) (A), internal CO2 concentration (Ci) (B), stomatal conductance (Gsw) (C), and transpiration rate (E) (D) in soybean plants (G. max)
grown in nutrient solution providing calcium phosphate (CaHPO4) as a phosphate source and inoculated with four bacterial strains and four fungal strains. Means
followed by the same letter do not differ from one another according to the Scott-Knott test at 5% probability.

solution without P (280.32 mmol m−2 s−1) and inoculated
with Necropsied sp. (328EF) and Biomaphos R© (256.96 and
251.16 mmol m−2 s−1) (Figure 3B). A behavior similar to that
observed for A was observed for stomatal conductance (Gsw),
with the highest means obtained for inoculation treatments with
Necropsied sp. (328EF), P. alvei (PA12), L. fusiformis (PA26),
P. sheari (SC15), and B. cereus (SC5) strains (0.072, 0.099,
0.077, 0.098, and 0.109mol m−2 s−1, respectively), and for
plants grown in solution without microorganisms (0.07mol
m−2 s−1) (Figure 3C). The transpiration rate (E) was higher in
plants grown in a solution without microorganisms (0.0016) and
inoculated with Necropsied sp. (328EF), Biomaphos R©, P. alvei
(PA12), L. fusiformis (PA26), P. sheari (SC15), and B. cereus
(SC5) at 0.0021, 0.0018, 0.0024, 0.0018, 0.0023, and 0.0026 E,
respectively (Figure 3D).

Photosynthetic Performance Assessment:

Photosynthetic Pigments
Chlorophyll a content increased in plants inoculated with H.
insecticola (33EF), P. alvei (PA12), L. fusiformis (PA26), P.
sheari (SC15), E. keratinophilum (SC4), and B. cereus (SC5) at
42.437, 49.240, 47.717, 47.571, 41.469, and 46.052 µmol m−2,
respectively (Figure 4A). Chlorophyll b content also increased

following a pattern similar to that observed for chlorophyll a, but
it was higher in plants subjected to inoculation with Necropsied
sp. (328EF), H. insecticola (33EF), P. alvei (PA12), L. fusiformis
(PA26), P. sheari (SC15), E. keratinophilum (SC4), and B. cereus
(SC5) strains (11.644, 13.723, 13.069, 13.726, 12.231, 12.269, and
12.704 µmol m−2) (Figure 4B).

Microbial inoculation also affected the carotenoid content,
which was higher in plants inoculated with H. insecticola (33EF),
P. alvei (PA12), L. fusiformis (PA26), P. sheari (SC15), and B.
cereus (SC5), with mean values of 10.458, 12.275, 12.084, 11.034,
and 11.382µmol m−2 (Figure 4C). Similar to other chlorophylls,
the total chlorophyll content varied, with the highest means
obtained in plants treated with H. insecticola (33EF), P. alvei
(PA12), L. fusiformis (PA26), P. sheari (SC15), E. keratinophilum
(SC4), and B. cereus (SC5) (56.161, 62.309, 61.444, 59.802, 53.738,
and 58.756 µmol m−2). However, much lower mean values were
observed in plants grown in a solution without P (33.832 µmol
m−2) (Figure 4D).

Photosynthetic Performance Assessment:

Chlorophyll a Fluorescence
As expected, the specific energy flows of the active reaction
centers ABS/RC and DIo/RC were similarly affected by microbial
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FIGURE 4 | Chlorophyll a content (A), chlorophyll b content (B), carotenoid content (C), and total chlorophyll (D) in soybean plants (G. max) grown in nutrient solution
providing calcium phosphate (CaHPO4) as a phosphate source and inoculated with four bacterial strains and four fungal strains. Means followed by the same letter do
not differ from one another according to the Scott-Knott test at 5% probability.

inoculation; therefore, the lowest mean ABS/RC values were
observed in plants grown with the microorganisms P. alvei
(PA12), L. fusiformis (PA26), B. thuringiensis (SC10), P. sheari
(SC15), and B. cereus (SC5) (2.986, 2.962, 3.127, 2.989, and 2.859,
respectively), as well as in plants grown in a solution without
microorganisms (2.935) (Figure 5A). The lowest mean DIo/RC
values were obtained in plants subjected to the same treatment
sequence as above (0.714, 0.686, 0.842, 0.796, 0.660, and 0.667,
respectively) (Figure 5B). The means observed for TRo/RC and
ETo/RC were not affected by any of the evaluated treatments.
TRo/RC values ranged from a minimum of 2.193 in plants
inoculated with P. sheari (SC15) and a maximum of 2.546 in
plants treated withH. insecticola (33EF), whereas ETo/RCmeans
varied between a minimum of 0.985 in plants grown in nutrient
P-free solution and amaximum of 1.384 in plants treated with the
fungus H. insecticola (33EF) (Supplementary Figures 6A,B).

The kinetic parameters of Chl a fluorescence were also
significantly affected by inoculation with microorganisms. The
maximum quantum yield of primary photochemistry (Phi_Po)
was higher for plants inoculated with P. alvei (PA12), L.
fusiformis (PA26), and B. cereus (SC5) (0.763, 0.769, and 0.769,
respectively), as well as in plants grown in a solution without
microorganisms (0.752) (Figure 5C). The probability of an
exciton moving an electron through the electron transport chain

after quinone (Qa) (Psi_o) was reduced in plants inoculated
with Codinaeopsis sp. (328EF) (0.443) and under P-free solution
(0.406) (Supplementary Figure 6C). The means observed for the
quantum yield of electron transport (Phi_Eo) followed the same
pattern reported previously for Psi_o, with reduced values under
Codinaeopsis sp. (328EF) (0.323) and P-free solution (0.277)
(Supplementary Figure 6D). The photosynthetic performance
index (Pi_ABS) was higher in plants inoculated with P. alvei
(PA12), L. fusiformis (PA26), and B. cereus (SC5) (1.244, 1.289,
and 1.255), suggesting that these plants have better performance
in converting light energy into chemical energy (Figure 5D).

Fluorescence imaging analyses confirmed the superiority of
the behavioral pattern of chlorophyll a fluorescence in plants
inoculated with P. alvei (PA12), L. fusiformis (PA26), and B.
cereus (SC5) and the inferiority of the pattern observed in
plants grown in a P-free solution, as well as in plants inoculated
with E. keratinophilum (SC4), Codinaeopsis sp. (328EF), and H.
insecticola (33EF) (Figure 6).

Assessment of Anatomical Performance: Root

Anatomy
The inoculation treatments affected the diameter of the root
vessel elements. Therefore, the highest means were observed
in plants inoculated with P. alvei (PA12), L. fusiformis (PA26),
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FIGURE 5 | Absorption flow by RC (ABS/RC) (A), specific energy dissipation flow (DIo/RC) (B), the maximum quantum yield of primary photochemistry (PHI_Po) (C),
and photosynthetic performance index (Pi_Abs) (D) in soybean plants (G. max) grown in nutrient solution providing calcium phosphate (CaHPO4) as a phosphate
source and inoculated with four bacterial strains and four fungal strains. Means followed by the same letter do not differ from one another according to the Scott-Knott
test at 5% probability.

P. sheari (SC15), E. keratinophilum (SC4), and B. cereus (SC5)
(55.383, 52.223, 49.943, 49.867, and 49.32µm, respectively). In
contrast, the lowest means were observed in plants grown in
a P-free solution (28.787µm), followed by a solution without
microorganisms (39.91µm) (Figure 7).

Anatomical analyses showed superior development of vessel
elements and root caliber of plants treated with P. alvei
(PA12) and L. fusiformis (PA26) strains. Root development was
compromised in plants grown in a P-free solution, as well as in
plants not subjected to microbial action (Figure 8).

PCA and Correlation Between Variables
The two-dimensional graph of principal components showed
a negative correlation between the parameters DIo/RC,
ABS/RC, TRo/RC, and Ci and the other biometric parameters:
fluorescence, photosynthetic pigment content, and gas exchange,
signaling the means for plants subjected to E. keratinophilum
(SC4),Codinaeopsis sp. (328EF), Biomaphos R©, andH. insecticola
(33EF); plants grown in P-free solution accounted for most of the
variation found in these variables. Thus, these plants were mainly
associated with negative photosynthetic performance indices.
On the other hand, the means verified in plants inoculated

with P. alvei (PA12), L. fusiformis (PA26), and B. cereus (SC5)
defined most of the variation in growth parameters, P content,
photosynthetic performance, and photosynthetic pigments.
These symbiotic microorganisms seem to improve the overall
performance of the inoculated G. max plants (Figure 9A). The
negative correlation between DIo/RC, ABS/RC, TRo/RC, and
Ci means and the other biometric parameters (fluorescence,
photosynthetic pigment content, and gas exchange) was more
evident when the graphic pattern of the correlations between all
variables was analyzed (Figure 9B).

DISCUSSION

Solubilization Results Obtained Using in

vitro Methodologies Are Not Consistent
With the Hydroponic System
Tests conducted in solid medium attested to the solubilizing
potential of B. thuringiensis (SC10), B. cereus (SC5), and
Biomaphos R©, while in a liquid medium, the capacity was
observed for B. thuringiensis (SC10), P. alvei (PA12), and B.
cereus (SC5). The superposition of the two strains in these results
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FIGURE 6 | Fluorescence images of chlorophyll-a obtained for the effective
quantum yield of photochemical energy conversion in PSII (8II) in leaves of
Glycine max grown in nutrient solution providing calcium phosphate (CaHPO4)
as a phosphate source and inoculated with four bacterial strains and four
fungal strains. SC5, Bacillus cereus; SC10, B. thuringiensis; PA12,
Paenibacillus alvei; PA26, Lysinibacillus fusiformis; SC15, Penicillium sheari;
SC4, Epicoccum keratinophilum; 33EF, Hamigera insecticola; 328E,
Codinaeopsis sp.; Biomaphos®, B. megaterium and B. subtilis; WM, without
microorganisms; PF, phosphorus-free.

showed a low coherence between these two methodologies.
However, in vivo analysis using the hydroponic system showed
that P. alvei (PA12) and L. fusiformis (PA26), strains not shown to
solubilize CaHPO4 in any of the in vitro tests were more efficient
at promoting growth and providing free P to the plant, which was
demonstrated by the higher total P content in G. max tissues. In
fact, in vitro solubilizing potential assessments were susceptible
to the influence of many factors, as they significantly modify the
living conditions of microorganisms. The growth temperature,
pH, and nutritional composition of the culture medium could
affect growth and metabolism (e.g., Gibson and Mitchell, 2004;
Walpola et al., 2012; Tan and Ramamurthi, 2014; Yang et al.,
2018), including the ability of isolates to produce organic acids or
phosphatase enzymes directly associated with the potential of the
microorganism to release P from forms where it is immobilized
as CaHPO4, Ca3(PO4)2, AlPO4, and FePO4.

In general, solubilization in a liquid culture medium is
considered more reliable, as it is a quantitative methodology
(Sousa et al., 2016). In this methodology, free P could be
quantified, and the access of organic acids and phosphatase
enzymes to the phosphate source was more direct. However,
the absence of a host and the impossibility of quantifying
the actual P absorbed by the plant made this methodology
questionable. Therefore, the use of G. max as a model for growth,
tissue content, and photosynthetic and anatomical performance
evaluations characterized P. alvei (PA12) and L. fusiformis (PA26)
strains was more effective in the solubilization of CaHPO4

because of its general effects on general growth promotion.
Paenibacillus is one of the Firmicutes genera predominantly

found in association with plants (Yadav et al., 2017), and
the potential of P. alvei has already been described in
the literature as a disease suppressor and an inducer of
crop growth and yield (Schoina et al., 2011; Kumar et al.,
2012; Kalaiselvi et al., 2019). Lysinibacillus species have also
drawn attention as effective bioremediation, biostimulant, and
biocontrol agents (Ahsan and Shimizu, 2021). In the studies

FIGURE 7 | Diameter of root vessel elements (RVE) in soybean plants (G. max) cultivated in nutrient solution providing calcium phosphate (CaHPO4) as a phosphate
source and inoculated with four bacterial strains and four fungal strains. Means followed by the same letter do not differ from one another according to the Scott-Knott
test at 5% probability.
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FIGURE 8 | Cross-sections showing different anatomical regions (Xy, Xylem; Ph, Phloem; Fi, Fibers) of soybean roots (G. max) grown in nutrient solution providing
calcium phosphate (CaHPO4) as a phosphate source and inoculated with four bacterial strains and four fungal strains. SC5, B. cereus; SC10, B. thuringiensis; PA12,
P. alvei; PA26, L. fusiformis; SC15, P. sheari; SC4, E. keratinophilum; 33EF, H. insecticola; 328EF, Codinaeopsis sp.; Biomaphos®, B. megaterium and B. subtilis; WM,
without microorganisms; PF, phosphorus-free.

by Vendan et al. (2010) and He et al. (2014), L. fusiformis
was described as an effective phosphate solubilizer, although
other functional traits have already been associated with this
species, such as auxin synthesis and fungal biocontrol (Hanh
and Mongkolthanaruk, 2017; Passera et al., 2021). Our work
corroborated the direct association between these species and
plant growth promotion.

The Hydroponic System Allows the
Association of Phosphate Solubilization
With Growth Promotion and Improved
Photosynthetic and Anatomical
Performance
The inoculation of P. alvei (PA12) and L. fusiformis (PA26)
strains in the nutrient solution resulted in higher P absorption

by G. max plants, and this better nutritional aspect improved
growth, such as increased LN and TDM. Some studies have
confirmed that solubilizing strains improve the nutritional
status of plants, which results in increased chlorophyll
concentrations and improved gas exchange parameters (Singh
et al., 2018; Linu et al., 2019; Liu et al., 2020; Borowiak et al.,
2021).

Plants inoculated with P. alvei (PA12) and L. fusiformis (PA26)
strains also showed improved photosynthetic rates compared
with plants grown in a solution without microorganisms.
High A values are closely related to high RuBisCO activity
(Bowes, 1991). Studies have suggested that an optimal P
supply increases RuBisCO concentration and activity in leaves
(Warren and Adams, 2002; Lin et al., 2009; e.g., Alori et al.,
2017; Wang et al., 2018). Chu et al. (2018) demonstrated
that decreased photosynthetic rates in G. max could be due
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FIGURE 9 | Analysis of the main components of growth variables, photosynthetic pigments, gas exchange, chlorophyll-a fluorescence parameters, and anatomical
development of root vessel elements (A) and correlations between the means observed for these variables (B) in soybean plants (Glycine max) grown in nutrient
solution providing calcium phosphate (CaHPO4) as a phosphate source and inoculated with four bacterial strains and four fungal strains. SC5, B. cereus; SC10, B.
thuringiensis; PA1, P. alvei; PA26, L. fusiformis; SC15, P. sheari; SC4, E. keratinophilum; 33EF, H. insecticola; 328EF, Codinaeopsis sp.; Biomaphos®, B. megaterium
and B. subtilis; WM, without microorganisms; PF, phosphorus-free.

to the stress caused by low P availability, as it participates
in the structural regulation of the leaf, ATP synthesis, CO2

absorption and transport, photosynthetic electron transport, and
determination of the levels of enzymes related to the Calvin
cycle. Thus, phosphate-solubilizing microorganisms can play
an important role in photosynthetic performance by increasing
P availability for plants (e.g., Wu et al., 2019; Anbi et al.,
2020).

The inoculation of G. max with P. alvei (PA12) and
L. fusiformis (PA26) bacteria also resulted in increased
concentrations of photosynthetic pigments compared with plants
that grew without microbial inoculation or P administration.
These solubilizing strains ensured the necessary supply for
pigment synthesis by increasing P release and absorption
by plants. Some studies have reported that P deficiency
decreases chlorophyll synthesis (Choi and Lee, 2012; Viégas
et al., 2018), and that root colonization by growth-promoting
microorganisms, such as phosphate solubilizers, can increase the
synthesis of carotenoids (Vafadar et al., 2014; Chen et al., 2017),
and plant resistance to biotic and abiotic stress factors (Vafadar
et al., 2014) by protecting the photosynthetic apparatus, reducing
photodamage, and photoinhibition effects (Sharma et al., 2015;
Uarrota et al., 2018). Furthermore, microorganisms can affect
the N2 fixation process and the synthesis of growth-promoting
substances and other compounds, such as auxins, which also have
a positive effect on photosynthetic pigment production (Bashan
and De-Bashan, 2010; Ahemad and Kibret, 2014; Santos et al.,
2019). Phosphate-solubilizing microorganisms influence some

growth-associated compounds, such as cytokinins (Abbamondi
et al., 2016; Kudoyarova et al., 2017), which have a positive
effect on chlorophyll biosynthesis, delaying senescence, and
programmed death processes (Kunikowska et al., 2013; Zwack
and Rashotte, 2013; Danilova et al., 2020; Zhang et al., 2021).
Jinal et al. (2021) demonstrated that inoculation of maize seeds
with Lysinibacillus can improve the growth and synthesis of
chlorophylls-a and -b. The effects observed on the concentration
of photosynthetic pigments in G. max, induced by P. alvei
(PA12) and L. fusiformis (PA26) may be associated with the
phosphate solubilizer and phytohormone producer potential
(Vendan et al., 2010; Hanh and Mongkolthanaruk, 2017) of
these species.

In general, plants treated with P. alvei (PA12) and L. fusiformis
(PA26) absorbed more P, which is an adaptive reflection of the
increased diameter of RVE. The roots were efficiently colonized
by these bacteria. Microbial colonization is commonly related
to increased size and density of the primary root and root
hairs (Verbon and Liberman, 2016), which are important for
increasing P absorption (Gahoonia et al., 2001). However, in
vitro culture conditions seem to stress L. fusiformis (PA26),
with evidence of spore formation in the root colonies of
this strain. This occurs because when many species of the
order Bacillales are subjected to abiotic stress, they tend to
sporulate as a resistance mechanism (Paredes-Sabja et al., 2011;
Tan and Ramamurthi, 2014). Spore inactivity may explain
the inefficiency of this strain in solubilizing CaHPO4 in a
liquid medium.
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The Hydroponic System Allows Separating
Growth-Promoting Action From Biotic
Stress Induction Through Photosynthetic
Performance
Microbial inoculation affected ABS/RC and DIo/RC parameters.
An increased ABS/RC ratio indicates that plants grown in P-free
solution and plants inoculated with Codinaeopsis sp. (328EF),
H. insecticola (33EF), Biomaphos R©, and E. keratinophilum (SC4)
showed a higher density of absorbed photons per reaction
center than PSII, possibly because of the inactivation of some
reaction centers or increased antenna size to compensate
for energy loss as heat (Schöttler and Tóth, 2014; Urban
et al., 2017). This observation suggests competition between
the plants and the tested strains, which negatively affects
performance (Pi_Abs). Some studies have shown that symbiotic
microorganisms can become opportunistic pathogens under
excess water conditions, such as in hydroponic systems (Aung
et al., 2018). Thus, plants reduce the number of active
reaction centers, which is considered a mechanism used by
leaves under stress against photo-oxidative damage and excess
light energy absorption (Kalaji et al., 2014, 2018). Image
fluorescence showed decreased photochemical performance in
plants inoculated with E. keratinophilum (SC4), Codinaeopsis
sp. (328EF), and H. insecticola (33EF), at physiological stress
conditions. Previous studies have described species of these
genera as producers of secondary metabolites and antagonists
to phytopathogens (e.g., Breinholt et al., 1997; Giridharan
et al., 2014; Braga et al., 2018; Puri et al., 2018; Zhu et al.,
2021); however, when we forced the interaction of these species
with G. max plants, biotic stress responses were observed in
the plants.

The phytopathogenic opportunism of Codinaeopsis sp.
(328EF), when interacting with G. max roots, was also confirmed
by the high sporulation observed via electron microscopy during
colonization by this strain. Phytopathogenic fungi often sporulate
in the presence of host tissues (Su et al., 2012), which is a
mechanism used to stimulate the in vitro sporulation of this class
of fungi (e.g., Crous et al., 2006; Li et al., 2007; Liu et al., 2010).
The biotin present in plant tissues may change the synthesis
of wall polysaccharides and oleic acid, triggering the selective
expression of genes involved in sporulation (Su et al., 2012).

Plants inoculated with P. alvei (PA12) and L. fusiformis
(PA26) presented low ABS/RC and DIo/RC values, which
is compatible with non-inoculated plants and indicates the
absence of biotic stress promotion by these strains since the
potential of these plants to capture photons was not reduced.
Plants often try to improve their adaptability under stress
by adjusting energy distribution. Therefore, higher DIo/RC
values indicate a shift from photochemically active centers to
photochemically inactive PSII centers (Malnoë, 2018; Guidi
et al., 2019). Likewise, the high Pi_Abs values observed in
plants treated with P. alvei (PA12) and L. fusiformis (PA26)
indicate high vitality, which, in general, is due to the significantly
increased density of chlorophyll reaction centers. The Pi_Abs
value reflects the functionality of both photosystems I and II
and represents quantitative information about the current state

of plant performance under stress conditions (Strasser et al.,
2004). These high values reflected positive P. alvei (PA12) and
L. fusiformis (PA26) inoculation effects on Phi_Po, indicating
improved photosynthetic functionality (Ivanov et al., 2017; Dalal
and Tripathy, 2018).

The Hydroponic System Proved the
Positive Effect of Microbial Inoculation on
P Absorption and Photosynthetic
Performance in G. max
Plants grown without the inoculation of microorganisms
presented tissue P contents compatible with those observed
in plants grown in P-free solution, which negatively affected
pigment synthesis, photosynthetic performance (Pi_Abs), and
pigment development in RVE. Rhizobacteria or growth-
promoting fungi can induce metabolic processes that improve
photosynthetic and developmental yields (e.g., De Andrade et al.,
2019; Bakhshandeh et al., 2020; Kartik et al., 2020; Moretti
et al., 2020; Jabborova et al., 2021). Some studies have shown
that inoculation can be important under stressful conditions
to improve the resilience, development, and productivity of
different plant species (Bruno et al., 2020; Forouzi et al., 2020;
Prittesh et al., 2020; e.g., Batool et al., 2020).

Component analysis showed that non-inoculated plants
were not related to negative fluorescence factors, nor positive
developmental and physiological performance factors. Plants
under P-free solution and inoculated with microorganisms
Codinaeopsis sp. (328EF), H. insecticola (33EF), Biomaphos R©,
and E. keratinophilum (SC4) were strongly correlated with
DIo/RC, ABS/RC, TRo/RC, and Ci parameters, which are
negatively related to positive biometric and physiological
patterns, reinforcing the hypothesis that these patterns constitute
biotic stress responses in G. max.

CONCLUSION

Calcium phosphate solubilization results obtained using a
hydroponic system were inconsistent with those observed in
solid and liquid media; however, tests in liquid medium
demonstrated the poor performance of Codinaeopsis sp. (328EF)
and H. insecticola (33EF) in reducing the pH and levels of
solubilizing phosphates, corroborating the effects of biotic stress
observed in G. max plants inoculated with these strains. On the
other hand, the hydroponic system allowed the characterization
of P. alvei (PA12), which was also efficient in solubilizing
CaHPO4 in a liquid medium, and L. fusiformis (PA26) was the
most effective in CaHPO4 solubilization because of its better
effects on P absorption, growth promotion, and physiological
performance observed in plants inoculated with these bacteria.
Therefore, the use of a hydroponic system indicated strains
with higher potential than Biomaphos R© for growth promotion.
These results demonstrated the effectiveness of this approach
in confirming the functional traits of strains previously
selected as solubilizers, as it allowed the evaluation of tissue
nutritional content patterns, growth patterns, photosynthetic
performance, anatomical patterns, and even the detection of
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biotic stress responses to inoculation, the latter making the use
of strains unfeasible.
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2-Keto-L-Gulonic Acid Improved the 
Salt Stress Resistance of  
Non-heading Chinese Cabbage  
by Increasing L-Ascorbic Acid 
Accumulation
Mingfu Gao 1,2, Hao Sun 1,3, Meijun Shi 1,2, Qiqi Wu 1,2, Dongxu Ji 1,2, Bing Wang 1,2, 
Lixin Zhang 4, Yang Liu 5, Litao Han 5, Xicheng Ruan 5, Hui Xu 1,3* and Weichao Yang 1,3*

1 Key Laboratory of Pollution Ecology and Environmental Engineering, Institute of Applied Ecology, Chinese Academy of 
Sciences, Shenyang, China, 2 University of Chinese Academy of Sciences, Beijing, China, 3 CAS Engineering Laboratory for 
Green Fertilizers, Institute of Applied Ecology, Chinese Academy of Sciences, Shenyang, China, 4 State Key Laboratory of 
Bioreactor Engineering and School of Biotechnology, East China University of Science and Technology (ECUST), Shanghai, 
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Salt stress has long been a prominent obstacle that restricts crop growth, and increasing 
the L-ascorbic acid (ASA) content of crops is an effective means of alleviating this stress. 
2-Keto-L-gulonic acid (2KGA) is a precursor used in industrial ASA production as well as 
an ASA degradation product in plants. However, to date, no study has investigated the 
effects of 2KGA on ASA metabolism and salt stress. Here, we evaluated the potential of 
using 2KGA to improve crop resistance to salt stress (100 mM NaCl) through a cultivation 
experiment of non-heading Chinese cabbage (Brassica campestris ssp. chinensis). The 
results showed that the leaf and root biomass were significantly improved by 2KGA 
application. The levels of metabolites and enzymes related to stress resistance were 
increased, whereas the hydrogen peroxide (H2O2) and malondialdehyde (MDA) contents 
were decreased. Lipid peroxidation and cell membrane damage were alleviated following 
2KGA treatment. Positive correlations were found between photosynthetic pigments and 
organic solutes, ASA and photosynthetic pigments, and ASA and antioxidant enzymes. 
In contrast, negative correlations were observed between antioxidant enzymes and H2O2/
MDA. Moreover, the expression levels of L-gulono-1,4-lactone oxidase, GDP-mannose 
pyrophosphorylase, dehydroascorbate reductase-3, and ascorbate peroxidase were 
increased by 2KGA treatment. These results suggested that exogenous 2KGA application 
can relieve the inhibitory effect of salt stress on plant growth, and the promotion of ASA 
synthesis may represent a critical underlying mechanism. Our findings have significant 
implications for the future application of 2KGA or its fermentation residue in agriculture.

Keywords: 2-keto-L-gulonic acid, L-ascorbic acid, organic acid, salt stress, lipid peroxidation, non-heading 
Chinese cabbage
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INTRODUCTION

Abiotic stress refers to specific environmental factors that are 
unfavorable for plant survival and development, such as high 
temperature, drought, and saline-alkali soils (Zandalinas et  al., 
2020). There are large areas of saline-alkali soils globally, and 
crops grown in these soils usually have a low yield and are 
of poor quality (Zhao et  al., 2014). Moreover, hydroponic 
agriculture with desalinated seawater is also associated with 
the detrimental effects of salt stress (Santos et  al., 2019). These 
observations highlight that saline-alkali soils or environments 
constitute key factors that restrict the sustainable development 
of agriculture.

L-ascorbic acid (ASA, vitamin C) is a non-enzymatic 
antioxidant commonly found in plants and plays a vital role 
in protecting plants from oxidative damage caused by abiotic 
stress. ASA is employed as an electron donor by ascorbate 
peroxidase (APX; EC 1.11.1.11), which catalyzes the conversion 
of hydrogen peroxide (H2O2) to water and O2 (Tyagi et  al., 
2020). Simultaneously, humans must obtain ASA from the diet, 
especially vegetables and fruits, to maintain good health. Current 
evidence shows that the fluctuation of ASA metabolism in 
plants greatly influences the resistance of plants to salt stress. 
Several studies have emphasized that increasing ASA levels 
can strengthen the salt stress tolerance of plants. Liu et  al. 
(2013) demonstrated that, in tobacco, the knock-in of cDNA 
encoding L-galactose-1,4-lactone dehydrogenase (GLDH; EC 
1.3.2.3), which catalyzes the conversion of L-galactono-1,4-
lactone to ASA, increased GLDH expression and ASA content, 
thereby enhancing salt stress tolerance in the plant. Similarly, 
the overexpression of dehydroascorbate reductase [encoding 
dehydroascorbate reductase (EC 1.8.5.1), the enzyme that 
catalyzes the regeneration of ASA from dehydroascorbic acid] 
in rice also increased ASA content, consequently enhancing 
the adaptability of rice to salt stress (Kim et al., 2014). Moreover, 
the application of exogenous ASA can also increase the ASA 
content and salt stress resistance of plants (Shalata and Neumann, 
2001). Despite these benefits of ASA, concerns regarding the 
use of genetically modified crops and the inherent instability 
of ASA have complicated their application in agriculture. 
Additionally, low ASA synthesis in plants under abiotic stress 
can greatly inhibit their growth and development (Huang et al., 
2005; Gao and Zhang, 2008). Combined, the above evidence 
suggests that increasing the level of ASA can enhance the 
ability of plants to resist salt stress.

2-Keto-L-gulonic acid (2KGA) is an intermediate metabolite 
of ASA metabolism in plants and is produced via the degradation 
of ASA (Jia et  al., 2019). In grape tissues, 2KGA is used to 
synthesize tartaric acid (Jia et  al., 2019). However, no study 
to date has investigated the effects of 2KGA on ASA metabolic 
activities or plant growth and development. Interestingly, 2KGA, 
mainly produced via two-step microbial fermentation using 
sorbitol as a substrate, is also a key precursor used in the 
chemical synthesis of ASA (Yang et  al., 2017). Currently, the 
global production of 2KGA is approximately 160,000–180,000 
tons per year (Xu et  al., 2021), and the application of this 
organic acid is merely limited to the industrial production of 

ASA. In addition, more than 50,000 tons of fermentation residue 
are discarded every year from the ASA industry in China 
(Kong et  al., 2014), with 2KGA accounting for approximately 
25–30% of this residue. Unlike many industrial waste products, 
this fermentation residue does not contain harmful chemicals 
or an excess of heavy metals; nonetheless, it is now treated 
as a wastewater (Xu et  al., 2021). One study showed that 
treatment with the 2KGA-containing fermentation residue can 
increase the biomass and ASA content of plants in saline soil 
(Kong et al., 2014), suggesting that it has potential for agricultural 
application. However, this fermentation residue is a solution 
comprising a mixture of organic acids, such as 2KGA, oxalic 
acid, formic acid, and acetic acid, among others. To assess its 
suitability for use in agriculture, it is necessary to investigate 
the effects of 2KGA in isolation.

Non-heading Chinese cabbage (Brassica campestris ssp. 
chinensis) is widely cultivated in China, including in hydroponic 
agriculture. In this study, this crop plant was used as the 
research material to determine whether 2KGA can enhance 
the resistance of crops to salt stress. In addition to ASA, 
organic solute [e.g., soluble carbohydrates (SC), soluble proteins 
(SP), and proline] and photosynthetic pigment contents and 
the activities of antioxidant enzymes [e.g., superoxide dismutase 
(EC 1.15.1.1), peroxidase (EC 1.11.1.1), APX, and catalase 
(EC 1.11.1.6)] are also known to be  important for plant 
resistance to salt stress (Nounjan et  al., 2012; Ahanger et  al., 
2019); here, these parameters were also examined to evaluate 
the potential of 2KGA in relieving salt stress in plants. 
Furthermore, we  measured the expression levels of genes 
involved in the ASA biosynthesis and recycling pathways to 
reveal the effect of 2KGA treatment on plant ASA metabolism 
under salt stress. The aim of this study was to provide a 
basis for the future application of 2KGA or its fermentation 
residue in agriculture.

MATERIALS AND METHODS

Plant Materials and Cultivation Conditions
The experiment was conducted in a laboratory of the Institute 
of Applied Ecology, Chinese Academy of Sciences, Shenyang, 
China. 2KGA (>99.4%) was supplied by Northeast Pharmaceutical 
Group Co., Ltd., Shenyang, China. Non-heading Chinese cabbage 
seeds were soaked in 8% sodium hypochlorite solution for 
10 min, washed with desalinated water at least three times, 
and then placed on moist germination paper. After 6 days, the 
cabbage seedlings at the first new leaf stage were transplanted 
into 1/2 Hoagland nutrient solution. When the third new leaf 
appeared, the seedlings were divided into the following three 
groups (90 seedlings per group): Group  1 (CK group), in 
which cabbage seedlings were transplanted into fresh 1/2 
Hoagland nutrition solution as a control; group 2 (Na+ group), 
in which the fresh 1/2 Hoagland nutrient solution was 
supplemented with NaCl (final concentration: 100 mM); and 
group  3 (Na++2KGA group), in which the fresh 1/2 Hoagland 
nutrient solution was supplemented with NaCl (final 
concentration: 100 mM) and 2KGA (final concentration: 1 mM; 
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Figure  1). The cultivation conditions of the seedlings were as 
previously reported (Lacerda et al., 2003). During the experiment, 
the temperature was set at 26 ± 2°C, the relative humidity at 
60 ± 10%, and the illumination at 8,000 lx. Plant samples were 
collected on days 3, 6, and 9 after the nutrient solution 
was replaced.

Analysis of Photosynthetic Pigments
The assay for photosynthetic pigment content was based on 
the method of Lichtenthaler (1987). Photosynthetic pigments 
were extracted from leaves with 95% ethanol. The absorbance 
of the extract was measured at the 470, 649, and 665 nm 
wavelengths. Full details are provided in Supplementary  
Method 1. Chlorophyll a (Chla), chlorophyll b (Chlb), total 
chlorophyll (Chlab), and carotenoid (Car) contents were 
calculated according to the following formulas:

CChla = 13.36 × A665 − 5.19 × A649 (μg/ml)
CChlb = 27.43 × A649 − 8.12 × A665 (μg/ml)
CChlab = 5.24 × A665 + 22.24 × A649 (μg/ml)
CCar = (1,000 × A470 − 2.13 × CChla − 97.64 × CChlb)/209 (μg/ml)

Leaf and Root Sampling
Leaves and roots were collected on day 9 for the determination 
of the relevant parameters. The length and width of the 
leaves were measured. Total root length (the sum of detectable 
primary and lateral root lengths), root tip number, root 
average diameter, and surface area were measured using a 
Microtek ScanMaker i800 plus scanner, and the related 
parameters were collected via the instrument’s supporting 
software. Root morphology was observed under a microscope. 

Fresh plant samples were directly weighed to record fresh 
weight and then dried to constant weight at 75°C to record 
dry weight. Fresh roots were soaked in desalinated water, 
placed at 4°C in the dark for 24 h, and then weighed to 
determine root turgor weight. Root relative water content 
was calculated according to the reported formula (Annunziata 
et  al., 2017):
Root relative water content = (root fresh weight  –  root dry 
weight)/(root turgor weight  –  root dry weight) × 100%.

Determination of Soluble Carbohydrate, 
Soluble Protein, Proline, and ASA Content 
in the Leaves
Soluble carbohydrate content in the leaves was determined using 
the phenol-sulfuric acid method (Nielsen, 2010). Leaves (0.5 g) 
were chopped and placed in a centrifuge tube containing 5 ml 
of desalinated water. The tube was placed in a boiling water 
bath for 30 min and then cooled to room temperature. Next, 
the samples were centrifuged at 7,200 × g for 10 min at room 
temperature. The supernatant was transferred to a graduated 
test tube, and desalinated water was added to a total volume 
of 10 ml, yielding the extract solution. A 1-ml aliquot of extract, 
0.5 ml of phenol solution (9% w/v), and 2.5 ml of concentrated 
sulfuric acid (98%) were placed in a stoppered glass test tube, 
mixing, and placed in a boiling water bath for 15 min. After 
cooling to room temperature, the absorbance was measured at 
490 nm. SC content was calculated using a glucose standard curve.

Soluble proteins concentration was assessed using the Bradford 
assay (Bradford, 1976). Proline was extracted from the leaves 
using sulfosalicylic acid (3% w/v) and quantified based on a 

FIGURE 1  |  The experimental setup of the study. 2KGA, 2-keto-L-gulonic acid. CK, seedlings were cultivated in 1/2 Hoagland nutrition solution; Na+, the 1/2 
Hoagland nutrient solution was supplemented with NaCl (100 mM); and Na++2KGA, 1/2 Hoagland nutrient solution was supplemented with NaCl (100 mM) and 
2KGA (1 mM).
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previous report (Ghoulam et  al., 2002). Details of the method 
are provided in Supplementary Methods 2, 3.

Ascorbic acid content was measured using a HPLC as 
previously reported (Cronje et al., 2012), with some modifications. 
The leaves (0.3 g) were ground with liquid nitrogen and dissolved 
in 5 ml of 1% (w/v) metaphosphate in an ice bath. The 
homogenate was centrifuged at 7,200 × g for 10 min at 4°C, 
and the resulting supernatant was diluted with metaphosphate 
and filtered using a 0.22-μm injection filter. A 20-μl aliquot 
of the filtered solution was injected into an AQ-C18 column 
for analysis. The detection conditions were as follows: mobile 
phase, 95% 20 mM phosphate buffer, pH 2.8 ± 0.1, and 5% 
acetonitrile; flow rate, 1 ml/min; temperature, 40°C; detection 
wavelength, 243 nm. The ASA content of the samples was 
determined according to a standard curve.

Antioxidant Enzyme Activity
Leaf samples (0.2 g) in 2 ml of PBS (20 mM, pH 7.2 ± 0.1) 
supplemented with 0.1 mM EDTA-Na, 0.5 mM ASA, and 
polyvinylpyrrolidone (0.1% w/v) were evenly ground in an ice 
bath using a mortar and pestle. The homogenate was centrifuged 
at 7,200 × g for 10 min at 4°C, and the supernatant was collected 
as the crude enzyme solution. The activities of superoxide 
dismutase (SODa), ascorbate peroxidase (APXa), catalase (CATa), 
and peroxidase (PODa) were assayed as previously described 
(Azevedo Neto et  al., 2006; Wang et  al., 2014). More details 
of the experiment are provided in Supplementary Method 4.

Measurement of H2O2 and 
Malondialdehyde Levels
The H2O2 content was determined using potassium iodide (KI; 
Velikova et  al., 2000). Leaf samples (0.5 g) were ground in an 
ice bath with 5 ml of trichloroacetic acid (TCA, 0.1% w/v). 
The homogenate was centrifuged at 7,200 × g for 10 min at 
4°C, and 0.5 ml of the supernatant was mixed with 0.5 ml of 
0.1 mol/l potassium phosphate buffer (pH 7.0 ± 0.1) and 1 ml 
of 1 mol/L KI solution and kept at room temperature in the 
dark for 1 h. Absorbance was then determined at 390 nm. The 
H2O2 concentration was calculated using a H2O2 standard curve.

Malondialdehyde (MDA) content was determined using the 
thiobarbituric acid (TBA) method (Li and Yi, 2012). One gram 
of sample was mixed with 2 ml of TCA (10% w/v) and a 
small amount of quartz sand and ground to obtain the 
homogenate. Subsequently, 8 ml of TCA (10% w/v) was added 
to allow the even mixing of the homogenate. The homogenate 
was then centrifuged at 7,200 × g for 10 min at 4°C, and the 
supernatant was used as the sample extract solution. Then, 
2 ml of the extract solution was added to 2 ml of TBA (0.6% 
w/v) solution and the mixture were placed in a boiling water 
bath for 15 min to initiate the reaction. The mixture was 
subsequently rapidly cooled and centrifuged at 7,200 × g for 
3 min at room temperature. The absorbance of the supernatant 
was measured at 450, 532, and 600 nm. The MDA concentration 
was calculated using the following formula:

CMDA = 6.45 × (A532 − A600) − 0.56 × A450 (μmol/L)

The Expression of Genes Related to ASA 
Accumulation
The expression levels of L-gulono-1,4-lactone oxidase (GLO), 
GDP-mannose pyrophosphorylase (GMP), Myo-inositol oxygenase 
(MIOX), and GLDH in the ASA biosynthesis pathway and 
monodehydroascorbate reductase (MDHAR), dehydroascorbate 
reductase-1 (DHAR1), dehydroascorbate reductase-3 (DHAR3), and 
APX in the ASA recycling pathway were examined. Total RNA 
was extracted from leaves according to the instructions of the 
SteadyPure Universal RNA Extraction Kit (Code No. AG21017; 
Accurate Bio, Inc., Hunan, China). cDNA was prepared using 
Evo M-MLV RT Premix for qPCR (Code No. AG11706; Accurate 
Bio, Inc., Hunan, China). qPCR was performed using the SYBR 
Green Premix Pro Taq HS qPCR Kit (Code No. AG11701; Accurate 
Bio, Inc., Hunan, China). Details of the primers used are shown 
in Supplementary Table S1. Relative gene expression levels were 
calculated using the 2-ΔΔCt method (Livak and Schmittgen, 2001).

Statistical Analysis
Two-tailed Student’s t tests were used for statistical analysis. 
A value of p < 0.05 was considered statistically significant. Each 
parameter was evaluated in at least three biological replicates. 
Spearman’s method was used to analyze putative correlations 
among the metabolites. Cytoscape 3.7.2 was used to plot the 
correlation networks.

RESULTS

Leaves and Photosynthetic Pigments
We found that salt stress significantly inhibited seedling growth. 
Compared with the CK (control) group, seedlings in the Na+ 
group were stunted and the leaves were significantly smaller 
(Figure  2A). Additionally, the fresh and dry weights of the 
salt-stressed leaves were reduced by 48.21 and 51.37%, 
respectively, compared with those of the CK group (Figure 2B). 
However, the addition of 2KGA (Na++2KGA group) significantly 
increased the fresh weight and dry weight of the seedlings 
under stress by 45.77 and 48.44%, respectively, thereby effectively 
counteracting the negative impact of stress on seedling growth.

To improve the resistance of plants to salt stress, their 
photosynthetic efficiency must be  enhanced by increasing the 
photosynthetic pigment content. Compared with those of the Na+ 
group, leaves in the Na++2KGA group exhibited a greater 
accumulation of photosynthetic pigments. The Chlab content was 
also significantly greater in the leaves of the Na++2KGA group 
on day 6; however, no difference in the Chla/Chlb ratio was 
observed between the two groups. Interestingly, 2KGA treatment 
led to a marked increase in carotenoid content, with the highest 
increase (12.5%) being recorded on day 3. Correspondingly, the 
Chlab/Car ratio of the Na++2KGA group was lower (Figure  2C).

Root Growth and Development
Compared with the CK group, Na+-only treatment significantly 
reduced the root fresh weight and dry weight by 41.17 and 
39.56%, respectively (Figures  3A,B), while the total root 
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length, root surface area, average diameter, and root tip 
number were reduced by 12.89, 37.73, 32.90, and 16.94%, 
respectively. However, 2KGA supplementation relieved the 
inhibitory influence of salt stress on the roots. The 
corresponding root indices in the Na++2KGA group showed 
increases of 43.73, 37.27, 32.72, 42.56, 5.92, and 86.86% 
compared to the Na+ group. Surprisingly, even under salt 
stress, the addition of 2KGA (Na++2KGA group) increased 

the total root length and root tip number by 15.62 and 
55.21%, respectively, compared with that of the CK group. 
Moreover, microscopic analysis showed that the roots of 
the Na++2KGA group contained more and longer fine roots 
(Figure  3C). Unlike with the plant biomass, no significant 
changes in water content or root relative water content  
were recorded between the Na+ and Na++2KGA groups 
(Supplementary Figure S1).

A

C

B

FIGURE 2  |  Leaf morphology, biomass, and photosynthetic pigment content. The morphology (A), biomass, length, and width (B), and photosynthetic pigment 
content (C) of the leaves. Chla, chlorophyll a; Chlb, chlorophyll b; Car, carotenoids; Chlab, total chlorophyll; Chla/Chlb, the ratio of chlorophyll a content to 
chlorophyll b content; Chlab/Car, the ratio of total chlorophyll content to carotenoid content; FW, fresh weight; and ns, not significant; *p < 0.05, **p < 0.01.
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Organic Solutes, ASA, Antioxidant 
Enzymes, H2O2, and MDA
Under salt stress, plants must increase their levels of anti-
osmotic organic solutes (such as SC, SP, and proline) to maintain 
cell morphology and balance osmotic pressure. In the early 
stage of stress (day 3), the SC concentration of the Na+ group 
increased by 30.47% compared with that of the CK group. 
Subsequently, however, the SC levels in the Na+ group decreased 
rapidly and were lower than those of the CK group on days 
6 and 9. There was no significant difference in SC content 
between the Na++2KGA and Na+ groups on day 3; however, 
the SC content in the Na++2KGA group remained at a high 
level on days 6 and 9, showing increases of 81.68 and 98.03%, 
respectively, relative to those of the Na+ group (Figure  4).

The SP concentration displayed a continuous increase over 
time. The Na++2KGA group had a greater SP content than the 
Na+ group, showing increases of 7.37, 9.53, and 4.74% on days 
3, 6, and 9, respectively. From day 6, proline accumulation was 
significantly improved in the Na+ group and was 6.15-fold higher 
compared with that of the CK group. The proline content in the 
Na++2KGA group was similar, albeit slightly greater, to that of 
the Na+ group. The ASA content of all the groups peaked on 
day 3. Compared with the Na+ group, the ASA content in the 
Na++2KGA group was significantly increased (16.24%). After day 
3, the ASA content of each group began to decline and was 
lower in the Na+ and Na++2KGA groups than in the CK group 
on days 6 and 9; however, the ASA level was always higher in 
the Na++2KGA group than in the Na+ group (Figure  4).

Superoxide dismutase was 7.90% higher in the Na++2KGA 
group compared with that of the Na+ group on day 9. Meanwhile, 
PODa in the Na++2KGA group was 9.63, 10.17, and 18.15% 
higher on days 3, 6, and 9, respectively, compared with that 
of the Na+ group. Additionally, compared with the Na+ group, 
APXa in the Na++2KGA group was increased by 27.80, 11.03, 
and 10.29% on days 3, 6, and 9, respectively. Similarly, 2KGA 
caused a continuous increase in CATa of 31.85, 21.97, and 
23.19% on days 3, 6, and 9 compared to that of Na+ (Figure 4).

In plants, MDA is a product of cell membrane lipid oxidation 
and is a biochemical marker for assessing the degree of membrane 
lipid peroxidation (Silva et  al., 2010). The results showed that 
H2O2 and MDA remained at a stable level in the seedlings 
under normal growth conditions but increased under salt stress. 
In the early stage (day 3), 2KGA did not affect H2O2 metabolism; 
from day 6, however, the H2O2 level in the Na++2KGA group 
decreased rapidly compared with that of the Na+ group and 
was reduced by 16.16% on day 9. Simultaneously, the MDA 
content decreased by 8.97% on day 9. These results indicated 
that membrane lipid peroxidation was attenuated following 
2KGA treatment. The level of H2O2 in the Na++2KGA group 
was similar to that of the control group on day 9 (Figure  4).

Analysis of Correlations Among Leaf 
Metabolites
Under salt stress, variations in the levels of organic solutes 
and photosynthetic pigments and activities of antioxidant 
enzymes in leaves were correlated with H2O2 and MDA contents 

FIGURE 3  |  Root morphology and indexes for each experimental group. The morphology of intact plants (A) and roots (10 × 4; magnification: ×40; C), and root-
related parameters (B). Five root samples of each biological replicate were scanned. Total root length was calculated as the sum of detectable primary and lateral 
root lengths. ns, not significant, *p < 0.05.
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(Supplementary Figure S2). Under 2KGA treatment, changes 
in photosynthetic pigment levels were correlated with the 
osmotic resistance of organic solute contents (Figure  5A). The 
Chla/Chlb ratio was negatively correlated with SP and proline 
levels and positively correlated with SC levels; however, Chlab/
Car levels were positively correlated with SP and proline content 
and negatively correlated with SC content. Antioxidant enzyme 
activity was negatively correlated with H2O2 and MDA 
concentrations (Figure 5B). ASA content was positively correlated 
with antioxidant enzyme activity and photosynthetic pigment 
levels (Figure  5C).

ASA-Related Gene Expression
The expression levels of GLO and GMP, genes acting in the 
ASA biosynthesis pathway, were significantly increased in the 
Na++2KGA group relative to those of the Na+ group; in particular, 
the GLO expression level was consistently higher in the 
Na++2KGA group than in the Na+ group (Figure  6). MIOX 
and GLDH levels were not significantly different between the 
Na+ and Na++2KGA groups.

In the ASA recycling pathway, 2KGA treatment did not 
affect the expression of MDHAR or DHAR1. Compared to the 
Na+ group, the expression level of DHAR3 was significantly 
increased on day 6  in the Na++2KGA group, but no significant 
difference was observed between the two groups on day 9. 
Furthermore, the expression of DHAR3 was lower in both the 
Na+ and Na++2KGA groups than in the control group (p < 0.05; 
Supplementary Figure S3). The expression of APX in the 
Na++2KGA group was higher than that in the Na+ group at 
each sampling time point (Figure  6). The results of nucleic 

acid quality assessment are provided in Supplementary Table S3 
and Supplementary Figure S4.

DISCUSSION

We have previously shown that a 2KGA-rich fermentation 
residue from the vitamin C industry could increase soil organic 
matter content and endogenous ASA concentrations in crops, 
thereby leading to increased crop yields in saline soil (Kong 
et al., 2014). However, this fermentation residue was a mixture, 
and its main effectors had not been identified. The 2KGA 
content in the residue varies between 25 and 30%, that of 
oxalic acid is approximately 1–2%, while the levels of other 
organic acids comprise less than 1%; much of the rest is water. 
This suggested that the 2KGA component of the residue might 
be a key to enhancing ASA production in plants. In this study, 
we  found that 2KGA treatment increased the biomass of 
non-heading Chinese cabbage subjected to salt stress.

In this study, under salt stress, the levels of H2O2 and MDA 
in non-heading Chinese cabbage seedlings were significantly 
increased, and peroxidative damage in the cell membrane was 
aggravated, resulting in the inhibition of seedling leaf and 
root development. However, the observed increase in leaf and 
root biomass, especially that of roots, in the Na++2KGA group 
suggested that 2KGA could effectively relieve this inhibitory 
effect and promote seedling growth and development. Because 
it has been shown that enhancing endogenous ASA levels can 
promote root development (Aghaei et  al., 2008), we  speculated 
that these effects were most likely related to an increase in 

FIGURE 4  |  Variations in the contents of organic solutes, ASA, antioxidant enzymes, H2O2, and MDA in seedling leaves at different time points. Data were 
normalized relative to the control (CK) group. The absolute results are shown in Supplementary Table S2. SC, soluble carbohydrate; SP, soluble protein; ASA, 
L-ascorbic acid; SODa, superoxide dismutase activity; PODa, peroxidase activity; APXa, ascorbate peroxidase activity; CATa, catalase activity; H2O2, hydrogen 
peroxide; and MDA, malondialdehyde. *p < 0.05, **p < 0.01.
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ASA levels in the seedlings. In general, fluctuations in the 
concentrations of anti-osmotic organic solutes (including ASA), 
photosynthetic pigments, and antioxidant enzymes are essential 
for plants to resist salt stress.

Salt stress reduces the osmotic potential of plant cells by 
creating a high-salinity environment, which results in osmotic 
stress. The latter will lead to a reduction in the relative water 
content of plants and is not conducive to the maintenance of 
cell morphology (Annunziata et al., 2017). Osmotic adjustment 
represents an adaptive mechanism that helps cells maintain 
osmotic pressure and ensures normal metabolism and crop 
growth. In this study, we found that 2KGA treatment increased 
the SC, SP, and free proline contents in the leaves of non-heading 
Chinese cabbage under salt stress. The accumulation of SC is 
especially important for osmotic regulation, while SP and proline 
are believed to play a more important role in protecting cells 
from oxidative damage and enhancing defensive responses 
(Zhang et  al., 2011; Li et  al., 2019; Alfosea-Simón et  al., 2020).

In the present study, the photosynthetic pigment content 
was found to be  correlated with the SC level. When 2KGA 

was added under conditions of salt stress, the Chlab/Car ratio 
was negatively correlated with SC content. The results also 
showed that SC content was significantly increased on day 3 
post stress induction and then rapidly decreased in the CK 
and Na+ groups, while the addition of 2KGA could effectively 
reverse the loss of SC content. Simultaneously, the Na++2KGA 
group had a lower ratio of Chab/Car. Under all treatments, 
the photosynthetic pigment content continuously increased 
along with the growth of the seedlings. Under salt stress, 
photosynthetic pigments accumulated at a high level, and the 
variations in H2O2 and MDA contents were positively correlated 
with photosynthetic pigment levels. This indicated that enhanced 
photosynthesis was a defense mechanism employed by seedlings 
to resist salt stress, and the addition of 2KGA further promoted 
the accumulation of photosynthetic pigments. This was in 
agreement with the results of previous studies, in which an 
increase in photosynthetic pigment levels was shown to improve 
photosynthetic efficiency and promote plant growth (Garg et al., 
2002; Li and Yi, 2020). In contrast, in a recent study, Gautam 
et al. (2020) found that the photosynthetic efficiency of tobacco 

A

B C

FIGURE 5  |  The correlations among different metabolites in seedling leaves. (A) The correlation between photosynthetic pigment and organic solute contents. 
(B) The correlation between antioxidant enzyme activities and H2O2/MDA levels. (C) The correlation among ASA, antioxidant enzyme activity, and photosynthetic 
pigment content. Chla, chlorophyll a; Chlb, chlorophyll b; Car, carotenoids; Chlab, total chlorophyll; Chla/Chlb, the ratio of chlorophyll a content to chlorophyll b 
content; Chlab/Car, the ratio of total chlorophyll content to carotenoid content; SC, soluble carbohydrate; SP, soluble protein; SODa, superoxide dismutase activity; 
PODa, peroxidase activity; APXa, ascorbate peroxidase activity; CATa, catalase activity; H2O2, hydrogen peroxide; MDA, malondialdehyde; and ASA, L-ascorbic 
acid. The data correspond to the absolute value of the correlation coefficient. *p < 0.05, **p < 0.01.
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was reduced under salt stress. Differences in crop species 
investigated, time of action, or salt stress intensity might explain 
these discrepant results.

Photosynthesis is the primary means by which plants obtain 
carbon sources in the environment. However, in this study, 
the increase in photosynthetic pigment concentrations did not 
improve SC content in seedlings. Interestingly, photosynthetic 
pigment levels were positively correlated with variations in SP 
and proline content, indicating that seedlings could respond 
to salt stress by increasing photosynthetic pigment production 
and adjusting the Chla/Chlb and Chlab/Car ratios. Combined, 
these observations suggested that the addition of 2KGA enhanced 
the ability of the seedlings to regulate photosynthetic pigment 
levels, thereby resisting salt stress.

The photosynthesis system is also one of the main sites 
of reactive oxygen species (ROS) production in plant cells 
(Foyer and Noctor, 2011). Here, we  found that salt stress 
increased the H2O2 content. The accumulation of ROS leads 
to an increase in antioxidant enzyme activity (Attia et  al., 
2020; Li and Yi, 2020). Accordingly, PODa, CATa, and APXa 
were higher in the Na+ group than in the CK group and 
were positively correlated with fluctuations in H2O2 and 
MDA levels (Supplementary Figure S2). However, with the 
application of 2KGA, the activities of all four enzymes 
increased relative to those in the Na+ group, and they were 
all negatively correlated with H2O2 and MDA contents. These 
results suggested that salt stress promoted the increase in 
H2O2 and MDA concentrations in seedlings, which 
subsequently led to a passive increase in antioxidant enzyme 
activities. Nevertheless, the addition of 2KGA enhanced 
antioxidant enzyme activity in the leaves, leading to faster 
H2O2 and MDA clearance.

Our findings demonstrated that the application of 2KGA could 
significantly increase ASA concentrations in non-heading Chinese 
cabbage seedlings exposed to salt stress. ASA content was positively 
correlated with antioxidant enzyme activities and photosynthetic 
pigment levels, indicating that the increase in ASA levels promoted 
the increase in antioxidant enzyme activities and photosynthetic 
pigment contents in the seedlings. Plants use ASA to remove 
large amounts of ROS produced by the photosynthesis system 
to avoid peroxidative damage (Talla et al., 2011), which is indicative 
of the importance of ASA in the protection of the photosynthesis 
system. Lim et al. (2012) reported that under salt stress, increasing 
endogenous ASA content in the tomato could enhance the 
photosynthetic pigment content. Meanwhile, exogenous ASA 
application can reportedly increase the levels of endogenous ASA 
and the activities of antioxidant enzymes in plants under heavy 
metal stress and salt stress (Athar et  al., 2008; Chao and Kao, 
2010). The above results suggested that ASA has a crucial function 
in plant defenses against salt stress.

To explore the mechanism underlying the 2KGA-mediated 
enhancement of ASA synthesis in non-heading Chinese cabbage 
under salt stress, we  analyzed the expression levels of eight 
genes involved in the ASA accumulation. DHAR3 was more 
highly expressed in the Na++2KGA group relative to that in 
the Na+ group, but only in the early stage of the experiment; 
in later stages, DHAR3 expression was downregulated in both 
groups. This observation may explain why the ASA content 
was lower in the salt-stressed groups than in the CK group. 
The increase in GMP expression in the Na++2KGA group 
reached significance only on day 9, and its contribution to 
ASA accumulation in the early stage was thus likely to have 
been limited. At present, GLO is the only confirmed enzyme 
involved in the synthesis of ASA in the L-gulose pathway. 
The expression level of GLO in the Na++2KGA group was 
maintained at a higher level throughout the whole test period 
compared with that in the Na+ group, while greater ASA 
accumulation was also observed in the former. An earlier study 
on the potato showed that an increase in GLO expression 
promoted the accumulation of ASA and enhanced abiotic stress 
tolerance (Lim et  al., 2012). As a downstream product of ASA 
metabolism, the ketone group of 2KGA can be  reduced to a 
hydroxyl group (Jia et  al., 2019), which has the possibility of 
forming gulonic acid, a precursor in gulonolactone synthesis 
(catalyzed by GLO and converted to ASA) in plants (Cruz-Rus 
et  al., 2012). This suggests strongly that exogenous 2KGA 
supplementation may increase the endogenous 2KGA content 
in non-heading Chinese cabbage. Meanwhile, the higher levels 
of gulonic acid and gulonolactone, both ASA precursors, finally 
leads to an increase in ASA content via GLO catalytic activity. 
The increase in GMP and DHAR3 expression levels also exerted 
a positive effect on plant ASA accumulation (Lin et  al., 2011; 
Wang et  al., 2019). Moreover, in agreement with the observed 
increase in APX enzyme activity, APX gene expression was 
found to be  upregulated with 2KGA administration, which 
further implied that 2KGA enhanced the resistance of 
non-heading Chinese cabbage seedlings to salt stress by increasing 
the endogenous ASA content. APX catalyzes the conversion 
of H2O2 to water and O2, with ASA serving as the reductant 

FIGURE 6  |  Relative gene expression related to ASA accumulation. Data 
were normalized relative to that of the control (CK) group. GLO, L-gulono-1,4-
lactone oxidase; GLDH, L-galactose-1,4-lactone dehydrogenase; GMP, 
GDP-mannose pyrophosphorylase; MIOX, Myo-inositol oxygenase; DHAR1, 
dehydroascorbate reductase-1; DHAR3, dehydroascorbate reductase-3; 
MDHAR, monodehydroascorbate reductase; APX, ascorbate peroxidase. 
*p < 0.05, **p < 0.01.
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FIGURE 7  |  The prospect for the application of 2KGA and its fermentation residue. 2KGA, 2-keto-L-gulonic acid; ASA, L-ascorbic acid.

(Tyagi et  al., 2020). Thus, the higher ASA content and APXa 
in the Na++2KGA group explains why the level of H2O2 was 
lower in this group than in the Na+ group.

Although we demonstrated that 2KGA can relieve the inhibition 
of salt stress on the growth of non-heading Chinese cabbage 
seedlings, this is a preliminary study in this field. Many aspects 
remain to be  explored, such as whether 2KGA has the same 
effect on different crops, whether 2KGA influences acetylsalicylic 
acid synthesis and carbon and nitrogen metabolism, and how 
2KGA can efficiently be  applied in agricultural practice. As a 
precursor of industrial ASA synthesis, 2KGA is produced on a 
large scale using a two-step microbial fermentation process; however, 
that 2KGA is only used in the chemical synthesis step of ASA 
production. In addition, a large amount of fermentation residue 
is discarded from the ASA industry. This provides a reliable 
industrial base for the application of 2KGA or its fermentation 
residue in a new field, that is, agriculture. Consequently, given 
the function of 2KGA against salt stress and its availability in 
the ASA industry, the prospect of applying 2KGA in agriculture, 
such as for crop cultivation in saline-alkali soils and hydroponic 
agriculture, merits further investigation (Figure  7).

CONCLUSION

In summary, to the best of our knowledge, this is the first study 
to report that 2KGA relieves the inhibitory effect of salt stress 
on non-heading Chinese cabbage, which has laid the foundation 
for the future application of 2KGA in agriculture. Meanwhile, a 
potential novel direction for the study of plant ASA metabolism 
was also identified. Our findings suggest that exogenous 2KGA 

application strengthens non-heading Chinese cabbage defenses 
against salt stress, for which the promotion of ASA accumulation 
may represent a crucial underlying mechanism.
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Australia, Perth, WA, Australia, 7 Faculty of Life Sciences, University of Central Punjab, Lahore, Pakistan, 8 Institute
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Among heavy metals, chromium (Cr) contamination is increasing gradually due to the
use of untreated industrial effluents for irrigation purposes, thereby posing a severe
threat to crop production. This study aimed to evaluate the potential of compost, biochar
(BC), and co-composted BC on the growth, physiological, biochemical attributes, and
health risks associated with the consumption of Brassica grown on Cr-contaminated
soil. Results revealed that Cr stress (Cr-25) significantly reduced the growth and
physiological attributes and increased antioxidant enzyme activities in Brassica, but the
applied amendments considerably retrieved the negative effects of Cr toxicity through
improving the growth and physiology of plants. The maximum increase in plant height
(75.3%), root length (151.0%), shoot dry weight (139.4%), root dry weight (158.5%),
and photosynthetic rate (151.0%) was noted with the application of co-composted
BC under Cr stress (Cr-25) in comparison to the control. The application of co-
composted BC significantly reduced antioxidant enzyme activities, such as APX (42.5%),
GP (45.1%), CAT (45.4%), GST (47.8%), GR (47.1%), and RG (48.2%), as compared
to the control under Cr stress. The same treatment reduced the accumulation of Cr
in grain, shoot, and roots of Brassica by 4.12, 2.27, and 2.17 times and enhanced
the accumulation in soil by 1.52 times as compared to the control. Moreover, the
application of co-composted BC significantly enhanced phytostabilization efficiency and
reduced associated health risks with the consumption of Brassica. It is concluded that
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the application of co-composted BC in Cr-contaminated soil can significantly enhance
the growth, physiological, and biochemical attributes of Brassica by reducing its uptake
in plants and enhanced phytostabilization efficiency. The tested product may also help
in restoring the soils contaminated with Cr.

Keywords: chromium, Brassica, health risks, phytostabilization, heavy metals

INTRODUCTION

The contamination of heavy metals (HMs) in soil is a serious
threat to sustainable crop production and soil quality because
these metals are non-degradable and persist in soil for longer
durations (Kamran et al., 2019). HMs accumulation deteriorates
the physicochemical and biological properties of soil, which
results in poor nutrient availability and ultimately decreased
crop yield (Mehmood et al., 2018b). Naturally, HMs are the
constituent of sediments, adsorbed on soil organic matter, and
their toxicity increased as free ions in soil solution (Abbas et al.,
2020). Modern agricultural practices, especially excessive use
of inorganic fertilizers and agrochemicals, have polluted soil
and ultimately resulted in enhanced environmental degradation
and threatened sustainability (Ditta et al., 2015; Murtaza et al.,
2021b). Moreover, the application of organic waste manure,
sewage sludge, and irrigation with industrial effluents contributes
significant amounts of HMs into agricultural systems (Kamran
et al., 2019; Bashir et al., 2020a,b).

Among HMs, chromium (Cr) is considered a major
environmental pollutant due to its severe toxicity and recalcitrant
nature (Ali et al., 2018). Industrial effluents from electroplating,
catalytic manufacturing and wood preservation, leather tanning,
and alloy preparation contain large amounts of Cr, which
are the major sources of Cr contamination in the soil (Govil
and Krishna, 2018). In the environment, Cr exits in various
oxidation states, but Cr(III) and Cr(VI) are dominant in soil
(Junaid et al., 2016; Bashir et al., 2020a). Cr(III) is an essential
micronutrient for animals and involved in cell metabolism (de
Oliveira et al., 2014), relatively stable, and 10–100 times less toxic
as compared to Cr(VI) (Tepanosyan et al., 2020). Cr(VI) is a
highly soluble, potentially mobile across membranes with strong
oxidation potential, toxic, allergenic, carcinogenic, and irritant
that damages the liver, kidney, and lungs (Bashir et al., 2020a,b;
Tepanosyan et al., 2020).

The application of contaminated water with a higher
concentration of Cr to the agricultural land not only results in
detrimental effects on plant growth and loss of production, food
security, and animal health but also affects the overall ecosystem
(Mehmood et al., 2021). Cr phytotoxicity severely affects seed
germination, decreases root growth and shoot growth, and
ultimately reduces biomass production (Bashir et al., 2020a,b).
Cr disrupts photosynthesis, nutrient utilization, water relation,
and enzymatic activity which produces reactive oxygen species
(ROS) that oxidize lipids, protein, and nucleic acid and ultimately
result in plant death (de Oliveira et al., 2014; Bashir et al., 2020b;
Murtaza et al., 2021b).

Various physical (e.g., soil incineration, landfill, excavation,
and soil flushing), chemical (e.g., oxidation–reduction),

and biological techniques (e.g., phytoremediation and
biodegradation) have been used for remediation of metal-
contaminated soils or conversion into less toxic form and
reduced bioavailability to plants (Mustafa et al., 2020; Sabir
et al., 2020; Irshad et al., 2021). Physical and chemical
remediation techniques are laborious, time-consuming, and
energy-consuming, and considerable toxic waste products are
the main cause of limited application despite high efficiency and
utility (Mustafa et al., 2020; Sabir et al., 2020). Among organic
amendments, farmyard manure, animal waste, and compost
are used to reduce HMs uptake for a shorter duration because
these amendments improve soil physicochemical properties,
nutrient uptake, soil aggregation, and maintain soil quality
(Mehmood et al., 2018a; Chukwuka et al., 2020; Hu et al., 2020;
Murtaza et al., 2021a). It is, therefore, a need of the hour to
develop efficient in situ immobilization techniques that should
be cost-effective, less destructive, and environment friendly for
soil restoration.

In recent years, biochar (BC) is gaining popularity for the
restoration of metal-contaminated sites and carbon sequestration
in the soil for longer periods due to its recalcitrant nature,
cost-effective, and ecofriendly approach (Mehmood et al., 2018a;
Kamran et al., 2019). BC is a fine-grained black color porous
material with carbonaceous nature produced from organic
wastes (e.g., crop residues, sewage slug, animal wastes, and
farmyard manure) at high temperatures under limited or no
oxygen supply (Abbas et al., 2020; Hu et al., 2020). BC has
unique physicochemical properties such as porous structure,
high surface area, variety of oxygen-containing functional groups
that make it an excellent material for soil fertility improvement,
carbon sequestration, wastewater treatment, metal stabilization,
and organic pollutant degradation in soil (Mehmood et al.,
2018a,b; Chukwuka et al., 2020; Hu et al., 2020; Murtaza
et al., 2021a). BC has a stable carbon pool that influences soil
physicochemical and biological properties and directly increases
soil organic carbon contents (Sarfraz et al., 2019; Ijaz et al., 2020;
Ullah et al., 2020). The application of BC in agricultural soil
improves aeration, increases nutrient availability, and increases
soil organic matter, a microbial activity that ultimately increases
crop production, decreases fertilizer requirement and nutrient
leaching, and reduces soil erosion by controlling soil pollution
(Doumer et al., 2016; Rizwan et al., 2021). BC reduces metal
mobility through physical adsorption, ion exchange, surface
precipitation, and metal complexation (Sarfraz et al., 2019; Irshad
et al., 2021); cation exchange; and electrostatic interaction in
metal-contaminated soil (Brassard et al., 2016). The adsorption
property and high carbon contents of BC make it an excellent
material to minimize Cr toxicity in the terrestrial ecosystem
(Jia et al., 2017).
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Various studies reported that combined application of
compost and BC could be a better approach as BC increases
compost stability and improves the productiveness of the
soil, HM adsorption, and production of crop and carbon
sequestration (Agegnehu et al., 2015; Coelho et al., 2018). The
mixing of BC and compost adds value in increasing soil fertility
by different aspects such as reducing the volatility of ammonia
from manure or minimizing methane emission (Coelho et al.,
2018). Compost provides high nutrients to the soil compared to
BC, whereas BC could be reducing the decomposition rate of
compost (Ditta et al., 2015). Many studies showed the combined
application of BC and compost had a synergistic impact in
improving soil structure, water-holding capacity, and nutrient
contents under field conditions with reduced fertilizer use and
nutrient loss from soil (Agegnehu et al., 2015). BC co-composting
can reduce compost decomposition, decrease nutrient loss in the
environment, improve soil structure by direct organic matter
addition, and increase microbial biodiversity and activity in the
soil. We hypothesized that co-composted BC could act as a better
ameliorant for improving growth, physiology, and antioxidant
machinery by retrieving the harmful effects of Cr in Cr-
contaminated soil. The objectives of this study were to investigate
the impact of compost, BC, and co-composted BC on growth,
physiological, antioxidant, and biochemical attributes of Brassica
grown under Cr-contaminated soil and the phytostabilization
efficiency of compost, BC, and co-composted BC in addition to
the Cr-contaminated soil and associated health risk assessment
of Brassica grown under Cr stress.

RESULTS

Growth Attributes
Results of this study showed that the application of compost,
BC, and co-composted BC significantly (p < 0.05) improved the
growth of Brassica under Cr contamination (Figure 1). It was
observed that the application of co-composted BC (Com-BC-2)
resulted in the maximum increase in plant height (49.8%), root
length (85.6%), shoot fresh (72.9%) and dry weight (70.0%), and
root fresh (89.6%) and dry weight (74.0%) as compared to the
control under normal soil, i.e., 0 mg Cr kg−1 (Figure 1). Soil
spiked with Cr (25 mg Cr kg−1) decreased the growth parameters
of Brassica. However, the application of co-composted BC
resulted in the maximum increase in shoot and root length, shoot
fresh and dry weight, and root fresh and dry weight of Brassica
by 75.3, 151.0, 140.0, 139.4, 193.9, and 158.5%, respectively,
as compared to the control (Cr-25). It was followed by sole
application of BC and compost in comparison to the controls
under normal (Cr-0) and Cr stress (Cr-25).

Physiological Attributes
The application of BC and co-composted BC significantly
(p < 0.05) enhanced the physiological attributes of Brassica
under normal soil (Cr-0) or contaminated soil (Cr-25) when
compared to the control (Figure 2). Under normal soil (Cr-
0), the application of compost, BC, and co-composted BC
significantly improved the physiological attributes of Brassica as

compared to the control under Cr stress (Cr-25). In the case
of chlorophyll contents (SPAD index), the maximum increase
(2.25 times) was noticed with co-composted BC as compared
to the control under normal soil (Cr-0). In soil spiked with Cr-
25 concentration, the application of co-composted BC increased
2.17 times more chlorophyll contents (SPAD index) than the
control under Cr stress (Cr-25). The same treatment caused an
increase in 151.0, 104.3, 127.0, and 101.6% in photosynthetic
rate, transpiration rate, stomatal conductance, and relative water
contents, respectively, with the application of co-composted BC
under Cr contamination (Cr-25). It was followed by BC and
compost application under Cr contamination.

Antioxidant Enzyme Activities
Under Cr stress (Cr-25), the maximum APX (56.78 mol
min−1 mg−1 protein), GP (88.43 mol min−1 mg−1 protein),
CAT (16.87 nmol min−1 mg−1 protein), GST (267.13 µmol
min−1 mg−1 protein), GR (30.70 mol min−1 mg−1 protein), and
RG (133.27 nmol min−1 mg−1 protein) values were recorded
without any treatment (Figure 3). The application of organic
amendments (compost, BC, and co-composted BC) significantly
reduced antioxidant enzyme activities as compared to the control.
The maximum decrease in APX (42.5%), GP (45.1%), CAT
(45.4%), GST (47.8%), GR (47.1%), and RG (48.2%) was observed
with the application of co-composted BC in comparison to the
control treatment.

Bean Weight and Total Soluble Sugars
Bean weight was significantly reduced under Cr stress, while a
significant increase was noted with the application of compost,
BC, and co-composted BC under Cr stress, i.e., Cr-25 (Figure 4).
Under Cr stress, the minimum bean weight (3.29 g) was
noted in the control treatment without any amendment, while
the maximum bean weight (15.13 g) was recorded with the
application of co-composted BC under normal conditions (Cr-0).
The maximum bean weight (10.76) recorded with the application
of co-composted BC was 3.27 times more as compared to the
control (Cr-25). In the case of total sugar content (TSC), an
opposite trend was recorded with the application of compost,
BC, and co-composted BC (Figure 4). The maximum TSC (16.5)
was observed under the control treatment (Cr-25), while the
minimum TSC (7.83) was observed with the application of co-
composted BC under normal conditions (Cr-0). The application
of co-composted BC significantly reduced TSC (36.8%) in
Brassica as compared to the control under Cr stress (Cr-25).

Chromium Accumulation
With the application of compost, BC, and co-composted BC,
Cr accumulation in grain, root, and shoot samples of Brassica
was significantly reduced in comparison to the control under
Cr stress (Figure 5). However, Cr accumulation in soil was
significantly enhanced with the application of co-composted BC
in comparison to the control under Cr stress (Cr-25). With the
application of co-composted BC, the minimum accumulation
in grain (1.06 µg kg−1 DW), shoot (3.40 mg kg−1 DW), and
root (5.33 mg kg−1 DW) portions of Brassica were 4.12, 2.27,
and 2.17 times less as compared to that observed in the control

Frontiers in Plant Science | www.frontiersin.org 3 November 2021 | Volume 12 | Article 775785489

https://www.frontiersin.org/journals/plant-science
https://www.frontiersin.org/
https://www.frontiersin.org/journals/plant-science#articles


fpls-12-775785 November 16, 2021 Time: 14:56 # 4

Naveed et al. Co-composted Biochar Improves Brassica Growth Under Cr Stress

Pl
an
th
ei
gh
t(
cm
)

0

50

100

150

200
25 mg Cr kg-10 mg Cr kg-1

c

f

b b

e e

a

d

Sh
oo
td
ry
w
ei
gh
t(
g)

C
on

tro
l

C
om

po
st

B
io

ch
ar

C
o-

co
m

po
st
ed

B
C

0

20

40

60

80

de

g

bc

f

b

ef

a

cd

Sh
oo
tf
re
sh
w
ei
gh
t(
g)

0

100

200

300

de

g

bc

f

b

ef

a

cd

R
oo
tl
en
gt
h
(c
m
)

0

10

20

30

40

50

c

b b

a

d

c
c

b

R
oo
tf
re
sh
w
ei
gh
t(
g)

0

10

20

30

40

c

b
b

a

d

c
c

b

R
oo
td
ry
W
ei
gh
t(
g)

C
on

tro
l

C
om

po
st

B
io

ch
ar

C
o-

co
m

po
st
ed

B
C

0

5

10

15

20

25

de

bc
b

a

g
f ef

cd

FIGURE 1 | Impact of compost, biochar, and co-composted biochar on growth and yield parameters of Brassica. The values are presented as mean ± standard
error (n = 3). The values sharing the same letter(s) in bars are statistically non-significant with each other at p < 0.05.

treatment under Cr stress (Cr-25). The Cr accumulation in soil
was maximum (20.33 mg kg−1 soil) with the application of
co-composted BC and it was 1.52 times more as compared to
that observed in the control treatment without any amendment
under Cr stress (Cr-25). Moreover, significant positive and
negative correlations were observed among Cr concentration
in plant parts and growth and physiological attributes of
Brassica (Figure 6).

Phytostabilization Efficiency and Health
Risk Assessment
To estimate the phytostabilization potential of different
amendments, bioconcentration factor (BCF), bioaccumulation

factor (BAF), and bioaccumulation concentration (BAC) of
Brassica were calculated (Figure 7). The application of compost,
BC, and co-composted BC showed significant potential for
the phytostabilization of Cr in the soil in comparison to the
control treatment. The minimum values of BCF (0.43%),
BAF (0.0000526%), and BAC (0.1667) were recorded with the
application of co-composted BC as compared to the control
under Cr stress (Cr-25). The health risk assessment was
determined by calculating the daily intake of metal (DIM),
hazard index (HI), cancer risk (CR), and total hazard quotient
(THQ). The application of compost, BC, and co-composted
BC significantly reduced the health risks associated with the
accumulation of Cr in the edible portion of Brassica (Figure 8).
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With the application of co-composted BC, the minimum values
of DIM (8.667 × 10−6), HI (5.667 × 10−6), CR (0.431), and
THQ (3.2× 10−7) were recorded, and these were 4.21, 4.24, 4.00,
and 4.00 times less as compared to the control treatment without
any amendment under Cr stress (Cr-25).

DISCUSSION

Results showed that the application of compost, BC, and co-
composted BC significantly (p < 0.05) improved the growth

attributes of Brassica in uncontaminated and contaminated soil
(Cr-25). The soil under Cr stress (Cr-25) showed reduced shoot
and root length, shoot fresh and dry weight, and root fresh and
dry weight of Brassica (Figure 1). Many researchers have reported
reduced morphological parameters under Cr stress (Adrees et al.,
2015; Maqbool et al., 2018). Cr toxicity inhibits cell division and
elongation in plant root cells (Adrees et al., 2015), thus reducing
root surface area for enhanced water and nutrient uptake from
the soil (Medda and Mondal, 2017; Ahmad et al., 2020) and
ultimately growth and biomass production. Our findings are in
line with the study by Jun et al. (2009) that Cr-contaminated soil
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FIGURE 3 | Impact of compost, biochar, and co-composted biochar on antioxidant activities of Brassica. The values are presented as mean ± standard error
(n = 3). The values sharing the same letter(s) in bars are statistically non-significant with each other at p < 0.05.

reduced shoot length, root growth, and biomass production in
cereals, vegetables, and forages.

Our results showed that plant growth significantly improved
with the application of compost, BC, and co-composted BC.
Novak et al. (2019) observed growth improvement when
different combinations of BC and compost were used under
Cd-contaminated soil. Abbas et al. (2020) observed that a
combination of BC (3%) and AMS (5%) increased shoot length

(93%), root length (222%), shoot dry weight (60%), and root
dry weight (164%) of maize grown in Cr-contaminated soil.
Arshad et al. (2017) reported that the pine wood chip BC
produced at 450◦C significantly improved maize root and shoot
fresh weight, root length, and root surface area. Similarly,
various studies have reported that BC application improved plant
growth under a Cr stress environment (Agegnehu et al., 2017;
Arshad et al., 2017). BC addition improves nutrient retention
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FIGURE 6 | A scatter matrix plot demonstrating pairwise scatter plots of variables in a matrix format, determining variables correlation. BW, bean weight; SDM,
shoot dry mass; RDM, root dry mass; PR, photosynthetic rate; CrS, Cr in soil; CrR, Cr in the root; CRSh, Cr in the shoot; CrG, Cr in grain.

and water uptake and increases organic carbon (Rizwan et al.,
2016; Cheng et al., 2020), thus enhancing soil fertility and
boosting vegetative growth (Ali et al., 2018). In addition, the
combined compost and BC influenced soil properties, such
as pH, cation exchange capacity (CEC), soil organic matter,
and nutrients availability, and ultimately increased soil fertility
and plant growth (Agegnehu et al., 2017). In this study, an
increase in plant growth parameters might be due to decreased
Cr bioavailability with enhanced nutrient uptake under BC-
amended Cr-contaminated soil. It may also be the BC -mediated
conversion of Cr(VI) to Cr(III) in soil, which is relatively less
mobile and less toxic (Rizwan et al., 2016).

Cr toxicity severely affects plant physiology and our results
showed that the application of compost, BC, and co-composted
BC significantly (p < 0.05) improved physiological attributes of
Brassica in soil under Cr stress (Cr-25). Cr toxicity severely affects
chlorophyll contents by disrupting chloroplast and discontinuing
electron transport chain reaction, relative water contents, and
electrolyte leakage in leaves. Many studies have shown that Cr
toxicity damages photosynthetic machinery and produces a large
amount of ROS in plants, which results in reduced growth (Ali
et al., 2018; Bashir et al., 2020a).

Results of this study demonstrated that the application of
compost, BC, and co-composted BC significantly reduced Cr
uptake from soil under Cr contamination (Cr-25). Mustafa et al.
(2020) observed that BC applied at the rate of 1 and 2% (w/w)
reduced Cr uptake by 21 and 41%, respectively, under 500 µM of
Cr stress. Similarly, Ali et al. (2018) observed that the application
of BC efficiently removed Cr(VI) from wastewater. Cheng et al.
(2020) noticed bamboo BC reduced Cu, Ni, Hg, and Cr uptake
from water and soils. The reduction in Cr uptake might be due to
the high surface area of BC that facilitates sorption, ion exchange,
electrostatic interaction, complexation, precipitation, and co-
precipitation (Rizwan et al., 2016). BC surface contains phenolic,

hydroxyl, and carboxylic functional groups that facilitate metal
binding (Mehmood et al., 2021; Murtaza et al., 2021a).

Under normal conditions, plants produce ROS in a controlled
amount but under stress conditions; their production increases
many times, which leads to oxidative stress, membrane
permeability, DNA damage, and even cell death (Ahmad et al.,
2010, 2019; Kohli et al., 2019). Plants have developed certain
antioxidant enzymes to scavenge ROS and produce resistance
against stress (Ditta and Khalid, 2016; Niamat et al., 2019). It
was observed in many studies that the application of organic
amendments enhanced resistance of plants against abiotic
stresses (Seneviratne et al., 2017; Ali et al., 2018; Niamat et al.,
2019). Our results showed that the application of co-composted
BC indirectly influenced the antioxidant activity by reducing
Cr bioavailability. In our findings, CAT activity was increased
under Cr stress (Cr-25) in the control treatment. BC addition
increased CAT activity (38.79%) in Zea maize and Brassica rapa
(Ali et al., 2018; Bashir et al., 2020b). Similarly, Arshad et al.
(2017) observed significant reductions in antioxidant enzyme
activities under increasing levels of Cr stress. BC addition
markedly improved antioxidant enzyme activities under Cr
stress, which might be due to reduced Cr uptake (Seneviratne
et al., 2017). Our results showed CAT, GSH, GR, GP, GPX, and
GST activities in Brassica leaves increased under Cr stress (Cr-
25), and the application of compost, BC, and co-composted
BC reduced antioxidant activities. As discussed earlier, it was
observed increased antioxidants activity in B. napus under Cd-
spiked soil (Sabir et al., 2020).

This study results showed the co-composted BC significantly
reduced Cr uptake in the Brassica plants. Novak et al. (2019)
observed that the combined BC and compost reduced Cd uptake
in plants. Seneviratne et al. (2017) also noted a significant
reduction in cadmium (19.4%) and lead (22.0%) uptake when
BC at the rate of 40 t ha−1 was applied in Vigna radiata.
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It was observed by many researchers that BC reduced HMs
bioavailability by manipulating soil pH, precipitation, sorption,
and changing HMs redox state (Ditta and Khalid, 2016; Rizwan
et al., 2016; Cheng et al., 2020). BC contains a variety of oxygen-
containing functional groups (such as carbonyl, carboxylic,
hydroxyl, and phenol) that might be involved in complexation
with HMs and cation exchange process with metals cations
present on BC surface (Seneviratne et al., 2017; Niamat et al.,
2019). With time, BC undergoes an oxidation process and new
reactive sites are formed on BC surface that facilitates HMs
immobilization (Bian et al., 2014) and ultimately results in
reduced HMs uptake in plants. Such mechanisms of applied
amendments might have resulted in reduced values of metal
uptake in Brassica plants grown in this study and hence
improved phytostabilization efficiency (Figure 7) and reduced
health-associated risks (Figure 8). This was further evidenced
by the negative correlations observed among Cr concentration
in roots and shoots and growth and physiological parameters
recorded for Brassica (Figure 6). The BCF and BAC values
have further shown that the Brassica has the potential to

extract Cr at higher concentrations and hence can be grown
in metal-contaminated soils. Moreover, the values for DIMs
and health risk index (HRI) were <1, which indicated that
the consumption of Brassica was safe with no associated
health risks.

MATERIALS AND METHODS

Soil Sampling and Analysis
The contamination-free surface soil (0–15 cm) was collected from
the research area of the Institute of Soil and Environmental
Sciences, University of Agriculture Faisalabad. The soil was air-
dried, ground, and sieved (2 mm) to remove stones and other
undesired plant materials. Composite sampling was followed for
soil homogenization. For pre-sowing analysis, the soil sample was
taken from the composite sample.

Standard procedures were followed for basic soil analysis
regarding physicochemical properties. Soil pH was determined by
making a saturated soil paste of 250 g soil and pH was measured
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with a pH meter (Kent Eil 7015) (US Salinity Laboratory Staff,
1954). The electrical conductivity (EC) of soil was determined by
taking soil extract from saturated soil paste, and extract EC was
determined using EC meter (US Salinity Laboratory Staff, 1954).
Soil texture was determined with the hydrometer method, and
soil organic matter was determined by the potassium dichromate
method (Moodie et al., 1959). Soil CEC was determined by the
ammonium acetate method (Chapman, 1965), total soil nitrogen
was determined through the Kjeldahl method (Jackson, 1962),
soil available P by using NaHCO3 (Watanabe and Olsen, 1965),
and soil K was determined through ammonium acetate (1N,
pH = 7.0) method (US Salinity Laboratory Staff, 1954). Different
physicochemical properties of soil are provided in Table 1.

For bioavailable Cr concentration, the soil sample (10 g)
was extracted with AB-DTPA solution (20 ml) and shaking
at 180 rpm on a reciprocal shaker for 15 min (Soltanpour
and Schwab, 1977). Concentrated HNO3 (100 ml) was
added to the extract and analyzed for bioavailable Cr using
atomic absorption spectrophotometer (PerkinElmer Model
700, United States). For total Cr concentration in soil,

the method proposed by Soltanpour and Schwab (1977)
was adopted. Briefly, soil samples (0.5 g) were digested
with 15 ml of three acids mixture (HNO3, H2SO4, and
HClO4 in a ratio of 5:1:1) and heated at 160◦C in digestion
chamber until a colorless solution appeared. After digestion,
the samples were cooled, filtered, and diluted to a 50-ml
solution using a volumetric flask with deionized water.
An atomic absorption spectrophotometer (PerkinElmer
Model 700) was used for the determination of total Cr
concentration in the samples.

Compost, Biochar, and Co-composted
Biochar Production and Characterization
For compost preparation, a locally fabricated composting unit
was used involving animal manure as an easily available raw
material (Ditta et al., 2015, 2018a,b). The animal manure was
collected from Animal Husbandry Farm, the University of
Agriculture, Faisalabad, and sun-dried to remove excess moisture
and unwanted plant debris, stone, and plastic material. During
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TABLE 1 | Physicochemical characteristics and nutritional composition of
compost, biochar, co-composted biochar, and soil utilized in this study.

Physical/
chemical
properties

Soil Compost Biochar Co-
composted

biochar

Textural class Sandy clay
loam

– – –

Sand (%) 56 ± 3.21 – – –

Silt (%) 24 ± 1.86 – – –

Clay (%) 20 ± 1.57 – – –

pH 7.88 ± 0.35 6.85 ± 0.03 7.964 ± 0.08 7.01 ± 0.09

Electrical
conductivity
(dS m−1)

1.06 ± 0.08 1.2 ± 0.01 2.75 ± 0.07 1.58 ± 0.08

Cation
exchange
capacity (cmolc
kg−1)

6.85 ± 1.62 73.01 ± 2.11 98.46 ± 2.86 92.35 ± 2.38

Moisture % 26 ± 1.26 10.57 ± 1.18 4.25 ± 0.19 7.32 ± 1.08

Organic matter
(%)

0.72 ± 0.18 – – –

Carbon (g
kg−1)

– 199.2 ± 3.68 633.51 ± 5.67 398.92 ± 4.33

Nitrogen (g
kg−1)

– 21.8 ± 1.26 11.25 ± 0.86 16.42 ± 0.67

Total
phosphorus (g
kg−1)

– 0.42 ± 0.05 1.43 ± 0.54 1.18 ± 0.67

Total potassium
(g kg−1)

– 1.67 ± 0.18 9.29 ± 0.22 7.32 ± 0.63

Zinc (mg kg−1) – 47.0 ± 3.70 45.61 ± 2.91 46.27 ± 2.87

Iron (mg kg−1) – 70.8 ± 4.09 85.31 ± 4.76 82.29 ± 3.67

The values are presented as mean ± SE (n = 3).

composting, 50% moisture at 65◦C was maintained with 50-
rpm speed and this process was completed after 40 days. Co-
composted BC was prepared by mixing 30% (w/w) wheat straw
BC with composted material during the last week of composting.
For wheat straw BC preparation, straw feedstock was collected
from the field area of the Department of Agronomy, University
of Agriculture Faisalabad, washed with tap water to remove dust,
sun-dried, and crushed. Sanchez et al. (2009) described a process
that was followed for BC production in which feedstock was filled
in a Pyrex flask having 2 L capacity. BC was prepared in a muffle
furnace (Gallonhop, England) at 400◦C under an oxygen-limited
environment, with 20 min of retention time at heating at the rate
of 10◦C min−1 increase in temperature. Gases and water vapor
produced during pyrolysis were removed by using a silicon-made
bent glass rod attached to the flask outlet. After pyrolysis, the
furnace remained closed until 20◦C, and the prepared BC was
stored in plastic bags for further analysis.

For pH and EC, each compost, BC, and co-composted BC
was separately mixed with deionized water in 1:20 ratio (w/v),
shaken for 1 h, and pH and EC were measured using pH meter
(PHS-38W) and EC meter (4510 conductivity meter). Nutrient
analysis was carried out through wet digestion of each sample
using H2SO4 and H2O2 (Wolf, 1982). In 1 g of each sample,
H2SO4 (15 ml) was added and placed in the sample overnight.

On the next day, the digestion mixture was heated on a hotplate
until the boiling started. In the boiling digestion mixture, H2O2
(10 ml) was added repeatedly until a colorless solution appeared.
The volume of the digested sample was made 50 ml in a
volumetric flask using deionized water and preserved until the
analysis was performed. Total nitrogen was determined through
the Kjeldahl method (US Salinity Laboratory Staff, 1954), P was
measured by NaHCO3 method using a spectrophotometer (UV-
1201, Shimadzu, Tokyo, Japan), and K was determined using
a flame photometer (PFP7, Jenway, Essex, United Kingdom).
Different physicochemical properties of compost, BC, and co-
composted BC are given in Table 1.

Pot Experiment
After the preparation of different organic amendments, a
pot experiment was conducted in rain-protected wirehouse of
Institute of Soil and Environmental Sciences (31.439052◦ N,
73.069335◦ E), University of Agriculture Faisalabad, Pakistan. In
each pot, 10 kg soil was used and recommended rate of NPK
(90:60:75 kg ha−1) using urea, di-ammonium phosphate, and
sulfate of potash fertilizer was mixed. Compost, BC, and co-
composted BC were applied at the rate of 2% (w/w). For Cr
contamination, the soil was spiked with potassium dichromate
(K2Cr2O7) solution at two levels (0 and 25 ppm) and applied to
plants at a three-leaf stage after complete germination. In each
pot, six seeds of B. napus (cv. AARI canola) were sown, and
each treatment was applied in triplicate. The pots were placed in
the wirehouse under natural conditions as day/night temperature
of 25◦C/15◦C and relative humidity of 50%/70%, respectively.
Recommended agronomic practices were followed during the
course of the study. The harvesting was done after 60 days of
plant growth at maturity. Data regarding growth, physiological,
and biochemical parameters were measured as follows.

Growth and Physiological Parameters
After harvesting the plants, data regarding various growth and
yield parameters were taken following standard procedures. For
shoot and root length, measuring tape was used. For fresh
biomass, the root and shoot samples were weighed on a digital
balance. For dry biomass, the samples were put in a drying
oven at 65◦C for 48 h or until a constant weight was obtained.
The shoot samples with grain pods were dried in sun. The
threshing of shoot samples was done to separate grains, and the
grain yield was measured by weighing the grains on a digital
balance. Plant physiological attributes such as photosynthetic
rate, transpiration rate, and stomatal conductance were measured
by using an infrared gas analyzer (IRGA; Analytical Development
Company, Hoddesdon, England) at morning time (Ben-Asher
et al., 2006). Chlorophyll contents were measured in the morning
time with a portable chlorophyll meter (SPAD-502, Konica-
Minolta, Japan) following the method suggested by Arnon (1949),
while relative water contents were measured using the method
suggested by Barrs and Weatherley (1962).

To assess membrane permeability against Cr stress, electrolyte
leakage was determined following the method suggested by Lutts
et al. (1996). Briefly, the youngest fully expanded leaf sample
(1 cm) from each replicate was taken into a vial (10 ml) and
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washed three times with distilled water to remove any dust
material. Each vial with leaf sample was placed in the shaker
(100 rpm) at room temperature (25◦C) for 24 h. On the following
day, the EC of the leaf sample in the vial was measured using an
EC meter and denoted as EC1. Then, each leaf sample in the vial
was autoclaved at 121◦C for 20 min. After cooling the samples,
again EC was measured using an EC meter and denoted as EC2.
The electrolyte leakage was determined by using the following
formula:

Electrolyte leakage (%) =
EC1

EC2
× 100

Antioxidant Enzyme Activity
For different antioxidant enzyme activities, fully expanded,
uppermost fresh leaf samples after 40 days of germination were
used. For this purpose, 0.5 g leaves were homogenized in 3 ml
Tris buffer (50 mM) having pH 7.8, centrifuged at 12,000 rpm for
20 min, and the total soluble enzyme activities were calculated
by using a spectrophotometer. Leaf CAT activity was measured
following the method suggested by Aebi (1983), while ascorbate
peroxidase activity was measured by using a spectrophotometer
at 290 nm (Nakano and Asada, 1981). The method suggested by
Fryer et al. (1998) was used for the determination of glutathione
reductase and that by Rahman et al. (2006) for the measurement
of reduced glutathione activity, in which DTNB (5,5′-dithiobis-2-
nitrobenzoic acid) reduced to TNB (2-nitro-5-thiobenzoic acid)
and changed the absorbance. For glutathione peroxidase activity,
the method suggested by Rahman et al. (2006) was followed.
Similarly, the methodology suggested by Habig et al. (1974) was
followed for glutathione-S-transferase activity in leaf samples.

For the determination of TSC, the method suggested by Yem
and Willis (1954) was used. Briefly, 0.5 g of ground leaf samples
were extracted in ethanol solution (80%). Then, 10 ml of extract
solution was taken in a 25-ml test tube along with 6 ml anthrone
reagent and heated in the water bath for 10 min. Anthrone
reagent was freshly prepared by taking 150 mg of anthrone in
72% pure H2SO4. Heated samples were cooled for 10 min, and the
absorbance was measured at 625 nm using a spectrophotometer
(UV-1201, Shimadzu, Tokyo, Japan).

Evaluation of Phytoimmobilization
Efficiency
For BAC and BCF, the following equations were used to assess
the phytoimmobilization/phytostabilization potential of B. napus
as proposed by Amin et al. (1954) and Zhuang et al. (2007).

BAC =
Ni

[
shoot

]
Ni

[
soil

]
where Ni [shoot] and Ni [soil] are the concentrations of Ni in the
shoots and the soil, respectively.

BCF =
M (harvested tissue)

M (soil water)

where M (harvested tissue) is the metal concentration in the
harvested plant parts (root, shoot, and grains), and M (soil

water) is the total amount of applied metal for the corresponding
treatment.

Intake of Heavy Metals From Vegetables
and Health Risk Assessment
The DIM index was calculated by using the following equation
(Latif et al., 2018):

DIM =
M × I × K

W

where M is the concentration of HMs in plants (mg kg−1), K
is the conversion factor, I is the daily intake of vegetables, and
W is the average body weight (BW). The average adult BW was
considered 60 kg, while the average daily vegetable intake for
adults was considered 0.345 kg−1 person−1 (Latif et al., 2018).

The HRI for Ni caused by the consumption of contaminated
vegetables was calculated using the following equation (Jan et al.,
2010):

HRI =
DIM
Rfd

where DIM is the daily intake of metals and Rfd is the reference
oral dose. According to US-EPA IRIS, the Rfd value for Ni is
0.02 mg kg−1 BW day−1.

Statistical Analysis
Data collected were evaluated using analysis of variance
(ANOVA), and treatment means were compared by using Tukey’s
HSD test at 5% probability level using Statistix 8.1 (Analytical
Software, Tallahassee, FL, United States) (Little and Hills, 1978).
The figures were plotted using GraphPad Prism computer-based
software (GraphPad Software, San Diego, CA, United States).
The correlation matrix was computed using R software (https:
//www.R-project.org/).

CONCLUSION

The results showed that Cr stress (Cr-25) significantly reduced
growth, physiological and biochemical parameters of Brassica
under the control treatment without any amendment. The
application of compost, BC, and co-composted BC significantly
alleviated Cr stress and enhanced various growth, physiological,
and biochemical parameters. With the application of co-
composted BC, the maximum increase in growth, physiological,
and biochemical parameters of Brassica was recorded in
comparison to the control treatment without any amendment
under Cr stress (Cr-25). Similarly, the application of co-
composted BC maximized the phytostabilization efficiency as
revealed through the minimum values of BCF, BAF, and BAC
of Brassica as compared to the control treatment under Cr stress
(Cr-25). Moreover, the same treatment significantly reduced the
health risks associated with the consumption of Brassica under
Cr stress (Cr-25) as clear from the lowest values of DIM, HI,
CR, and THQ. In conclusion, the application of co-composted
BC could serve as an effective amendment in the alleviation
of Cr stress in Brassica via phytostabilization and reduction in
associated health risks.
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Biostimulant Capacity of an
Enzymatic Extract From Rice Bran
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Elisa Revilla, Angélica Castaño and Juan Parrado*

Departamento de Bioquímica y Biología Molecular, Facultad de Farmacia, Universidad de Sevilla, Seville, Spain

Ozone is a destructive pollutant, damaging crops, and decreasing crop yield. Therefore,
there is great interest in finding strategies to alleviate ozone-induced crop losses. In
plants, ozone enters leaves through the stomata and is immediately degraded into
reactive oxygen species (ROS), producing ROS stress in plants. ROS stress can
be controlled by ROS-scavenging systems that include enzymatic or non-enzymatic
mechanisms. Our research group has developed a product from rice bran, a by-
product of rice milling which has bioactive molecules that act as an antioxidant
compound. This product is a water-soluble rice bran enzymatic extract (RBEE) which
preserves all the properties and improves the solubility of proteins and the antioxidant
components of rice bran. In previous works, the beneficial properties of RBEE have been
demonstrated in animals. However, to date, RBEE has not been used as a protective
agent against oxidative damage in agricultural fields. The main goal of this study was
to investigate the ability of RBEE to be used as a biostimulant by preventing oxidative
damage in plants, after ozone exposure. To perform this investigation, pepper plants
(Capsicum annuum) exposed to ozone were treated with RBEE. RBEE protected the
ozone-induced damage, as revealed by net photosynthetic rate and the content of
photosynthetic pigments. RBEE also decreased the induction of antioxidant enzyme
activities in leaves (catalase, superoxide dismutase, and ascorbate peroxidase) due to
ozone exposure. ROS generation is a common consequence of diverse cellular traumas
that also activate the mitogen-activated protein kinase (MAPK) cascade. Thus, it is
known that the ozone damages are triggered by the MAPK cascade. To examine the
involvement of the MAPK cascade in the ozone damage CaMPK6-1, CaMPK6-2, and
CaMKK5 genes were analyzed by qRT-PCR. The results showed the involvement of the
MAPK pathway in both, not only in ozone damage but especially in its protection by
RBEE. Taken together, these results support that RBEE protects plants against ozone
exposure and its use as a new biostimulant could be proposed.
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GRAPHICAL ABSTRACT | Explanatory diagram of the protective action of
RBEE against the oxidizing agent ozone.

INTRODUCTION

Ozone (O3) is a destructive pollutant with negative effects on
human and ecosystem health that induces abiotic stress in
plants – affecting photosynthetic carbon assimilation, stomatal
conductance, and plant growth – that damages crops and
decreases crop yield (Ainsworth et al., 2012).

In plants, O3 enters through the stomata and is degraded into
secondary reactive oxygen species (ROS), including H2O2, O2

·−,
and HO·, in the apoplastic space (Vainonen and Kangasjärvi,
2015). High levels of ROS can lead to ROS stress that causes direct
or indirect ROS-mediated damage on a variety of molecules
including lipid peroxidation in cellular membranes, protein
denaturation, carbohydrate oxidation, and pigment breakdown
(Sharma et al., 2012). Even more, ROS stress can eventually lead
to changes in gene expression and even cell death. However,
ROS are generated in the metabolism of plant cells and therefore
plants need systems that scavenge oxidizing species. Constitutive
enzymatic and non-enzymatic systems in cells protect them
from ROS-induced damage and are inducible under biotic and
abiotic stress that triggers a rapid increase in ROS, including
O3 exposure (Sachdev et al., 2021). Enzymatic ROS-scavenging
mechanisms include antioxidant enzymes such as superoxide
dismutase (SOD), catalase (CAT), ascorbate peroxidase (APX),
glutathione peroxidase (GP), guaiacol peroxidase (GPX) and
dehydroascorbate reductase (DHAR) (Gill and Tuteja, 2010).

Specific ROS also act as “second messengers” in signal
transduction pathways that lie downstream initial event in cells.
The mitogen-activated protein kinase (MAPK) cascade is one
of the signaling pathways sensitive to the cell’s redox status.
Therefore ROS generation is a common consequence of diverse
cellular traumas that activate the MAPK cascade and studies in
different plants have demonstrated that O3 exposure activates

some components of the MAPK cascade (Marcus et al., 2000; Liu
et al., 2015; Liu and He, 2017).

Studies on the effect of O3 on agricultural productivity showed
an estimated 5–15% crop yield loss in the United States (Avnery
et al., 2011) and a 5% in Europe (Mills et al., 2007). To alleviate
the drop in crop productivity, the main defense strategy over the
past four decades has been the application of chemicals, mainly
synthetic antioxidants (fungicides, insecticides, herbicides,
nematocides, growth regulators, antitranspirants, antioxidants
from the rubber industry, etc.) (Didyk and Blum, 2010).
These xenobiotic products have varied protection capacity
with some producing ineffective or even detrimental side
effects. The most effective product was found to be EDU
(ethylene diurea– (N-[2-(2-oxo-1-imidazolidinyl) ethyl]-N0
phenylurea), developed by the duPont Chemical company
(Archambault et al., 2000) whose main mechanism of action
is not yet clear. Currently, more effective alternatives are being
sought, such as extracts of plant origin, which do not generate
environmental toxicity.

Rice Bran is a by-product of rice (Oryza sativa) milling
that retains most of the bioactive compounds present in rice
grain. These bioactives include naturally occurring antioxidants,
mainly γ-oryzanol, tocopherols, tocotrienols, and polyphenols.
Besides that, rice bran is also a good source of protein and fat
(Goufo and Trindade, 2014). However, the low bioavailability
of its biopolymers and bioactive compounds due to its high
insolubility is the main drawback when considering rice bran
as a biostimulant. Using enzymatic technology, our group has
developed a process that enables obtaining a stable, water-
soluble rice bran enzymatic extract (RBEE) from rice bran. RBEE
has shown a high content in bioactive compounds, particularly
phytosterols, γ–oryzanol, and tocols, and an increased content in
peptides and free amino acids (Santa-María et al., 2010).

According to its content in bioactive compounds, RBEE
has shown both in vivo and in vitro functional properties
such as antioxidant capacity (Santa-María et al., 2010),
hypocholesterolemic activity (Revilla et al., 2009), and
antiproliferative and inmunoactivatory abilities (Revilla
et al., 2013). Beneficial effects found in cells and animal
models, especially those derived from its antioxidant
capacity, lead us to consider the use of RBEE as a
biostimulant in agriculture.

This work aims to evaluate the biostimulant capacity of
RBEE. To this end, we propose studying the role of RBEE
in plant protection against abiotic stress mediated by ROS,
specifically in O3 exposure. We chose pepper plants (Capsicum
annuum) since pepper is a vegetable crop of great agricultural and
economic importance being the second most traded spice in the
world. Heavy losses in pepper production are frequently caused
by abiotic stresses including O3 exposition, in fact Capsicum
pepper cultivation is almost entirely located in regions where O3
concentration is increasing to phytotoxic levels (Bortolin et al.,
2016). For these reasons pepper plants are an interesting research
target to evaluate the negative effects of O3.

Pepper plants exposed to O3 were treated with RBEE
and antioxidant enzyme activities and specific functional
parameters were analyzed. Treatment with RBEE improved
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physiological parameters, such as net photosynthetic rate and
photosynthetic pigments content in plants exposed to with O3.
RBEE treatment also decreased the induction of antioxidant
enzyme activities in leaves (CAT, SOD, GPX, and APX) due to
O3 exposure.

Additionally, to search whether MAPK cascade is involved
in the protective role of RBEE against O3-induced damage we
analyzed the transcriptional expression of CaMPK6-1, CaMPK6-
2, and CaMKK5 genes. The high expression of genes studied
strongly support that RBEE protective capacity involved the
MAPK signaling cascade.

MATERIALS AND METHODS

Rice Bran Enzymatic Extract Preparation
Rice bran (O. sativa var. indica) raw material was provided
by Herba Ricemills, S.L.U (Sevilla, Spain). Rice bran is
obtained during the polishing/milling of raw rice grains once
their husks have been stripped. Rice bran was processed by
enzymatic hydrolysis using the hydrolytic agent (Biocom, Spain)
subtilisin (EC 3.4.21.62), a protease from Bacillus licheniformis as
hydrolytic agent (Biocom, Spain) in a bioreactor with controlled
temperature (60◦C) and pH (pH 8), using the pH-stat method
(Parrado et al., 2006). The processing of this product follows
different steps, including solid separation and concentration. The
final product RBEE is a brown syrup that is completely water-
soluble.

Rice bran enzymatic extract bran macro and micronutrient
composition was characterized as previously described
(Parrado et al., 2006).

Plant Treatment
Capsicum annum L. var. grossum (pepper) plants were raised
from seeds in plastic pots containing an organic commercial
substrate (Gramoflor GmbH und Co., KG.) and Osmocote R©

(NPK 15-9-12), and grown inside the University of Seville
Glasshouse General Services on a phytoclimatic chamber, with
a controlled temperature of 18–22◦C, 50% relative humidity,
adequate irrigation with tap water and a photoperiod of 16 h
light (1200 µmol.m−2. s−1)/8 h darkness. After 8 days of
transplantation, 20 pepper plants were selected and divided
in 4 treatments (5 plants per treatment): control plants (C),
plants treated with RBEE, control plants under O3 exposition
(C + O3), and plants treated with RBEE under O3 exposition
(RBEE+ O3).

To evaluate the protection capacity of the treatment with
RBEE, RBEE and RBEE + O3 plants were foliar sprayed with
an aqueous solution of RBEE at 0.1% a total of four times at 5-
day intervals. At the same time, control plants (C and C + O3)
were sprayed with distilled water the same times. After 5 days
of the last spray treatment, C + O3 and RBEE + O3 plants
were transferred to another phytoclimatic chamber with an O3
generator (ZONOSISTEM GM 5000 O3 Generator) attached and
exposed to three consecutive fumigations with 100 ppB of O3 for
6 h (from 10:00 a.m. to 4:00 p.m.). After O3 fumigation, plants

of all treatments were sprayed again with the corresponding
solution (RBEE 0.1% or distilled water).

Finally, 24 h after the last exposure to O3, foliar samples
were taken from each plant and the analyses described below
were carried out.

Physiological Status in Plants
Determination of Net Photosynthetic Rate
Twenty-four hours after the las ozone treatment, the net
photosynthetic rate (AN) was measured in plants using an IRGA
(LI-6400XT, LI-COR Inc., Nev., EEUU) with a light chamber
for the leaf (Li-6400-02B, Li-Cor Inc.). Measurements (n = 20)
were performed between 10 a.m. and 2 p.m. hours under a
photosynthetic photon flux density of 1500 µmol.m−2.s−1, a
deficit of vapor pressure of 2–3 kPa, a temperature around 25◦C,
and a CO2 concentration environment of 400 µmol.mol−1 air.
Each measurement was recorded after the stabilization of the
exchange of gases was equilibrated (120 s).

Chlorophyll Content in Leaves
Chlorophyll content was extracted from random leaves from
plants of each treatment. Fifty milligrams of leaves were
homogenized in acetone 100% (v/v) and saline solution 0.9%
(w/v) using a homogenizer (Hiscox and Israelstam, 1979). The
total chlorophyll content was determined at 652 nm by using the
absorbance coefficient of extinction 34.5 cm−1

· µg−1 (Arnon,
1949):

Abs652nm =
[
chlorophyll

]
· 34.5 cm−1

· µg−1.

Delayed Fluorescence Measurements
Delayed fluorescence (DF) was detected using a plant imaging
system (NightShade LB 985, Berthold Technologies, Germany)
equipped with a deeply cooled CCD camera according to López-
Jurado et al. (2020). From plants of each treatment, 2–3 intact
leaves of approximately the same size were separated and placed
in the plant imaging system. The leaves were illuminated for
20 s with light supplied from far red (730 nm), red (660 nm),
green (565 nm), and blue (470 nm) LED panels at 2, 105, 40,
and 110 µmol.m−2.s−1, respectively. Immediately after the LEDs
were turned off, DF was measured, and the recorded intensities
of light were converted to counts per second (cps). Data were
then normalized to each leaf area to obtain comparable cps values
across treatments.

Oxidative Stress Evaluation in Plants
Determination of Lipid Peroxidation
To quantify lipid peroxidation in leaf homogenates
malondialdehyde (MDA) content was determined using
the thiobarbituric acid reactive substances (TBARS) assay
(Esterbauer and Cheeseman, 1990). Samples of 1 g of leaves were
homogenized with 2 ml of 0.1% trichloroacetic acid (TCA). The
homogenates were centrifuged at 8000 × g for 10 min at 4◦C,
and the supernatants were filtered through a 0.2 mm aseptic
filter. Then, 0.3 ml of each sample was mixed with 0.9 ml of 20%
TCA containing 0.5% TBA. The solutions were heated at 95◦C
for 1 h, immediately cooled, and centrifuged as above. Finally,
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the absorbance at 532 and 600 nm of the supernatants was
recorded, and MDA concentration was calculated by subtracting
the non-specific absorption at 600 nm from the absorption
at 532 nm by using the absorbance coefficient of extinction
156 mM−1 cm−1. The results obtained were expressed in
nmol.g−1 fresh weight (FW).

Antioxidant Enzymes Analyses
To observe the stress of plants, enzymatic activities of APX,
SOD, guaiacol peroxidase (GPX), and CAT were measured
as described by Duarte et al. (2015). Briefly, vegetal extract
was extracted in extraction buffer (50 mM sodium phosphate
buffer; pH 7.6) from 500 mg of leaves. Catalase activity was
determined at 240 nm in a reaction solution containing the
assay buffer (50 mM sodium phosphate buffer, pH 7.0) and
100 mM H2O2. APX activity was assayed in the assay buffer
with 12 mM H2O2 and 0.25 mM L-ascorbate and measured
at 290 nm. SOD activity was determined by monitorization
of the pyrogallol oxidation at 325 nm by the addition of
3 mM pyrogallol. Guaiacol peroxidase activity was measured at
470 nm in a reaction mixture containing the assay buffer, 2 mM
H2O2, and 20 mM guaiacol. To determine the auto-oxidation
of the substrates, control assays were performed in absence of
enzymatic extract samples (Duarte et al., 2015). Finally, the
total protein content in the enzymatic extracts was measured
according to Bradford (1976).

Oxidative Stress Index
Oxidative stress index (OSI) is a parameter that expresses the
global oxidative stress in plants (Pérez-Palacios et al., 2017).
It was calculated with the formula described in Paredes-Páliz
et al. (2018). Values greater than 1 indicated that the leaves were
stressed, whereas values less than 1 indicated that the leaves were
without oxidative stress.

Plant RNA Extraction and qRT-PCR
Assay
RNA was extracted from 100 mg of leaves using RNeasy R©

Plant Mini Kit (Qiagen, Germany) following the manufacturer’s
instructions. Then, RNA samples were treated with DNA-
freeTM kit (ThermoFisher, United States) to remove the residual
DNA. Immediately, RNA samples were retrotranscripted to
cDNA using QuantiTect R© Reverse Transcription kit (Qiagen,
Germany) according to the manufacturer’s instructions, and
the expression of CaMPK6-1, CaMPK6-2 (Arabidopsis orthologs
AtMPK6, Liu et al., 2015), and CaMKK5 (Arabidopsis orthologs
AtMKK5, Liu et al., 2015) genes were analyzed by qPCR by
triplicate. qPCR was performed using SensiFASTTM SYBR R© No-
ROX kit (Bioline, France) and primers described in Table 2
following the supplier’s instructions, in a LightCycler R© 480 II
thermo-cycler (Roche, Switzerland) under the next conditions:
95◦C for 2 min and 50 cycles at 95◦C for 5 s, followed
by 60◦C for 10 s, and finally 72◦C for 15 s. The beta-
tubulin housekeeping gene was used to normalize results
from different samples. Primers used in these assays are
described in Table 1. Expression signals were quantified

and normalized using LightCycler R© 480 Software version 1.5
(Roche). The expression fold was calculated according to
Livak and Schmittgen (2001):

1Cq = AVECq
(
TargetAssay

)
− AVECq

(
ReferenceAssay

)
11Cq = 1Cq

(
TestSample

)
− 1Cq(ReferenceSample)

RQ = 2−11Cq.

Statistical Analysis
Statistical analysis was performed using Statistica software
version 6.0 (StatSoft Inc.). First, the normality was checked
by the Kolmogorov–Smirnov test. The means of the different
treatments were compared using two-way ANOVA and the
statistic differences were carried out by Tukey test (F-test).

RESULTS

Rice Bran Enzymatic Extract Chemical
Characterization
The enzymatic process of obtaining the new water-soluble
biostimulant (RBEE) from rice bran has been previously shown
(Parrado et al., 2006). The biological tool involved in the
enzymatic process for obtaining the RBEE is subtilisine (EC
3.4.21.62). This protease extracts, solubilizes, and hydrolyzes the
initial insoluble proteins in brans, reducing the size of original
rice bran proteins to soluble peptides. This process also led to the
solubilization of hydrophobic compounds as lipids and bioactive
metabolites in an emulsion (w/o). The chemical composition is
shown in Table 2.

The two major components in RBEE are the proteins
and lipids in equal amounts. Protein fraction is mainly
comprised of peptides <5 kDa (see Supplementary Figure SM1).
These peptides interact with the lipid fraction that allows
fatty acids and hydrophobic bioactive compounds such as
polyphenols, phytosterols, tocopherols, and tocotrienols (Revilla
et al., 2009) to be soluble in water, leading to a greater
bioavailability.

Rice bran is rich in prominent bioactives such as phytosterols.
Interestingly, our RBEE retains major phytosterols described
in rice bran (Santa María et al., 2016), the most abundant
phytochemical found being γ–oryzanol (Table 2).

Other bioactive molecules such as tocopherols and
tocotrienols (vitamin E) are also present in rice bran. Seven
homologs of tocols were identified in RBEE (α-, β-, γ-,
and δ-tocopherols and α-, γ-, and δ-tocotrienols). Among
these, γ-tocotrienols were the most abundant, followed by
α-tocopherols and α-tocotrienols (Table 2).

Rice bran enzymatic extract components also include
polyunsaturated fatty acids, so linoleic acid and linolenic acid
constitute 35.76% of total fatty acid content (Table 2). Finally,
RBEE also contains flavonoids (flavonols, 0.62 mg/g; flavanols,
2.90 mg/g) and phenolic acids (20.14 mg/g).

Accordingly, the enzymatic process increases the
bioavailability of RB without losing bioactive components.
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TABLE 1 | Primers for qRT-PCR amplifications.

Protein Accession numbers Primer Sequence References

Beta tubulin EF495259.1 BTF 5′-GAGGGTGAGTGAGCAGTTC-3′ Guo et al., 2012

BTR 5′-CTTCATCGTCATCTGCTGTC-3′

CaMPK6-1 CA08g04480 MK6-1F 5′-AAAGCCTCTGTTTCCTGGTAG-3′ Liu et al., 2015

MK6-1R 5′-CTCCTTCTGGGATCAAATGTC-3′

CaMPK6-2 CA03g14570 MK6-2F 5′-CAGAGATCATGTACACCA-3′

MK6-2R 5′-TCGCACCTGTTATTCTCCTTCTG-3′

CaMKK5 CA03g36820 MKK5F 5′-GATTTCATTGCCTGCTGTTTG-3′

MKK5R 5′-GTGCCTGATGGACCTGATTAC-3′

TABLE 2 | Analytical composition of RBEE.

Chemical composition (%, w/w) Tocols (mg/kg)

Tocopherols Tocotrienols

Total protein 40.6 ± 1.9 α-Tocoferol 44 ± 3 α-Tocotrienol 25 ± 2

Fat 29.7 ± 1.6 β-Tocoferol 10 ± 2 β-Tocotrienol –

Carbohydrates 21.3 ± 2.8 γ-Tocoferol 38 ± 4 γ-Tocotrienol 62 ± 4

Ash 8.4 ± 0.6 δ-Tocoferol 7 ± 1 δ-Tocotrienol 87 ± 5

Total 99 ± 7 Total 174 ± 10

Ca (mg/kg) 599

Mg (mg/100 g) 787

Fe (mg/100 g) 18

Vitamin B1 (mg/100 g) <0.1

Vitamin B2 (mg/100 g) 24.1

Sterols Fatty acid composition (mg/100 mg)

γ–Oryzanol (mg/g) 10.6 ± 0.4 C14:0 myristic acid 0.25 ± 0.04

Brassicasterol (µg/g) 13.2 ± 1.5 C16:0 palmitic acid 18.40 ± 3.11

2,4-Methylenecholesterol (µg/g) 7.5 ± 2.5 C16:1 palmitoleic acid 0.14 ± 0.05

Campesterol (µg/g) 648.5 ± 23 C18:0 stearic acid 1.79 ± 0.38

Stigmasterol (µg/g) 414.6 ± 29 C18:1 oleic acid 41.72 ± 4.14

δ-7-Campesterol (µg/g) 22.5 ± 1.8 C18:2 linoleic acid 35.00 ± 0.12

Clerosterol (µg/g) 63.5 ± 4.7 C18:3 linolenic acid 0.76 ± 0.28

β-Sitosterol (µg/g) 1538.9 ± 98.6 C20:1 peanut acid 0.58 ± 0.16

Sitostanol (µg/g) 55.7 ± 3.8 Saturated 20.44

δ-Avenasterol (µg/g) 524.2 ± 50.8 Unsaturated 42.44

δ-5-2,4-Stigmasterol (µg/g) 37.4 ± 2.1 Polyunsaturated 35.76

δ-7-Stigmasterol (µg/g) 22.8 ± 2.6

δ-7-Avenasterol (µg/g) 20.3 ± 3.5

Cholesterol (µg/g) 27.6 ± 3.6

Others (µg/g) 79.5 ± 6.6

Total (µg/g) 3530.1 ± 60.0

All data are presented as mean ± SD of three independent experiments.

Physiological Status in Plants
After the experiments, the physiological status in pepper plants
was determined by assaying diverse parameters, such as net
photosynthetic rate, chlorophyll content, and DF.

The net photosynthetic rate was significantly affected
by O3 exposure (Figure 1A). After the treatments with
RBEE, plants showed similar values to the control plants
indicating that the RBEE does not interfere with the
photosynthesis. However, when the plants were exposed
to O3 this rate significantly decreased. This decrease
was recovered by 88% in the plants exposed to O3 and
treated with RBEE.

The total chlorophyll content in plants was significantly
affected by both O3 exposure and RBEE treatment (Figure 1B).
Leaves of control plants treated with ozone showed 4.6-folds less
content of total chlorophyll than non O3-exposed control plants.
However, despite RBEE treatment did not recover the content of
total chlorophyll under O3 conditions, this treatment improved
this content by 53%.

To monitor plant stress status, DF closely related to
photosynthetic reactions and chlorophyll content was also
measured (Zhang et al., 2019). Both RBEE treatment and O3
exposure produced a significant decrease in DF emissions. The
lowest measurements were detected in untreated, O3-fumigated
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FIGURE 1 | Physiological parameters. (A) Net photosynthetic rate (AN) and (B) total chlorophyll content in pepper plants in response to two conditions of ozone (O3)
(0 and 100 ppm) under a treatment without and with rice bran enzymatic extract (RBEE). Values represent mean ± SD, n = 5. Different letters indicate means that are
significantly different from each other (two-way ANOVA, O3 exposition × RBEE treatment; HSD test, P < 0.05). O3 exposition and RBEE treatment in the corner of
the panel indicate main or interaction significant effects (*P < 0.05; **P < 0.01; ***P < 0.0001).

FIGURE 2 | Delayed fluorescence in leaves of pepper plants in response to two conditions of ozone (O3) (0 and 100 ppm) under a treatment without and with rice
bran enzymatic extract (RBEE). (A) Counts per second (cps) values for each treatment. Values represent mean ± SD, n = 5. Different letters indicate means that are
significantly different from each other (two-way ANOVA, O3 exposition × RBEE treatment; HSD test, P < 0.05). O3 exposition and ozone exposition × RBEE
treatment in the corner of the panel indicate main or interaction significant effects (*P < 0.0001); (B) photographs taken by the plant imaging system NightShade LB
985. The color scale mirrors the detected counts per second (cps) of delayed fluorescence emission in leaves.

plants, and the RBEE and RBEE + O3 plants showed a less
substantial decrease in DF emissions than the C + O3 plants
(Figures 2A,B). Although O3 also produced a loss of DF signals
in the RBEE-treated plants, this decrease was much less marked
compared to C + O3 plants, highlighting a lower stress state
of these plants.

These results suggest that RBEE protects plants against
photosynthetic damages by O3 exposure and maintain the
physiological status of plants under these conditions. With the
naked eye, although with less significant differences, we could
also observe the attenuation of the visible foliar symptoms caused
by ozone in the plants treated with RBEE before ozonization.

C + O3 plants showed a more widespread chlorosis, as well as
the appearance of small brown spots that were not present on
RBEE+ O3 plants (Supplementary Figure SM2).

Oxidative Stress Level in Plants
To observe the oxidative stress after O3 exposure and RBEE
treatment, antioxidant enzyme activities were measured. Both
variables had significant effects on these activities (Figure 3).
As expected, O3-exposed plants showed a significant increase
in their enzymatic activities in comparison with the control to
alleviate the oxidative stress caused by ozone, underline that
SOD and APX showed more activity than the other enzymes.
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FIGURE 3 | Antioxidant enzyme activities. (A) Catalase (CAT), (B) ascorbate peroxidase (APX), (C) guaiacol peroxidase (GPX), and (D) superoxide dismutase (SOD)
activities from leaves of pepper plants in response to two conditions of ozone (O3) (0 and 100 ppm) under a treatment without and with rice bran enzymatic extract
(RBEE). Values represent mean ± SD, n = 5. Different letters indicate means that are significantly different from each other (two-way ANOVA, O3 exposition × RBEE
treatment; HSD test, P < 0.05). O3 exposition and RBEE treatment in the corner of the panels indicate main or interaction significant effects (*P < 0.01; **P < 0.001;
***P > 0.0001).

FIGURE 4 | Malondialdehyde concentration (MDA) (A) and oxidative stress index (OSI) (B) in leaves of pepper plants in response to two conditions of ozone (O3) (0
and 100 ppm) under a treatment without and with rice bran enzymatic extract (RBEE). Values represent mean ± SD, n = 5. Different letters indicate means that are
significantly different from each other (two-way ANOVA, O3 exposition × RBEE treatment; HSD test, P < 0.05). O3 exposition, RBEE treatment, and O3

exposition × RBEE treatment in the corner of the panels indicate main or interaction significant effects (*P < 0.01; **P < 0.001).

Nevertheless, the activity of enzymes decreased both in an O3
environment and when plants were treated with RBEE but no
exposed to O3, with the insignificant exception of the APX
activity without ozone exposure (Figure 3B). In absence of O3,
the activities decrease 16, 26, and 17%, in CAT, GPX, and SOD,
respectively. In O3-exposed plants, the decreases were 41, 49, 10,

and 34% in CAT, APX, GPX, and SOD, respectively, being the
APX activity the most affected.

To check the lipid peroxidation of plants, the content of
MDA, commonly used as a marker of oxidative stress (Oszlányi
et al., 2020), was measured in our leaf samples. As shown in
Figure 4A, higher concentrations of MDA were recorded in
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FIGURE 5 | Relative expession of (A) CaMPK6-1, (B) CaMPK6-2, and (C) CaMKK5 in leaves of pepper plants in response to two conditions of ozone (O3) (0 and
100 ppm) under a treatment without and with rice bran enzymatic extract (RBEE). For each gene, the expression level is relative to that of control plants (without
RBEE treatment and without O3 exposition) considered as 1. Values represent relative expression ± SD, n = 3. Different letters indicate means that are significantly
different from each other (two-way ANOVA, O3 exposition × RBEE treatment; HSD test, P < 0.05). O3 exposition, RBEE treatment, and O3 exposition × RBEE
treatment in the corner of the panels indicate main or interaction significant effects (*P < 0.05; **P < 0.001; ***P < 0.0001).

the C + O3 plants, which presented a significant increase in
MDA content compared to all other experimental plants. On
the other hand, the plants sprayed with RBEE showed similar
levels of lipid peroxidation to those of the control plants, showing
the protective effect of RBEE treatment against oxidative stress
caused by O3 exposure.

All these positive effects of RBEE in plants in an O3
environment were also reflected in the OSI (Figure 4B). The
OSI shows that O3-exposed plants treated with RBEE contain
more similar stress levels to that of the control plants. These
results support the protective effects of RBEE against O3-induced
oxidative damage. Furthermore, RBEE application in leaves did
not produce any oxidative stress in pepper plants.

Mitogen-Activated Protein Kinase Genes
Expression
This study also checked the expression of some MAPK genes
involved in oxidative stress in plants (Liu and He, 2017). As
suspected, expression of CaMPK6-1, CaMPK6-2, and CaMKK5

genes increased in leaves of O3-exposed plants (Figure 5). RBEE
did not give rise to the expression of these genes in plants in
the absence of an O3 environment. Surprisingly, however, after
O3 exposure, RBEE treated leaves showed a huge overexpression
of these MAPK genes, these being expressions of 4.89, 55.31,
and 6.39-folds higher than in the O3-exposed control plant
for CaMPK6-1, CaMPK6-2, and CaMKK5 genes, respectively
(Figure 5). This result could indicate that the O3-oxidated
RBEE produces the induction of gene expression by acting as a
transcription inductor. However, this fact should be studied to
understand the mechanism involved in this process.

DISCUSSION

Biostimulants have been defined as “a formulated product
of biological origin that improves plant productivity as a
consequence of the novel, or emergent properties of the
complex of constituents, and not as a sole consequence of
the presence of known essential plant nutrients, plant growth
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regulators, or plant protective compounds” (Yakhin et al.,
2017). Present results show a new product, an enzymatic
extract from rice bran that protects against O3-induced damage.
O3 treatment induces a decrease in net photosynthetic rate,
chlorophyll content, and DF in pepper leaves which was partially
reversed after foliar treatment with RBEE (Figures 1A,B, 2A,
respectively). Thus, we can propose that RBEE may exert
a biostimulant effect on pepper plants mainly based on its
bioactive compounds.

Rice bran enzymatic extract, the enzymatically obtained
extract from rice bran, shows a notable total antioxidant capacity
(Revilla et al., 2009) and has been evaluated as a protector
against lipid and protein oxidation in rat brain homogenate
(Parrado et al., 2003). Additionally, we tested the antioxidant
capacity of RBEE in two cell models: keratinocyte monolayers and
reconstructed human epidermis both irradiated with UVB, and
found that RBEE decreased lipid peroxidation in both systems
(Santa-María et al., 2010).

Rice bran enzymatic extract is rich in prominent bioactive
molecules. Many components of the extract may contribute to
its antioxidant capacity. The most abundant phytochemical is
γ-oryzanol, which is a natural antioxidant composed of ferulic
acid esters of sterols and triterpene alcohols with high scavenging
activity of free radicals, mainly mediated by ferulic acid moiety
(Lemus et al., 2014; Minatel et al., 2016; Massarolo et al.,
2017; Zduńska et al., 2018). RBEE also contains tocols (both
tocopherols and tocotrienols) that act as antioxidants due to
their ability to donate phenolic hydrogens (electrons) to lipid
radicals (Xu et al., 2001). Polyunsaturated fatty acids which act as
radical scavenging agents are also present in RBEE, contributing
to the antioxidant activity. So, other natural substances such as
Rosa rubiginosa oil (Franco et al., 2007), grape seed oil (Bail
et al., 2008), and soybean-germ oil (Chen et al., 2019) are used
for cosmetic purposes due to their polyunsaturated fatty acid
content, which acts as a radical scavenging agent.

Rice bran enzymatic extract is also rich in PHs. PHs exhibit
different antioxidant and free radicals scavenging activities (Li
et al., 2008), mainly conferred by some nitrogenous compounds
contained therein such as glycine, betaine, and proline (du
Jardin, 2015). Moreover, PHs have shown an ability to enhance
antioxidant mechanisms in plants (Gurav and Jadhav, 2013).
It is worth noting that PHs, mainly those resulting from the
enzymatic hydrolysis of protein substrates into low molecular
weight peptides and free amino acids, have shown multiple
biostimulant capabilities. Protein hydrolysates are included
within the biostimulant classification (du Jardin, 2015). The
direct effects in plants include modulating N uptake and
assimilation, acting on signaling pathways in the root, regulating
enzymes involved in this process (du Jardin, 2015), possessing
hormonal activity similar to auxin and gibberellin (Colla et al.,
2014), and producing antioxidant activity (Li et al., 2008; Gurav
and Jadhav, 2013). In addition, when applied to soils, PHs
have shown indirect effects on plant growth and nutrition by
increasing the availability of nutrients and their acquisition by
the roots – enhancing the microbial activity and biomass of the
soil, soil respiration, and their fertility in general (du Jardin, 2015;
Rodríguez-Morgado et al., 2015).

It is worthing to note that mixture of these bioactive
molecules, as is the case of RBEE, has been reported to
greatly enhance the antioxidant activity of rice bran oil
(Perez-Ternero et al., 2017).

According to the RBEE antioxidant capacity, we have selected
an acute O3 treatment as an abiotic stressor. O3 is degraded in
the apoplast into secondary ROS (Vainonen and Kangasjärvi,
2015) and high levels of ROS can lead to ROS stress that induces
the enzymatic and non-enzymatic-systems that protect cells
from ROS (Sachdev et al., 2021). Accordingly all the enzymatic
activities assayed – CAT, GPX, APX, and SOD – were induced
after O3 treatment. Induction was significantly reversed by the
foliar treatment with RBEE (Figure 3). The effect on enzymatic
activities could be correlated with the antioxidant effect of
RBEE, thus the lipid peroxidation induced by O3 treatment was
significantly alleviated by RBEE (Figure 4A). Consequently, the
antioxidant effect is reflected in the OSI values (Figure 4B).

Unlike other enzymes assayed, a surprising result was the
induction of APX after the application of RBEE in plants
not treated with O3 (Figure 3B). We can speculate that this
APX induction may be due to a hormetic effect induced by
RBEE, stimulating a cellular system that could be essential
for plant defense under stress. At the physiological level,
hormesis is an adaptive response of an organism to a low-
level stress factor accompanied by over-compensation when
homeostasis is interrupted (Mattson, 2008; Calabrese, 2009;
Wiegant et al., 2012). Hormesis is the cellular response in plants
that occurs after an initial exposure to low levels of biotic or
abiotic stressors – such as herbicides, temperature, chemicals, and
radiation – which predisposes them to stimulate cellular defense
mechanisms at subsequent sources of stress (Agathokleous and
Calabrese, 2020; Berry and López-Martínez, 2020). For example,
low doses of some herbicides such as 2,4-dichlorophenoxyacetic
acid, glyphosate, and paraquat have been shown to trigger
auxin production and antioxidant defense. The biostimulant-
induced hormesis response of beneficial organisms allows plants
to tolerate stress (Ahkami et al., 2017) through activation
of secondary metabolisms and gene expression to recover
homeostasis (Vargas-Hernandez et al., 2017). Application of
biostimulants at right time can therefore facilitate increased plant
growth while combined application of multiple biostimulants
can be effective in reducing environmental drastic impacts
(Dong et al., 2020).

In plants, the mechanism of hormesis is still unknown.
The most probable pathways for hormetic responses are the
induction of ROS by mild stress which leads to the activation
of antioxidant defenses, stress-signaling hormones, or adaptive
growth responses (Poschenrieder et al., 2013). Thus, induction
of low and sub-toxic concentrations of ROS by mild stressors,
such as which occurs as a result of foliar application of RBEE,
has shown the ability to develop a hormetic effect, activating
antioxidative defense and adaptive responses. RBEE is rich in
18C-unsaturated fatty acids (UFAs): oleic (18:1), linoleic (18:2),
and α-linolenic (18:3) acids (Table 2). Besides their roles as
ingredients and modulators of cellular membranes, reserves of
carbon and energy, stocks of extracellular barrier constituents
(e.g., cutin and suberin), or precursors of various bioactive
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molecules (e.g., jasmonates and nitroalkenes), recent works have
pointed the role of 18C-UFAs as regulators of stress signaling
(He and Ding, 2020). Oleic acid has been implicated in plant
immunity against pathogens (Mandal et al., 2012). Even more,
linoleic acid may regulate plant defense through ROS production
(Yaeno et al., 2004). In this context, we can assume that RBEE
application may induce a mild increase in ROS due to UFAs
content that underly the induction of APX activity.

Ascorbate peroxidase is an H2O2-scavenging enzyme and
is indispensable for the protection of chloroplasts and other
cell constituents from damage by H2O2 and hydroxyl radicals
(OH.). APX has been identified in most higher plants and
comprises a family of isoenzymes present in different plant
cell compartments, including apoplast (Sofo et al., 2015). As
compared to catalase, it is more vital in stress as it has a high
affinity for hydrogen peroxide (Afzal et al., 2014). Accordingly,
we have found that APX activity exceeds catalase activity 10
times (Figures 3A,B). After O3 enters the leaves through the
stomata, it rises to the apoplast where it is immediately degraded
into secondary ROS. Detoxification of ROS in the apoplast can
therefore be considered as an early line of defense against O3
(Kangasjärvi et al., 2005; Castagna and Ranieri, 2009). APX
uses ascorbate as its specific electron donor to reduce H2O2
to water. Ascorbate is believed to be the major redox buffer
and ROS scavenger in the apoplast (Foyer and Noctor, 2009).
Thus, we can speculate that pretreatment with RBEE induced
ROS generation that slightly stimulates APX activity, probably
at the apoplast, the gate of entrance, that facilitates posterior
induction and consequently protection against O3 exposure. The
APX result could be working in tandem with the decrease in
chlorophyll content and DF found in the same group of plants
(Figures 1B, 2A). This effect could be due to linoleic acid
present in RBEE as it has been shown that linoleic acid decreased
the chlorophyll concentration and photosynthetic efficiency in
Cylindrospermopsis raciborskii (Xu et al., 2016).

Protein phosphorylation mediated by protein kinase cascades
is one of the most important post-translational modifications
that coordinate response in cells. One relevant protein-kinase
based amplification cascade is the MAPK cascade. The MAPK
cascade is a complex signaling pathway hierarchically organized
at least three sequentially acting serine/threonine kinases –
a MAP kinase kinase kinase (MAPKKK), a MAP kinase
kinase (MAPKK), and finally, the MAPK itself – with each
phosphorylating, and hence activating, the next kinase. In this
cascade, MAPKs phosphorylate specific substrate proteins, such
as transcription factors and enzymes, and subsequently trigger
cellular responses and rapidly transform upstream signals into
appropriate intracellular responses (Liu et al., 2015). MAPK
cascade is involved in many aspects of plant physiology, including
cell division (Komis et al., 2011), plant growth and development
(Xu and Zhang, 2015), plant resistance to pathogens (Bigeard
et al., 2015) and insect herbivores (Hettenhausen et al., 2015),
and plant response to abiotic stresses (Liu, 2012; Smékalová
et al., 2014). It has been described as an interplay between
MAPK cascade and ROS; so exogenous application of H2O2
or O3 activates components of MAPK cascades. On the other
hand, manipulating MAPK cascades results in initiation of ROS
responses (Šamajová et al., 2013). In this context, the present

work analyses the role of the MAPK cascade in the protective
effect of RBEE against O3 damage.

The majority of MAPK and MAPKK members are
constitutively expressed in pepper plants. In leaves, the transcript
level of CaMPK1 is the highest, followed by CaMPK6-2, and
CaMPK19-2. Among MAPKK genes, CaMKK5 exhibits the
highest transcript levels. Under the challenges of heat shock,
salt stress, or pathogen inoculation, most of the MAPKs
and MAPKKs in the pepper genome were significantly
transcriptionally modified (Liu et al., 2015). Accordingly,
after O3 exposure, we found induction of the studied MAPKs.
It is worth noting the relevant role that MPK3/MPK6 play
in ROS response and O3 sensitivity. AtMPK3/AtMPK6 in
A. thaliana (Ahlfors et al., 2004) and the orthologs SIPK/WIPK
in tobacco (Marcus et al., 2000), have been found to regulate for
O3 sensitivity; in fact RNAi-mediated silencing of MPK6 renders
the plant more sensitive to O3 (Miles et al., 2005). In these lines
we found increased CaMAPK6-1 and CaMAPK6-2 after pepper
plants exposition to O3. Moreover, induction of CaMKK5 may be
related to CaMAPK6-1 and CaMAPK6-2. It has been described in
Arabidopsis that MKK5 was involved in MPK3/MPK6 activation
in response to O3 exposure (Vainonen and Kangasjärvi, 2015)
and interestingly in pepper CaMPKK5 interacts with CaMPK3,
CaMPK6-1, and CaMPK6-2 (Liu et al., 2015). But surprisingly,
after O3 exposure, RBEE treated leaves showed a huge expression
of these MAPK genes, being higher than in the control plants
under O3 in CaMPK6-1, CaMPK6-2, and CaMKK5 genes
(Figure 5). As previously indicated, the MAPK cascade is
involved in many aspects of plant physiology including the
defense response against stress. The presence of multiple genes’
family members in genomes of different plant species encoding
for MAPKKKs, MAPKKs, and MAPKs, and the fact that one
MAPK cascade may be associated with more than one upstream
or downstream partner (Liu et al., 2015) made it difficult to
elucidate specific mechanism mediated by MAPK modules.
How ROS activates MAPK cascades still remains unclear. It is
possible that plants not only use MAPK cascades to transduce
ROS signaling to gene expression and sometimes cell death, but
also initiate the negative feedback regulation by MAPK cascades
to maintain ROS homeostasis. The different combinations of
the three tiers of kinases, distribution, time point-dependent
activation, strength, duration, and availability of substrates of
MAPK cascades may determine the feed-forward or feed-back
outcomes (Liu and He, 2017). However, our results unequivocally
indicate that both the damage induced by O3 and the activation
of the protection systems against it induced by RBEE take place
through the transcriptional induction of the MAPK cascade.

CONCLUSION

Rice bran enzymatic extract, an enzymatic extract of plant origin,
reversed the O3-induced decrease in physiological parameters
as net photosynthetic rate, chlorophyll content, and DF. Thus,
the results of our study highlight the potential use of RBEE as
an effective biostimulant plant protector against oxidative stress
caused by O3. Present results also point out that MAPK cascade
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is involved in both, O3-induced damage and RBEE protection.
However, more studies are needed to clarify how this kinase
pathway is involved.

Thus, we contribute to the general efforts done in the
last decade searching new non-chemical alternative products
to protect crops against damages caused by environmental
oxidative stress.
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As the market indicates a growing interest in organically grown fruit, there is a need
for biostimulants to counter the adverse effects of pathogenic fungi and fungal-like-
pathogens. Four microbial pathogens (Botrytis cinerea, Verticillium sp., Phytophthora
sp., and Colletotrichum sp.) which are the most often causes of strawberry diseases
were selected. Five kinds of biostimulants (C1, C2, C3, C4, and C5) containing bacterial
consortia were developed to combat the pathogens. The antagonistic effect of selected
microorganisms against strawberry pathogens was observed. The effectiveness of
various beneficial bacteria in combating fungal pathogens of cv. Honeoye strawberries
was compared and the impact of their activity on fruit quality was assessed. The
most significant effect on the strawberry firmness was found for the C2 consortium,
which provided the strawberries infected with the pathogens group (MIX: B. cinerea,
Verticillium sp., Phytophthora sp., and Colletotrichum sp.) with a 140% increase in
maximum load in a puncture test compared to the positive control (C0). Strawberries
contaminated with Phytophthora sp. after the application of Consortium C4 (C4) showed
the largest increase (127%) in soluble solid content (SSC) when compared to the C0.
Fruit contaminated with Colletotrichum sp. and B. cinerea after the application of C2
and Consortium 5 (C5), respectively, had the highest levels of anthocyanins and total
phenolic content, when compared to C0. The largest increase, which reached as high
as 25%, in D-galacturonic acid content was observed for the group of pathogens after
Consortium 1 (C1) application. The extraction of strawberry pectin allowed for the study
of the rheological properties of pectin solutions; on this basis, strawberry pectin from the
control (NC) was distinguished as it showed the highest viscosity (0.137–0.415 Pas).
Taking into account the individual effects of bacteria on strawberry pathogenic fungi
and fungal-like-pathogens, it is possible to reduce the adverse effects of fungal disease
and to improve the properties of strawberries by selecting the appropriate bacterial
consortium. Interactions between microorganisms are often complex and not fully
understood, which suggests the need for further research in this direction.
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INTRODUCTION

The strawberry is one of the most frequently preferred fruit
by consumers due to availability year around and suitable for
both organic and conventional production (Balci, 2021; Juric
et al., 2021). Excessive pesticide use in conventional crops
may lead to their accumulation in the fruit. For this reason,
alternative control measures, which include the biopesticides or
antagonistic microorganisms (Jensen et al., 2013). The organic
farming system differs from the conventional one in prohibition
of synthetic plant protection products (pesticides) and mineral
fertilizers. The chemical plant protection products are replaced
with organic fertilizers, which contain, among others, manure,
compost, green manure, beneficial microorganisms (Ponder
and Hallmann, 2019). In the context of organic fertilizers, the
concept of biostimulants appears. Biostimulants are defined
by the European Biostimulants Industry Council as “substance
(s) and/or microorganisms whose function, when applied to
plants or the rhizosphere, is to stimulate natural processes to
increase/benefit nutrient uptake, nutrient efficiency, tolerance to
abiotic stress, and quality of the crops ”(European Biostimulants
Industry Council [EBIC], 2021). It has been proven that
biostimulants increase plant yield and improve fruit quality.
Additionally, consumers are more interested in ecological
products each year, bearing in mind the safety of food and the
environment (Kovačević et al., 2015).

The microbiota present on healthy strawberries is complex
and includes potential plant pathogens, human pathogens,
mycotoxin-producing moulds and plant disease biocontrol
agents (Jensen et al., 2013). Some of these microorganisms are
antagonistic to the others. Notable bacterial antagonism against
pathogenic fungi occurs with considerable frequency and is the
result, among other causes, of the production of antibiotics
and biosurfactants, as well as competition and parasitism (Berg
et al., 2000). The mechanisms of action differ depending on the
bacterial strain. The most common strawberry pathogens include
fungi from the genera Botrytis, Verticillium, Phytophthora,
Colletotrichum, Penicillium, Alternaria, Cladosporium, Rhizopus,
Aureobasidium, and Cryptococcus (Tournas and Katsoudas,
2005). Bacterial populations on strawberry plants are dominated
by Pseudomonas spp., Stenotrophomonas spp., Bacillus spp., and
Arthrobacter spp. (Krimm et al., 2005).

One of the main strawberry postharvest diseases is grey mould
which is caused by Botrytis cinerea. A grey coating appears
on the leaves and fruit causing the plants to die off and the
fruit to dry and rot (Jin et al., 2017). Research results suggest
that the following microorganisms are active in combating grey
rot: Clonostachys rosea (Cota et al., 2009), Rhodotorula glutinis
(Srivastava et al., 2011), Paenibacillus polymyxa (Santiago et al.,
2016), Bacillus sp. (Cruz et al., 2018), Streptomyces sp. (Kim
et al., 2015), and Pseudomonas sp. (Haggag and Abo El Soud,
2012). The withering of strawberry plants is mainly caused by
Verticillium dahliae, which attacks the plant’s vascular system
and blocks the transport of water and nutrients (Sowik et al.,
2001). Research indicates that P. polymyxa (Zhang et al., 2018),
Bacillus sp. (Milijasevic-Marcic et al., 2018), and Streptomyces
sp. (Olanrewaju and Babalola, 2019) are disease-inhibiting

bacteria. Fungus-like pathogens of the genus Phytophthora
including Phytophthora megasperma, Phytophthora cryptogea,
Phytophthora capsici, Phytophthora Citricola, and Phytophthora
cactorum can cause diseases of the root, crown and strawberry
fruit. Infected plants suddenly lose healthy shoots. A relatively
rare disease is red stele in strawberries (Phytophthora fragariae).
Infected plants become stunted and the leaves turn yellow
or red (Wilcox et al., 1993). Streptomyces griseus has shown
promising results as an antifungal agent against P. capsici, as
it produces numerous antibiotics that inhibit mycelium growth
of P. capsici, Pythium spp., Phytophthora spp., Rhizoctonia
solani, Alternaria brassicicola, and Botrytis sp. (Nguyen et al.,
2015). The fungi belonging to the species of Colletotrichum
asianum, Colletotrichum fructicola, Colletotrichum tropicale,
Colletotrichum dianesei, Colletotrichum karstii (Lima et al.,
2013), Colletotrichum gloeosporioides (Tang et al., 2019), and
Colletotrichum acutatum (Moreira et al., 2014) cause anthracnose
of fruit, which in the case of strawberries is manifested by the
appearance of dry spots on immature fruit, and the browning
and drying of flowers and shoots (Lima et al., 2013). It has been
shown that the fungi Aureobasidium pullulans, Diaporthe sp.,
and Nigrospora oryzae inhibits the development of C. acutatum
(Landum et al., 2016). Useful fungi and bacteria limit the
growth and development of pathogens by activating antagonistic
mechanisms such as parasitism, antibiotics, and competition
(Poveda et al., 2020).

We investigated the impact of various biostimulants
containing fungi and bacteria on the quality characteristics
of strawberry fruit infected with microbial pathogens. The
experiment included four fungal pathogens responsible for the
most common strawberry diseases. Bacterial consortia with
potentially antagonistic effects were applied to the infected plants
infected with B. cinerea, Verticillium sp., Phytophthora sp., and
Colletotrichum sp. The results allow for a preliminary selection
of microorganisms that can be used to combat strawberry
fungal diseases.

MATERIALS AND METHODS

Crop Conditions
The experiment was set up in triplicate for each of the 36 variants
(Figure 1) and the research material consisted of strawberry
cv. Honeoye. Each strawberry plant was grown in a separate
pot without undercutting or root curling in a greenhouse at
23◦C. Each pot contained 4 kg of soil collected from an organic
experimental field of the Institute of Soil Science and Plant
Cultivation - State Research Institute (Puławy, Poland) located
in Grabów (Poland) and it was subjected to chemical and
microbiological analysis. The soil was characterized as Cambisol
with a loamy sand texture. Clover was used as a pre-crop. The soil
composition was as follows: humus 1.9%, P2O5 10.1 mg 100 g−1

soil, K2O 5.0 mg 100 g−1 soil, Mg 10.6 mg 100 g−1 soil, N-NO3
8.92 mg kg−1 DM of soil, N-NH4 2.29 mg kg−1 DM of soil,
pH 5.9. Keramzite was placed at the bottom of each pot in a
volume of 0.5 l. The soil was fertilized in autumn with manure
(pH = 8.6, nutrient content: N 5.06 mg kg−1, P2O5 2.47 mg
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kg−1, K2O 6.90 mg kg−1, CaO 3.04 mg kg−1, MgO 2.38 mg kg−1,
S 0.69 mg kg−1) and potassium salt (LUVENA, 100 kg ha−1).
Bioilsa R© (NaturalCrop, Poland) fertilizer was applied in a quantity
corresponding to a dose of 150 kg ha−1.

Plants were treated with five consortia (C1, C2, C3, C4,
and C5) and a control (C0) was prepared, in which no
consortia were applied (Figure 1). The consortia consisted of the
following bacterial strains: AF117AB (P. polymyxa), Sp115AD
(Bacillus subtilis), AF75AB2, Sp115AD, AF75BC (Bacillus sp.),
AF75AA, AF75AD (Streptomyces sp.), JAFGU (Lysobacter sp.),
and AF70AC (Pseudomonas sp.). The bacterial strains used in
the experiment originated from the SYMBIOBANK collection
of the Research Institute of Horticulture in Skierniewice and
were selected based on a previous study as microorganisms with
potentially beneficial properties in terms of plant biostimulation
and protection. The bacterial consortia, with a population size of
108 cfu (colony-forming units) in 1 ml, were applied to the soil in
a volume of 10 ml per pot directly to the roots at planting time
and twice after planting at intervals of 3–4 weeks. The objects
called “Consortium C0,” in which bacteria were not introduced,
were the control for the ones containing bacterial consortia with
their potential for plant biostimulation and protection, while NC
objects constituted controls without pathogen contamination.

The next step was the infection of plants with five
phytopathogenic fungi and fungus-like pathogens (BC, V, P, C,
and MIX) and the submission of the control (NC) in which the
plants were not treated with pathogens (Figure 1). Two days
after plant inoculation with bacterial consortia, the plants were
infected with the following pathogens: G277/18 (Botrytis cinerea),
G296/18 (Verticillium sp.), G408/18 (Phytophthora sp.), G171/18
(Colletotrichum sp.). Strains of B. cinerea, Phytophthora sp., and
Verticillium sp. were isolated from infected strawberry roots
(Oszust et al., 2020), while Colletotrichum sp. was isolated from
infected strawberry fruit (Malarczyk et al., 2020) at the Institute of
Agrophysics of the Polish Academy of Sciences (Lublin, Poland).
In the case of B. cinerea and Colletotrichum sp. the strawberry
flowers were infected with 10 ml of pathogen suspension using
an inoculum adjusted to 1,000 conidia in 1 ml. In contrast,
Phytophthora sp. and Verticillium sp. were added to the soil as
a pathogen inoculum suspension of 105 cfu ml−1 (10 ml was
applied) and 104 cfu g−1 of soil, respectively.

At the harvest maturity stage, the strawberries (developed and
grown, and the sepals easily detach from the stalk) were collected
on March 23, 2019.

Firmness
Firmness is one of main parameter of texture which determine
overall quality evaluation by consumers (Harker et al., 2003).
For soft fruit puncture test is the most common method used
for determination of firmness (Døving and Måge, 2002). Fresh
fruit firmness (n) was determined by a puncture test by using
a universal test machine (Lloyd LRX, Lloyd Instruments). The
strawberry was placed on the platform of the device and the
aluminium probe (3 mm diameter) was lowered with a constant
plunger speed (20 mm min−1) to a constant depth (6 mm). The
maximum force required to penetrate the strawberry to a set

depth was a measure of tissue firmness (Fraeye et al., 2009). The
test was carried out on twenty strawberries for each replicate of
the variant. Average fruit firmness was expressed in terms of N.

Shape
The shape of the fruit is a hormone-regulated trait and
many factors can alter the final shape including environmental
conditions (Rey-Serra et al., 2021). The shape was determined in
accordance with the method proposed by Ishikawa et al. (2018).
The length (the longer dimension was measured from the fruit’s
tip to the base) and width (the shorter dimension of the fruit, was
measured as a transverse measurement at the thickest point) of
the fruit were determined. The quotient of length and width was
calculated. Fruits are classified as flattened (quotient < 1), round
(quotient= 1), or oblong (quotient> 1). The test was carried out
on fifteen strawberries for each replicate of the variant.

Fresh Weight of Fruit
Fresh weight is the weight of the fruit on the day it is harvested. It
is determined by a weight method to initially determine the size
of the fruit (Reyes-Yanes et al., 2020). The purpose of determining
the fresh weight is to obtain information on the effectiveness of
the cultivation methods. Comparison the fresh weight, dry weight
and shape provides information on the hydration level of the fruit
and the tissue density (Miller et al., 2000). To determine the fresh
weight of fruit (FWF), each fruit was weighed to three decimal
places. The results were summed and averaged. The average fresh
fruit weight was expressed in g.

Dry Weight of Fruit
The dry matter allows the determination of the product residue
after the removal of water from it (Ozdemir and Topuz,
2004). The drying oven method is a validated standardized
method that is readily available (International Organization
for Standardization, 2000). Dry weight (DW) was determined
according to the procedure described in standard PN ISO
1026:2000 (International Organization for Standardization,
2000). In Brief, 0.5 g of strawberries were taken from each variant
in triplicate and weighed to the nearest 0.001 g. The strawberries
were then placed in an oven at 105◦C, after 24 h the fruit was
weighed, placed in the oven for 2 h and weighed again. The
procedure was repeated until no further weight loss was noted.
The average dry weight of one fruit was expressed as a percentage
of fresh weight.

Soluble Sugar Content
The soluble solid content (SSC) is a measure of the total soluble
solid, which includes sugars, organic acids, amino acids, and
more, and it is associated with consumer preference for fruit
(Crisosto et al., 2003). The refractometric method is used because
of the optical properties of sugars and sugar alcohols which are
majority of soluble solids of most fruit (Magwaza and Opara,
2015). SSC was determined using a refractometer (PAL-BX/RI,
ATAGO, Japan) and expressed in percentage terms. A minimum
of five fresh strawberries were picked and juiced. One drop of
juice was applied to the refractometer glass and the measurement
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FIGURE 1 | Experimental design outlining 36 variants of the experiment.
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was performed; the soluble sugar content was expressed in
percentage terms. The measurement was performed in triplicate
for each variant of the experiment.

Total Phenolic Content
Due to the strong antioxidant activity of most phenolic
compounds in fruits, the total polyphenol content is determined
for the evaluation of health-promoting properties. The Folin-
Ciocalteu method has been used for many years and is still
relevant today due to its high accuracy (Carmona-Hernandez
et al., 2021). Phenolic compounds (PC) were determined
according to the procedure proposed by Folin and Ciocalteu
(1927) and Nunes et al. (2001), with some modifications. From
each variant of the experiment, five fruit were taken in triplicate
and then juiced. Then, 0.5 ml of the clear juice was diluted by
adding 9.5 ml of deionized water. The resulting solution was
spiked with 5 ml of Folin-Ciocalteu reagent (1:9 dilution) and
4 ml of sodium carbonate (0.075 g ml−1). The mixture was left
to stand for 30 min at 30◦C, and then transferred to an ice
bath (0◦C) for 30 min. The absorbance of the solutions was
measured at 760 nm. The content of phenolic compounds was
determined using gallic acid solution as a standard, and the
phenol concentration was expressed in mg 100 g−1 FW.

Anthocyanins Content
Anthocyanin is natural dye responsible for the color of the
fruit and belongs to antioxidants which demonstrate health
beneficial properties. The spectrophotometric method based on
the reversible discoloration of anthocyanin depending on the pH
is commonly used to measure the anthocyanin content (Johnson
et al., 2020). The anthocyanins content (AC) was determined
according to a previous procedure described by Nunes et al.
(2001) and consisted of measuring the content of pelargonidin-3-
glucoside [the main pigment in strawberries (Nunes et al., 2001)].
For each variant, 2 g of strawberry pulp was collected in triplicate.
Subsequently, 18 ml of 0.5% (v/v) HCl in methanol was added to
the pulp and the mixture was incubated in a refrigerator (4◦C)
for 1 h to extract the pigment. After incubation, the mixture
was centrifuged and the supernatant was used to determine
the anthocyanin content through the use of spectrophotometry
at 520 nm. The anthocyanin content was calculated using the
following formula: A520

∗ dilution factor ∗ [molecular weight
of pelargonidin-3-glucoside (PGN)/molar extinction coefficient
(MEC)], where PGN= 433.2, MEC= 2.908 ∗ 104. The result was
expressed in terms of an average of three repetitions in terms of
mg 100 g−1 FW.

Pectin Extraction
Pectin are one of the basic components of the cell wall. It
has been shown that oxalate-soluble pectin play a significant
role in shaping the texture of the fruit, which directly affects,
among others, resistance to mechanical damage (Makarova and
Shakhmatov, 2020). Strawberry pectin analysis was carried out
according to the procedure proposed by Koubala et al. (2008)
and Min et al. (2011) with some modifications. 1 g of pulp was
taken in triplicate from each experimental variant. 35 ml of 0.25%
ammonium oxalate (pH = 4.6) was added to the pulp and the

mixture was transferred to a water bath (85◦C) for 1 h. After
incubation, the mixture was centrifuged (20,000 × g) for 10 min
and the supernatant was collected. Three volumes of 96% ethanol
were added to the supernatant and the solution was incubated
in a refrigerator (4◦C) for 24 h. The next step was to centrifuge
(20,000 × g, 10 min) the solution and discard the supernatant.
The remaining residue contained pectin, it was washed twice with
96% ethanol, dried and used to determine the D-galacturonic acid
content.

Galacturonic Acid Content
Content of galacturonic acid as the main component of pectin
determines suitability of fruit for processing (gelling, production
of ascorbic acid) (Ben Abdallah et al., 2018). The content of D-
galacturonic acid (GalA) in strawberries was determined using
a continuous flow analyser (CFA), SanPlus (Skalar, Netherlands)
according to the procedure recommended by the manufacturer.
The applied automatic colorimetric method of measurement of
GalA content is based on a color reaction, where the color
intensity is measured at a wavelength of 520 nm (Ognyanov et al.,
2021). 10 mg of dried pectin was dissolved in 12 ml of deionised
water. The resulting solution was diluted 10 times and the D-
galacturonic acid content was determined. The result is expressed
in g kg−1 DW.

Rheological Properties
The rheological properties, which demonstrate the relationship
between the structural, mechanical and sensory properties, are
among the basic parameters of pectin (Xie et al., 2021). The
rheological properties were measured using a Discovery HR-1
hybrid rheometer (TA Instruments, United States) with a cone-
plate sensor. In brief, 1% aqueous solutions of strawberry pectin
extracted with ammonium oxalate were prepared according to a
procedure described elsewhere (Koubala et al., 2008; Min et al.,
2011). For each variant of the experiment, pectin solutions were
prepared in triplicate and each measurement was carried out at a
temperature of 20± 0.5◦C. Viscosity was measured at a constant
shear rate of 10 s−1 (three repetitions), and the flow curves were
determined based on measurements at variable shear rates of 10
and 600 s−1. Flow curves were described using the Ostwald–de
Waele model as represented by the following equation:

σ = kγ n

where σ is shear stress (Pa), k is consistency index (Pasn), γ is
shear rate (s−1) and n is flow behaviour index.

Antagonistic Properties of Consortia
Against Fungal Pathogens
Antagonistic properties of consortia against fungal pathogens are
determined in order to test the effectiveness of the tested bacterial
consortia in combating fungal and fungal-like pathogens in the
strawberry (Win et al., 2021). In vitro confrontations of four
separate bacterial consortia and their mixtures (C5) against four
selected phytopathogenic fungi and fungal-like-pathogens were
set up using the plate culture method (Petri dish diameter 90 mm)
with potato dextrose agar (PDA). Paper discs (5 mm diameter)
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were surface sterilized with UV light, dipped in 30 µl of bacterial
consortia suspension (108 cfu ml−1) and placed in duplicates
on Petri dishes inoculated with fungal pathogens. The pathogen
inoculation included 150 µl of inoculum of a 7-day old culture
of B. cinerea G277/18, Phytophthora sp. G408/18, Verticillium
sp. G296/18, and Colletotrichum sp. G171/18 suspended with
10 ml of sterile water. The concentration of B. cinerea and
Colletotrichum sp. was 103 jtk ml−1, P. cactorum 105 jtk ml−1,
and Verticillium sp. 104 jtk g−1. The pathogen-inoculated plates
with discs soaked in bacterial consortia were incubated at 26◦C in
the dark. The observations were recorded 4 days after inoculation
by measuring the fungal growth inhibition zone around the paper
discs containing bacterial consortia.

Characteristics of Soil Used for
Strawberry Cultivation
Characteristics of soil used for strawberry cultivation is a source
of information about the processes during the growth and
development of plants, which can have a direct impact on the
quality of the fruit. Methods determining the content of proteins,
enzymes, carbon and nitrogen in soil provide information
on the level of soil degradation and allow the assessment of
the importance of the biological consortia used (Wang et al.,
2017). Soil samples were taken by complete randomization
from a depth of 0–15 cm. The soil was dried at 23◦C and
sieved through a sieve with a mesh diameter of 2 mm. Total
glomalin content (TG), easily extractable fractions of glomalin
(EEG) (Wrigth and Upadhyaya, 1998), soil enzyme activity
(dehydrogenase DHA) (Klein et al., 1964), acidic phosphatase
(ACP), alkaline phosphatase (ALP) (Tabatabai and Bremner,
1969), as well as the carbon and nitrogen content in the biomass
were determined in the samples.

Principal Component Analysis
Principal component analysis (PCA) is used to discover
regularities between variables. It consists in determining the
components which are a linear combination of the examined
variables. PCA enables the identification of those initial variables
that have a significant impact on the appearance of individual
principal components (Yagmur and Gunes, 2021). In order to
assess the relationship between the studied parameters, PCA
analysis was performed using STATISTICA software (Statistica
v.12, StatSoft Inc., United States).

Statistical Analysis
The obtained results were analysed with STATISTICA software
(Statistica v.12, StatSoft Inc., United States) using a two-way
analysis of variance (ANOVA) followed by the Tukey HSD test or
Tuckey for different N, F-Welch and RIR Tuckey test for unequal
numbers or ANOVA Kruskal–Wallis test; significant differences
were determined at P < 0.05.

RESULTS AND DISCUSSION

Strawberries are in high demand because of their taste and
health-promoting properties resulting from the presence of

antioxidants and vitamins. The development of organic farming
and the promotion of a healthy lifestyle has significantly
increased the demand for organically grown fruit. The recent
guidelines of the European Green Deal and Biodiversity Strategy
have led to the use of sustainable practices, such as organic
farming, and to a reduction in the use of chemical pesticides
(European Commission, 2019). These measures have led to fruit
producers ensuring the high quality of their strawberries by
using natural plant protection preparations. For this purpose,
plant extracts, microbial consortia that antagonize strawberry
pathogens (Ornelas-Paz et al., 2013) and plant protective
hormones (Poveda, 2020) are both desirable and beneficial in
terms of biocontrol. For economic reasons, it is important that
ecological preparations not only increase the quality of the fruit,
but also guarantee a plentiful harvest, reasonable production
costs and that the market price of the fruit should be taken
into consideration. Therefore, bacterial strains with potentially
antagonistic properties against main fungal and fungal-like
pathogens were selected for this study.

Strawberry Quality
The shape of strawberries has a significant influence over visual
quality and consumer interest. Based on previous findings,
auxin derived from achene is responsible for cell division
and expansion (Zahedipour-Sheshglani and Asghari, 2020), this
changes the shape of the strawberry. Consumers prefer round
strawberries (Zahedipour-Sheshglani and Asghari, 2020). The
change in shape from oblong (in C0) to round after the use of
the appropriate consortium was noted in strawberry P (C4 and
C5) and (Figure 2D), which makes them the most attractive to
the consumer. Strawberry V (C4), P (C3), and MIX (C2) were
distinguished by their flattened shape (Figures 2C,D,F). The
remaining fruits were characterized as oblong.

An important parameter for assessing the quality of
strawberries is firmness. Ensuring the proper firmness of the
fruit allows for longer storage periods and facilitates transport
over greater distances (Liu et al., 2019). The highest increase
in firmness was observed for MIX-infected strawberries treated
with C2, the maximum load in this case was on average 2.4
times higher than in the control (C0) (Figure 2F). A statistically
significant increase in the maximum load value as compared
to the control was also observed in the NC (C1), P (C4), and
C (C5) groups (Figures 2A,D,E). It is assumed that the reason
for the increase in the firmness of strawberries infected with
selected pathogens could be the activity of bacterial consortia
associated with the production of metabolites limiting mycelium
growth and leading to an improvement in the quality and
firmness of the fruit. Strawberries soften during ripening, mainly
by degrading the middle lamina of the cell wall of the cortical
parenchyma cells (Qin et al., 2017). One of the reasons for this
degradation may be the activity of fungal pathogens attacking the
fruit during ripening and storage (Ahmadi-Afzadi et al., 2013).
The treatment of strawberries with Hanseniaspora uvarum yeast
and infection with B. cinerea has been shown to preserve fruit
firmness as compared to the control (Qin et al., 2017). The
impact of the investigated bacterial consortia and fungal and
fungal-like pathogens on the firmness of strawberries has not
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FIGURE 2 | Firmness of strawberries and shape (A–F), fresh and dry weight (G–L), soluble phenolic and anthocyanin content (M–R), and D-galacturonic acid and
soluble solid content (S–X) in strawberry fruit. C0, control (not contaminated); C1, Consortium 1; C2, Consortium 2; C3, Consortium 3; C4, Consortium 4; C5,
Consortium 5. A statistical analysis was performed for each pathogen group of plants separately. The data are means ± SD (n > 3). Different letters (a–f) indicate the
differences between consortia (P < 0.05) as determined by the following statistical test: ANOVA Tuckey test for different N for maximum load (C–E) and shape (A–F);
F-Welch test and RIR Tuckey test for unequal numbers for (A,B,F), ANOVA and Tuckey test HSD for fresh weight (G,H,L), dry weight (L), anthocyanin (N–Q), soluble
phenolic (N–Q), D-galacturonic acid (W), soluble solid content (W,X); F-Welch and post hoc for fresh weight (I–K), dry weight (J,K), anthocyanin (M,R), soluble
phenolic (M,R), D-galacturonic acid (S–U,X), soluble solid content (S–U); ANOVA Kruskal–Wallis test for dry weight (G–I), D-galacturonic acid (V), soluble solid
content (V).
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yet been investigated. The production of various metabolites that
dissolve mycelium might play a role (Olanrewaju and Babalola,
2019). It is known that treating strawberries with beneficial
microorganisms can improve the quality and properties of the
stored fruit, including firmness (Fan et al., 2009). The antifungal
activity of Bacillus sp. isolates against C. acutatum (Moreira
et al., 2014) and Phytophthora infestans (Caulier et al., 2018),
Lysobacter sp. and Pseudomonas sp. against Colletotrichum sp.
(Tang et al., 2019), S. griseus against P. capsici (Nguyen et al.,
2015) and Lysobacter sp. against P. infestans (Lazazzara et al.,
2017) have been confirmed.

Fruit firmness is closely related to the dry matter content.
Their soft texture and high water content make strawberry fruit
susceptible to mechanical and physical damage which facilitates
the penetration of microorganisms (Siebeneichler et al., 2020).
In General, fruit with a higher tissue density exhibits a higher
dry matter content and a greater degree of firmness compared
to fruit with a lower tissue density (Tarantino et al., 2018). This
relationship was observed for the strawberries NC (C1) and C
(C5), with an increase in firmness and dry matter compared to
the control (Figures 2A,E, 3A,E). An inverse relationship was
observed in samples P (C4) and MIX (C2), fruit with a higher
degree of firmness had a lower or comparable to the control dry
content (Figures 2D,F, 3D,F). It is assumed that the decrease in
the firmness of fruit with a high dry matter content is caused
by a relatively high cell fragility, low turgor pressure or a low
degree of adhesion between the adjacent strawberry tissue cells
(Harker et al., 2000).Tissue hydration has a great impact not
only on firmness, but also on fresh fruit weight. Studies have
shown that strawberries may contain 84–92% water, depending
on the variety and cultivation method (Liu et al., 2019). Only
the C3 bacterial consortium increased the fresh matter content
over the no contaminated (NC) strawberry by 63% (Figure 3G)
and C3 and C5 consortia increased the fresh matter content in
MIX-infected strawberry by 21% on average (Figure 3L). The
higher fresh weight combined with the lower dry weight values
indicate a higher water content in the strawberries belonging
to these groups.

One of the factors determining consumer interest in
strawberries is the SSC content, which is defined as the aggregate
concentration of sugars (80–90% of the SSC), acids and other
solutes in the cell juice (Mackenzie et al., 2011). The average
content of SSC in the tested fruits was 6% (Figures 2S–X),
which is the same as other studies which reported the content
of SSC in strawberries to be within the range of 4–10% (Chen
H. et al., 2018). In most cases, the SSC content was greater
than or comparable to the control (C0) in strawberries treated
with the bacterial consortia. A statistically significant decrease
in the SSC value by 0.9–3.4% compared to the control (C0)
was observed in groups V (C4), C (C3), and MIX (C1 and
C4) (Figures 2U,W,X). The occurrence of differences in the
content of SSC in the tested strawberries is natural and may
result from differences in the cultivation method (Cao et al.,
2015) consisting of treating the fruit with different bacterial
consortia. The SSC content is influenced by various factors,
such as genetics, climate, water management and cultivation
practices. Positive correlations between the nutrient content, e.g.,

phosphorus and an increase in SSC content was noted for the
strawberries (Valentinuzzi et al., 2015). This effect may occur
due to the ability of bacteria to dissolve phosphates, which
lowers soil pH and increases phosphorus availability through
the production of organic acids. Moreover, an increase in the
content of phosphorus in the fruit was shown after the treatment
of strawberry seedlings with Bacillus sp. and Klebsiella planticola
(Tomic et al., 2015).

Polyphenols and anthocyanins are responsible for the bright
red colour of strawberries and play a key role as bioactive
ingredients (de Andrade et al., 2019). The mean content of
polyphenols in the tested fruit was in the range of 93–
115 mg 100 g−1, while the anthocyanins content was in the
range of 31–57 mg 100 g−1. The increase in polyphenol
content was only observed in the NC group (C2) and was
20% greater than in the control (C0) (Figure 2M). None of
the preparations used caused a statistically significant decrease
in the content of polyphenols in strawberry cv. Honeoye.
Unlike the case of polyphenols, a decrease in the content
of anthocyanins in strawberry NC (C2), V (C2), and MIX
(C1) was noted (Figures 2M,O,R). However, an increase in
anthocyanin content at the level of 25–51% compared to
the control (C0) occurred only in the group of Phytophthora
sp. infected strawberries treated with C2, C3, C4, and C5
consortia (Figure 2P). It is predicted that the changes to
the level of total phenolic compounds and anthocyanins may
be due to the presence of pathogenic fungi, and fungal-like-
pathogens, and beneficial bacteria. The bacterial synthesis of
plant hormones or amino acids may enter the shikimic acid
metabolic pathway, thereby acting as the precursors of phenolic
acids (Cisternas-Jamet et al., 2020). The increase in anthocyanin
content may be attributed to the release of anthocyanins
from degraded cellular components (López-Ortiz et al., 2019),
the activity of the enzymes responsible for the synthesis of
anthocyanins and also the activity of microorganisms. Lingua
et al. (2013) demonstrated the positive effect of bacteria of the
genus Pseudomonas on the anthocyanin (cyanidine-3-glucoside
and pelargonidine-3-glucoside) concentration in strawberries.
However, the anthocyanin content shows a high degree of
variability with respect to species, varieties, growth conditions
and the degree of fruit ripeness (Todeschini et al., 2018).

The content of galacturonic acid (Figure 2), which is the main
component of pectin, is important in fruit processing. Pectins
have stabilizing and gelling properties, which is why they are
used in the production of jam, juice, drinks, and jellies (Ben
Abdallah et al., 2018). In addition, galacturonic acid is extracted
from fruit for the synthesis of ascorbic acid (Agius et al., 2003).
The content of galacturonic acid may vary; in a previous study,
a ripe strawberry of the cultivar Chandler was found to contain
about 330 mg of galacturonic acid g−1 DW (Paniagua et al., 2017).
The use of consortia resulted in an increase in the galacturonic
acid content of ≥400 mg g−1 DW (>40%) for strawberry grown
in the following variants: BC (C1), C (C2, C3, C4, and C5),
and MIX (C1 and C2) (Figures 2T,W,X), which was greater
than the control (C0). Relatively large fluctuations in the content
of galacturonic acid confirms the complexity of the processes
caused by the activity of microorganisms, which are affected by
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FIGURE 3 | Principal component analysis (PCA) showing interrelation of microbiological consortia used and quality parameters of strawberry fruit and soil. (A,B) NC
(no contamination), (C,D) BC (B. cinerea), (E,F) V (Verticillium sp.), (G,H) P (Phytophthora sp.), (I,J) C (Colletotrichum sp.), (K,L) MIX (pathogen group: BC, V, P, C.);
C0, control (no bacterial consortia); C1, Consortium 1; C2, Consortium 2; C3, Consortium 3; C4, Consortium 4; C5, Consortium 5; FWF, fresh weight of fruit; DW,
dry weight of fruit; SSC, soluble solid content; PC, content of phenolic compounds; AC, content of anthocyanins; GalA, content of D-galacturonic acid; n, viscosity;
TG, total glomalin; EEG, easily extractable glomalin; DHA, dehydrogenase activity; ACP, acid phosphatase activity; ALP, alkaline phosphatase activity; CB, carbon
inbiomass; NB, nitrogen in biomass.

plant variety, growth conditions, pathogen infections and the
consortia used.

Rheological Properties
The rheological properties of liquids determine the behaviour of
the solution at all of the production stages, such as filling, mixing,
packaging and removal from the package (Lee et al., 2009). Pectin
solutions are used for the production of yoghurts, jelly, juices (Ke
et al., 2020), paints, pastes and medicines (Jouini et al., 2018),
due to their gelling, stabilizing and flavour-enhancing properties
(Ke et al., 2020).

The viscosity of 1% solutions of strawberry pectin extracted
with ammonium oxalate is shown in Table 1. The increase in
viscosity as compared to the control (C0) occurred in NC (C3),
BC (C1, C4, and C5), C (C2), and MIX (C2, C3, C4, and C5)
strawberries. Also, contamination with pathogens (BC, V, C, and
MIX) significantly lowered the viscosity of the strawberry pectin
solutions in the controls (C0) as compared to the control of
uninfected NC strawberries (C0). These results show that the use
of appropriate consortia, dedicated to a specific pathogen, can
increase the viscosity of pectin solutions. The decrease in viscosity

may be attributed to the activity of microorganisms that soften
the fruit cell walls though pectin degradation (Mierczyńska et al.,
2014). Viscosity depends, among other factors, on the molecular
weight of the pectin molecules, their degree of methylation and
pH, which may be affected by fungi and bacteria associated
with strawberries at all stages of growth and ripening. It has
been proven that viscosity increases with increasing pectin
concentration (Chan et al., 2017).

The rheological data of the 1% pectin solutions were suitably
adjusted by the Ostwald–de Waele model with a high coefficient
of determination of R2 > 0.996. Higher values of the coefficient
k correspond to the higher viscosity of the samples. Based on the
k-factor analysis, pectin solutions were obtained with a viscosity
higher than that of the control (C0) in the NC (C3) and BC
(C4 and C5) groups (Table 1). The antagonistic interactions of
the microorganisms used led to the modification of pectin, an
increase in apparent viscosity and the coefficient k, which is
associated with an increase in the molar mass of pectin (Fracasso
et al., 2018). The high molar mass of pectin promotes the
formation of a gel structure (O’Donoghue and Somerfield, 2008).
However, for some applications a lower viscosity may be seen as

Frontiers in Plant Science | www.frontiersin.org 9 November 2021 | Volume 12 | Article 780099523

https://www.frontiersin.org/journals/plant-science
https://www.frontiersin.org/
https://www.frontiersin.org/journals/plant-science#articles


fpls-12-780099 November 25, 2021 Time: 14:55 # 10

Drobek et al. Interactions Between Microorganisms – Strawberry Cultivation

TABLE 1 | Parameters of the Ostwald–de Waele model describing the rheological properties of 1% strawberry pectin solutions.

Contamination Consortium Viscosity [Pas] Upward curve Downward curve

k n R2 k n R2

NC C0 0.34f
± 0.02 0.92d

± 0.10 0.79ab
± 0.01 1.00 1.06c

± 0.12 0.77ab
± 0.01 1.00

C1 0.20b
± 0.00 0.54bcd

± 0.23 0.80ab
± 0.07 1.00 0.66a

± 0.10 0.76ab
± 0.02 1.00

C2 0.14aa
± 0.00 0.15ab

± 0.11 0.95c
± 0.01 1.00 0.18b

± 0.02 0.93c
± 0.01 1.00

C3 0.42g
± 0.00 1.40e

± 0.16 0.74a
± 0.01 1.00 1.66d

± 0.21 0.74a
± 0.05 1.00

C4 0.14a
± 0.00 0.09a

± 0.01 0.95c
± 0.02 1.00 0.11b

± 0.01 0.93c
± 0.01 1.00

C5 0.28d
± 0.00 0.71cd

± 0.03 0.80ab
± 0.00 1.00 0.81a

± 0.09 0.78ab
± 0.01 1.00

BC C0 0.10a
± 0.00 0.13a

± 0.01 0.96b
± 0.00 1.00 0.15a

± 0.01 0.94a
± 0.01 1.00

C1 0.12b
± 0.00 0.14a

± 0.00 0.94b
± 0.00 1.00 0.16a

± 0.02 0.93a
± 0.01 1.00

C2 – – – – – – –

C3 – – – – – – –

C4 0.28c
± 0.00 0.77b

± 0.07 0.78a
± 0.01 1.00 0.92b

± 0.11 0.76c
± 0.01 1.00

C5 0.32d
± 0.00 0.79b

± 0.12 0.78a
± 0.00 1.00 1.21c

± 0.04 0.71b
± 0.02 1.00

V C0 0.20c
± 0.00 0.54a

± 0.18 0.80a
± 0.05 1.00 0.67ab

± 0.11 0.76a
± 0.02 1.00

C1 0.25d
± 0.00 0.63a

± 0.06 0.80a
± 0.01 1.00 0.73b

± 0.08 0.78a
± 0.01 1.00

C2 0.15a
± 0.00 0.41a

± 0.21 0.82a
± 0.08 1.00 0.55ab

± 0.08 0.76a
± 0.02 1.00

C3 0.17b
± 0.00 0.30a

± 0.02 0.85a
± 0.01 1.00 0.38a

± 0.05 0.82a
± 0.03 1.00

C4 – – – – – – –

C5 – – – – – – –

P C0 – – – – – – –

C1 – – – – – – –

C2 0.03a
± 0.00 0.03a

± 0.00 0.99a
± 0.01 1.00 0.03aa

± 0.00 0.97b
± 0.00 1.00

C3 – – – – – – –

C4 0.28c
± 0.00 0.75c

± 0.09 0.79b
± 0.01 1.00 0.90c

± 0.12 0.76a
± 0.01 1.00

C5 0.21b
± 0.00 0.48b

± 0.03 0.81b
± 0.00 1.00 0.55b

± 0.07 0.79a
± 0.01 1.00

C C0 0.26c
± 0.00 0.78b

± 0.23 0.77a
± 0.05 1.00 0.93c

± 0.01 0.74a
± 0.01 1.00

C1 – – – – – – –

C2 0.29d
± 0.00 0.65b

± 0.05 0.81a
± 0.00 1.00 0.71b

± 0.06 0.80b
± 0.00 1.00

C3 – – – – – – –

C4 0.07b
± 0.00 0.09a

± 0.01 0.97b
± 0.01 1.00 0.11a

± 0.01 0.94c
± 0.01 1.00

C5 0.06a
± 0.00 0.06a

± 0.00 0.10b
± 0.00 1.00 0.07a

± 0.01 0.97d
± 0.01 1.00

MIX C0 0.03b
± 0.00 0.05a

± 0.01 0.96a
± 0.04 1.00 0.06ab

± 0.01 0.93a
± 0.01 1.00

C1 0.02a
± 0.00 0.02a

± 0.00 0.10a
± 0.01 1.00 0.02a

± 0.00 0.98c
± 0.00 1.00

C2 0.17f
± 0.00 0.34b

± 0.05 0.85b
± 0.02 1.00 0.40c

± 0.05 0.82b
± 0.01 1.00

C3 0.09d
± 0.00 0.09a

± 0.00 0.97a
± 0.00 1.00 0.10ab

± 0.02 0.95a
± 0.01 1.00

C4 0.06c
± 0.00 0.08a

± 0.01 0.97a
± 0.01 1.00 0.09ab

± 0.01 0.95a
± 0.01 1.00

C5 0.10e
± 0.00 0.10a

± 0.00 0.96a
± 0.00 1.00 0.11b

± 0.01 0.94a
± 0.01 1.00

NC, control (no contamination); BC, B. cinerea; V, Verticillium sp.; P, Phytophthora sp.; C, Colletotrichum sp.; MIX, pathogen group (BC, V, P, and C); C0, control (no
bacterial consortia); C1, Consortium 1; C2, Consortium 2; C3, Consortium 3; C4, Consortium 4; C5, Consortium 5. Different letters (a–f) indicate differences between
experimental variants (P < 0.05) as determined by the Tukey HSD test. A statistical analysis was performed for each infected group of plants separately. Data are
means ± SD (n = 3).

a positive property of the solutions due to pelargonidine lower
energy consumption during processing (Venzon et al., 2015).

Flow curves reveal pseudoplastic, non-Newtonian behaviour
due to the melt flow index values n (n < 1). The 1%
pectin solutions tested are classified as shear thinned. Their
viscosity decreases as the shear rate increases. Based on a
previous study, the lower the n coefficient, the greater the
degree of pseudoplasticity (Lee et al., 2009). The values of n
for the tested solutions were in the range of 0.713–0.996. In
comparison, the n values for 2% strawberry pectin solutions
were 0.52, while for 5% strawberry pectin solutions they were

0.54 (Mierczyńska et al., 2017). Pseudoplastic fluid behaviour is
important in the food industry (gelatinization of jellies and
jams, thickening of juices and purees, and stabilization of
liquids) (Grassino et al., 2016) and in medicine production
(thickening of syrups or ointment, encapsulation of preparations)
(Jouini et al., 2018).

The differences in the values of viscosity and in the flow
of pectin solutions refers to the molecular properties of the
samples, such as the chemical composition of neutral sugars,
galacturonic acid content and the degree of pectin esterification
(Fracasso et al., 2018). Microorganisms may have an indirect
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effect on the chemical composition of the samples (Erturk
et al., 2012). The use of beneficial microorganisms such as
Pseudomonas sp., Bacillus sp., and Azospirillum sp. results in
an increase in plant biomass and fruit yields (Erturk et al.,
2012). In addition, it was found that beneficial fungi and plant
growth-promoting bacteria show antagonism to the pathogens
C. acutatum, Macrophomina phaseolina, and Fusarium solani
in strawberry plants (Pastrana et al., 2016). Inoculation with
beneficial bacteria in order to increase plant growth also has
potential environmental benefits; it could reduce the use of
agricultural chemicals and facilitate adaptation to sustainable
management practices (Erturk et al., 2012).

Antagonistic Properties of Consortia
Against Fungal Pathogens
In Petri dish-based assays carried out for the determination of
the antifungal properties of the tested bacterial consortia, C4 and
C5 did not show any clear zone of inhibition in the growth of
the tested fungi, and fungal-like-pathogens or only indicated very
weak inhibition (Table 2). The inhibitory effect was observed
for C1, C2, and C3, with evident growth inhibition of all of
the tested fungal pathogens in the case of C1 and C2, thereby
confirming the antagonistic properties of the bacterial strains
present in these consortia, which was observed in a greenhouse
experiment. Other studies are consistent with the obtained results
and confirm the antagonism of the tested bacterial consortia
(contained Bacillus sp., P. polymyxa, and Streptomyces sp.) against
strawberry pathogenic microorganisms (Chen P.H. et al., 2018;
Li et al., 2021).

Influence of Microbial Activity on Soil
Composition
The content of nutrients, proteins, and soil enzyme activity plays
a key role in the functioning of the ecosystem. The cultivation of
plants is accompanied by a decrease in soil productivity related
to the depletion of nutrients, the release of toxic metabolites,
and the development of pathogenic fungi (Gałązka, 2013). Total
glomalin (TG) is one of the glycoproteins produced by arbuscular
mycorrhizal fungi that live in symbiosis with plants and facilitate
the uptake of water and nutrients from the environment. Easily
extractable glomalin (EEG) has a more immunoreactive fraction
than TG (Wrigth and Upadhyaya, 1998). For this reason, an
increase in TG and EEG levels is desirable in the context of
promoting plant growth. An increase in the TG content as

compared to the control (C0) was only observed in the strawberry
NC (C5), while an increase in EEG content may be observed in
the strawberry BC (C5) (Table 3).

The data shows the significant influence of the type of
infectious pathogen and the bacterial consortium used on enzyme
activity. The increase in acid phosphatase content as compared to
the control (C0) characterized the strawberry fruit in the groups
NC (C3, C4, and C5), BC (C2, C3, and C4), V (C1, C2, C3,
and C4), and C (C2, C3, C4, and C5), while an increase in the
content of alkaline phosphatase occurred in groups BC (C1 and
C3), V (C3 and C4), P (C2, C3, C4, and C5), C (C4 and C5), and
MIX (C2, C3, and C5) (Table 3). Increased phosphatase activity
is associated with a higher content of organic matter in the soil
(Singh et al., 2018). In contrast to phosphatase, a statistically
significant increase in dehydrogenase content was observed in
strawberry V (C1 and C3), C (C1, C2, C3, C4, and C5), and
MIX (C2, C4, and C5) (Table 3). The increase in dehydrogenase
activity may be explained by the greater availability of nutrients
(Kanchikerimath and Singh, 2001).

Principal Component Analysis
The relationships between the parameters studied were analysed
using the PCA method (Figure 3). The distribution of individual
samples on the plane is shown in Figures 3A,C,E,G,I,K. The first
two factors (PC1 and PC2) explain over 50% of the total variance
among the analysed samples for all of the investigated variables.
For all of the tested samples, the first axis (PC1) accounted for
over 30% of the total variance. The samples that explain the PC1
and PC2 axis positively have the greatest impact on the tested
infection factor. On this basis, we may distinguish C0 and C3 for
the NC control (Figure 3A), C0 for BC (Figure 3C), C0 for V
(Figure 3E), C5 for P (Figure 3G), C2 for C (Figure 3I), and C3
for MIX (Figure 3K). An analysis of the PCA1-PCA2 observation
charts (Figures 3A,C,E,G,I,K) confirms the results of the
analyses above; the need to select an appropriate consortium
which acts antagonistically against individual pathogens in order
to obtain the highest quality of fruit.

An analysis of the PCA variable charts allowed for the
identification of certain dependencies between the examined
parameters in all of the studied groups, a positive correlation
was found between DW and SSC, which was consistent
with the results of other studies (Jorquera-Fontena et al.,
2014). The increase in the content of anthocyanins (AC) was
accompanied by an increase in the content of phenols (PC)

TABLE 2 | Antifungal properties of the bacterial consortia used in the test expressed as the inhibition zone diameter (mm).

Fungal pathogen/bacterial consortium Inhibition zone [mm]

C1 C2 C3 C4 C5

Colletotrichum sp. (C) G171/18 37.3 ± 2.5a 37.6 ± 2.0a 15.3 ± 1.5b 0.0 ± 0.0d 6.3 ± 0.6c

Phytophthora sp. (P) G408/18 56.0 ± 1.0a 57.6 ± 2.0a 48.6 ± 1.5b 0.0 ± 0.0c 0.0 ± 0.0c

Verticillium sp. (V) G296/18 40.6 ± 6.0a 6.6 ± 0.5c 15.3 ± 0.6b 0.0 ± 0.0c 14.3 ± 1.1b

Botrytis cinerea (B) G277/18 42.0 ± 6.0a 39.6 ± 7.6a 12.6 ± 2.1b 11.7 ± 3.0b 6.3 ± 0.6b

Different letters (a–d) indicate differences between consortia (P < 0.05) as determined by the Tukey HSD test separately for each pathogen, ±standard deviation; C1,
Consortium 1; C2, Consortium 2; C3, Consortium 3; C4, Consortium 4; C5, Consortium 5.
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TABLE 3 | Parameters of the quality of soil from strawberry cultivation.

Contamination Consortium Total
glomalin
[mg g−1]

Easily
extractable

glomalin
[mg g−1]

Dehydrogenase
activity [µg TPF g−1

DW of soil 24 h−1]

Acid phosphatase
activity [µg PNP

g−1 DW of soil h−1]

Alkaline
phosphatase

activity [µg PNP
g−1 DW of soil h−1]

Carbon in
biomass
[µg g−1]

Nitrogen in
biomass
[µg g−1]

NC C0 4.7a
± 0.6 2.6a

± 0.1 90.9a
± 2.1 77.1a

± 0.6 77.5abc
± 0.7 330.0a

± 14.4 33.0ab
± 1.2

C1 5.3ab
± 0.3 2.9a

± 0.2 90.9a
± 2.8 74.6a

± 1.7 75.5ab
± 1.9 376.9a

± 8.4 34.7ab
± 0.4

C2 5.0ab
± 0.4 3.0a

± 0.3 89.8a
± 2.6 76.7a

± 1.5 84.5c
± 2.7 308.6a

± 50.3 33.7ab
± 1.4

C3 5.0ab
± 0.3 3.0a

± 0.1 92.5a
± 3.2 92.9b

± 0.5 69.8a
± 3.1 305.5a

± 48.5 32.4a
± 1.4

C4 4.9ab
± 0.4 3.0a

± 0.0 94.0a
± 2.2 93.5b

± 2.5 71.8ab
± 2.6 297.8a

± 46.8 36.1bc
± 0.6

C5 6.0b
± 0.5 3.0a

± 0.2 102.9a
± 3.7 88.8c

± 0.5 78.2b
± 4.3 366.1a

± 52.4 39.0c
± 1.3

BC C0 5.6b
± 0.2 2.7a

± 0.1 90.2c
± 2.7 79.7d

± 0.3 67.2ab
± 5.4 384.8a

± 18.8 38.8a
± 2.3

C1 5.4ab
± 0.2 2.9ab

± 0.2 90.5c
± 3.6 75.0c

± 1.6 78.8c
± 1.7 368.7a

± 44.7 35.0b
± 0.7

C2 4.7b
± 0.3 2.9ab

± 0.3 84.7bc
± 1.9 85.4a

± 2.1 65.0a
± 2.7 325.0a

± 7.2 23.9c
± 0.9

C3 5.3ab
± 0.3 3.1ab

± 0.1 80.3ab
± 0.9 88.9ab

± 0.9 80.0c
± 2.8 339.7a

± 26.2 26.2c
± 0.6

C4 4.9ab
± 0.3 3.0ab

± 0.1 76.7a
± 3.4 93.0b

± 2.4 74.5bc
± 2.0 462.4b

± 3.9 32.4b
± 0.2

C5 5.3ab
± 0.2 3.1b

± 0.1 78.9ab
± 1.0 85.1a

± 0.6 68.1ab
± 3.7 466.0b

± 14.6 33.2b
± 0.8

V C0 4.6a
± 0.2 2.9a

± 0.0 88.7ac
± 2.2 83.2a

± 1.8 63.1a
± 0.9 481.5a

± 22.5 33.1a
± 1.6

C1 5.1a
± 0.6 3.1a

± 0.1 100.3b
± 1.6 94.7b

± 2.0 63.5a
± 0.4 503.6a

± 8.9 37.8b
± 1.0

C2 4.8a
± 0.2 3.1a

± 0.2 98.1ab
± 7.9 94.4b

± 3.4 61.9a
± 5.4 511.6a

± 48.3 37.7b
± 1.6

C3 5.0a
± 0.9 3.2a

± 0.2 107.7b
± 2.1 95.4b

± 1.9 81.8c
± 2.8 477.2a

± 10.6 38.4b
± 1.2

C4 4.0a
± 0.2 2.8a

± 0.1 96.0ab
± 0.9 97.2b

± 1.8 72.1d
± 1.4 446.1a

± 55.4 32.0a
± 1.5

C5 5.3a
± 0.8 2.9a

± 0.1 82.6c
± 2.1 85.9a

± 2.0 66.6ad
± 2.7 448.9a

± 18.8 22.5c
± 2.6

P C0 5.2a
± 0.0 2.8a

± 0.1 94.4b
± 1.5 91.7a

± 1.2 69.1b
± 1.6 483.5ab

± 28.0 36.8a
± 1.7

C1 5.0ab
± 0.0 2.8a

± 0.1 82.3a
± 0.8 89.3a

± 3.4 65.5b
± 1.2 462.3ab

± 36.7 34.5ab
± 1.7

C2 4.6ab
± 0.1 3.0a

± 0.1 86.0a
± 2.4 88.1a

± 0.5 87.3c
± 2.9 522.9b

± 15.6 31.4b
± 1.5

C3 3.9b
± 0.3 3.0a

± 0.1 86.8a
± 4.0 95.4a

± 5.0 80.2a
± 2.3 487.0ab

± 30.5 32.1b
± 0.6

C4 4.9ab
± 0.8 2.8a

± 0.1 85.0a
± 4.0 93.1a

± 2.6 79.2a
± 0.4 394.7ac

± 46.0 35.8a
± 1.1

C5 4.7ab
± 0.6 2.7a

± 0.3 89.6ab
± 2.5 88.5a

± 3.7 78.6a
± 0.7 333.0c

± 42.5 36.0a
± 0.4

C C0 4.3a
± 0.8 2.6a

± 0.1 57.7c
± 0.5 71.8c

± 2.6 59.1a
± 0.4 313.0a

± 34.7 33.7a
± 0.7

C1 3.8a
± 0.4 2.6a

± 0.2 76.0ab
± 1.8 79.6ac

± 1.3 59.1a
± 0.3 364.7ac

± 13.4 38.1b
± 0.8

C2 4.1a
± 0.4 2.6a

± 0.1 80.9b
± 1.9 80.6a

± 3.7 59.1a
± 1.1 394.5c

± 15.3 35.9ab
± 1.9

C3 4.8a
± 0.2 2.5a

± 0.2 73.7a
± 1.0 86.2ab

± 1.3 61.6ab
± 1.1 455.4d

± 26.8 36.7b
± 0.2

C4 4.4a
± 0.4 2.6a

± 0.2 101.6d
± 3.0 90.1b

± 4.6 62.9b
± 1.7 362.7ac

± 10.0 36.5ab
± 1.2

C5 3.9a
± 0.3 2.3a

± 0.1 78.1ab
± 2.9 93.9b

± 3.1 70.2c
± 0.7 309.7a

± 9.6 35.9ab
± 0.7

MIX C0 4.7ab
± 0.1 2.8ab

± 0.0 74.1a
± 3.3 92.7b

± 5.5 68.3a
± 0.9 330.0ab

± 2.0 36.4a
± 1.4

C1 4.0a
± 0.3 2.7a

± 0.0 78.1a
± 2.3 84.8ab

± 4.7 58.5e
± 1.5 323.2ab

± 12.5 32.3b
± 0.9

C2 4.4ab
± 0.5 2.9ab

± 0.1 96.5bc
± 4.3 86.4ab

± 4.2 80.8d
± 2.7 333.2ab

± 13.5 36.0a
± 0.4

C3 4.4ab
± 0.3 3.0ab

± 0.1 80.4a
± 0.8 82.7ac

± 0.6 75.2bc
± 1.0 303.4a

± 13.1 33.0b
± 1.9

C4 5.0b
± 0.3 3.1b

± 0.3 95.4b
± 1.1 88.1ab

± 1.6 70.1ab
± 1.9 347.4b

± 24.4 38.0a
± 0.4

C5 4.6ab
± 0.3 2.9ab

± 0.2 102.7c
± 1.7 73.3c

± 1.6 79.3cd
± 2.9 332.0ab

± 17.8 31.4b
± 0.7

NC, control (no contamination); BC, B. cinerea; V, Verticillium sp.; P, Phytophthora sp.; C, Colletotrichum sp.; MIX, pathogen group (BC, V, P, and C); C0, control (no
bacterial consortia); C1, Consortium 1; C2, Consortium 2; C3, Consortium 3; C4, Consortium 4; C5, Consortium 5. A statistical analysis was performed for each infected
group of plants separately. Data are means ± SD (n = 3). Different letters (a–e) indicate differences between the experimental variants (P < 0.05) as determined by the
following statistical tests: ANOVA Tuckey (HSD) test (total glomalin: NC, BC, V, C, MIX; easily extractable glomalin: BC, V, C, MIX; dehydrogenase: BC, P, C, MIX; acid
phosphatase: BC, P, C, MIX; alkaline phosphatase: NC, BC, P, MIX; carbon: NC, P, MIX; nitrogen: NC, P), F-Welch test and RIR Tuckey test for unequal numbers (Total
glomalin: P; easily extractable glomalin: NC, P; dehydrogenase: V, acid phosphatase: NC, V; alkaline phosphatase: V, C; carbon: BC, V, C; nitrogen: BC, V, C, MIX),
ANOVA Kruskal–Wallis test (dehydrogenase: NC).

only in strawberries infected with Phytophthora sp. (Figure 3H).
A positive correlation between the content of anthocyanins and
polyphenols indicates a high antioxidant activity (Dembczyński
et al., 2015). It was observed that an increase in total glomalin
(TG) and easily extractable fractions of glomalin (EEG) in
the soil were related to an increase in the level of nitrogen
(NB) and carbon in biomass (CB) for the NC, V, and MIX
groups (Figures 1B,F,L). Glomalin contains approximately 30%
of soil carbon and is the main component of soil organic

matter (Gałązka, 2013), which is associated with a positive
correlation between TG and EEG and CB. The growth of
glomalin-producing bacteria (TG and EEG) requires a sufficiently
high nitrogen concentration thereby explaining the positive
correlation between TG, EEG, and NB (Gałązka, 2013). On
the other hand, it is believed that an excessively high nitrogen
level in the soil leads to a significant reduction in the activity
of dehydrogenases involved in the transformation of soil
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carbon. High dehydrogenase activity provides favourable
conditions for the development of microorganisms in the
soil environment (Koper and Siwik-Ziomek, 2006). A positive
correlation between dehydrogenase activity (DHA) and CB
was noted for the uninfected samples and those infected by
Verticillium sp., Colletotrichum sp. and a mixture of pathogens
(Figures 1B,F,J,L), which is consistent with the results of the
studies by Turski and Wyczółkowski (2008). Our research
confirms that there is only a positive correlation between
acid phosphatase and alkaline phosphatase for the group
infected with Colletotrichum sp. (Figure 3J). For the remaining
groups studied, there is either a negative or an absence of
any correlation between these enzymes. This situation may be
explained by the development of soil microorganisms limiting
the activity of certain enzymes. It is assumed that an excess
of inorganic phosphorus inhibits the synthesis of phosphatases
(Nahas et al., 1982).

CONCLUSION

The interaction of beneficial bacteria and pathogenic fungi or
fungal-like-pathogens makes it possible to preserve the high
quality of strawberry fruit. The beneficial effects of the selected
consortia were confirmed by comparing the results produced
by infected strawberries with those of a positive control. On
this basis, Consortium C2, which is composed of Bacillus sp.
strains, was singled out as one of the most effective against
selected pathogens in terms of maintaining the firmness of
strawberries contaminated with a group of pathogens. There
was an increase in strawberry firmness as compared to the
positive control after the use of selected antifungal consortia. The
microorganisms contained in the consortia also influenced an
improvement in the biochemical properties of the strawberries,
such as the soluble solids content and anthocyanins content. The
application of consortia C2, C3, C4, and C5 was accompanied
by an increase in the SSC in the fruit infected with Verticillium
sp. as compared to the control, thereby improving the flavour of
the strawberries. Consortium C5 significantly increased the level
of anthocyanins in strawberries contaminated with Phytophthora
sp. and B. cinerea, and in the control, it also increased the health-
promoting properties of the strawberries. The impact of the
tested consortia on the pectin content of the strawberries was
noted. In comparing the fruit samples with untreated beneficial
microorganisms (C0), it may be seen that the group of pathogens
(MIX) reduced the content of D-galacturonic acid and thus
pectin to the greatest extent. The following consortia: C2 (the
control), C1 (B. cinerea), C2, C3, and C5 (Colletotrichum sp.)

and C1 (the pathogens group) may be identified as causing the
highest increase in the content of extracted pectin in infected fruit
as compared to Consortium C0. The decrease in viscosity was
related to the increase in pectin content, which is indicated by the
negative correlation between these values for the aforementioned
groups (B. cinerea, Colletotrichum sp., pathogens group). For
consortia C2 (control), C3 and C5 (Colletotrichum sp.) and C1
(pathogens group) the viscosity decreased by more than one and
a half times as compared to Consortium C0.

Based on our research results, we may conclude that the
tested consortia show a high degree of antagonism toward the
tested fungus and allow for high-quality fruit to be obtained.
The use of bacterial consortia also has the potential for reducing
environmental pollution and the amount of fungicide residues in
the fruit. However, more research is still required to identify the
most effective consortia for combating strawberry and other soft
fruit fungal diseases.
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Sweet sorghum [Sorghum bicolor (L.) Moench] is a highly productive, gluten-free cereal 
crop plant that can be used as an alternative energy resource, human food, and livestock 
feed or for biofuel-ethanol production. Phosphate fertilization is a common practice to 
optimize sorghum yield but because of high cost, environmental hazards, and soil fertility 
reduction, the use of chemical P fertilizer is discouraged. Due to this, the impetus to 
search for an inexpensive and eco-friendly microbiome as an alternative to chemical P 
biofertilizer has been increased. Microbial formulations, especially phosphate solubilizing 
microbiome (PSM) either alone or in synergism with other rhizobacteria, modify the soil 
nutrient pool and augment the growth, P nutrition, and yield of sorghum. The use of PSM 
in sorghum disease management reduces the dependence on pesticides employed to 
control the phytopathogens damage. The role of PSM in the sorghum cultivation system 
is, however, relatively unresearched. In this manuscript, the diversity and the strategies 
adopted by PSM to expedite sorghum yield are reviewed, including the nutritional 
importance of sorghum in human health and the mechanism of P solubilization by PSM. 
Also, the impact of solo or composite inoculations of biological enhancers (PSM) with 
nitrogen fixers or arbuscular mycorrhizal fungi is explained. The approaches employed 
by PSM to control sorghum phytopathogens are highlighted. The simultaneous 
bio-enhancing and biocontrol activity of the PS microbiome provides better options for 
the replacement of chemical P fertilizers and pesticide application in sustainable sorghum 
production practices.

Keywords: sorghum, phosphate solubilizers, microbiome, phytopathogens, antagonists, P-nutrition

INTRODUCTION

The constantly increasing human populations and regularly declining agricultural soils have 
placed extra pressure on sustainable agriculture systems to eliminate human food hunger 
worldwide (Díaz-Rodríguez et  al., 2020). Globally, P fertilization is a common practice to 
improve sorghum production (Gemenet et  al., 2016), but the intemperate application or 
unrelenting long-term utilization of chemical-P fertilizers cause environmental pollution and 
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reduce soil quality (Alori et  al., 2017; Li et  al., 2020). The 
efficiency of P solubilizer is very low (15–20%) due to its 
rapid fixation in acidic and alkaline soils, both of which are 
predominant worldwide (Aziz et al., 2014). Though the majority 
of global soils contain sufficient reserves of total P, most of 
it remains inaccessible, and soils thus become deficient in P. 
So, to maintain sorghum production, P fertilizers are applied 
regularly. The high cost of chemical-P fertilizer acts as a 
motivator in the quest for an alternative where naturally-
occurring P sources such as rock phosphate (RP) serve as a 
P reservoir. Regrettably, RP is not easily available to plants in 
soils with a pH > 5.5–6, and farmers thus cannot use RP in 
sorghum fields (Gurdeep and Reddy, 2015). However, the 
microbial fertilizers, especially phosphate biofertilizers, augment 
the P use efficiency (PUE) and thereby improve plant P uptake. 
Collectively, the phosphate solubilizing microbiome (PSM) 
represents a group of soil organisms that make P available to 
plants from both inorganic and organic sources by solubilizing 
and mineralizing complex P compounds (Zaidi et  al., 2009; 
Chawngthu et  al., 2020). Among PSM inhabiting a particular 
environment, bacteria (Rezakhani et  al., 2020), fungi (Elfiati 
et al., 2021), and actinomycetes (Saif et al., 2014) supply mineral 
nutrients especially P to various food crops including sorghum 
growing in different agroclimatic regions worldwide (Abawari 
et  al., 2020; Chen et  al., 2021). The PSM intervention in 
sorghum cultivation practices seems to be an incredibly attractive 
and highly promising approach to ameliorate sorghum production 
in P-deficient soil (dos Santos et al., 2017). Apart from supplying 
P, PSM plays an important role in suppressing the damaging 
impact of phytopathogens causing severe sorghum yield losses 
(Gopalakrishnan et  al., 2015; Mitra et  al., 2020). The 
PSM-mediated management of P nutrition and sorghum 
phytopathogens is considered an inexpensive and environmentally 
friendly biotechnological approach and appears to be a realistic 
substitute to chemical P fertilizers and hazardous pesticides 
(Saraf et  al., 2014; Kumar et  al., 2020). However, due to the 
competition among/between indigenous/introduced microbiome, 
soil environment, and other factors, the competence of PSM 
to survive and colonize in the rhizosphere is greatly challenged 
(Soumare et  al., 2020). Despite this, the PSM, when applied 
as microbiological formulations in field/greenhouse, has been 
found to enhance the growth and yield of many food crops 
(Ahmed et al., 2017; Batool and Iqbal, 2019), including sorghum 
(Vijayalakshmi et  al., 2020), by various direct and indirect 
mechanisms (Khan et  al., 2014; Herrera-Quiterio et  al., 2020).

Sorghum, a multipurpose cereal crop belonging to the family 
Poaceae, ranks fourth in terms of worldwide production after 
wheat, rice, and corn (Shoemaker and Bransby, 2010; Kumar 
et  al., 2017a). It is typically cultivated in the semi-arid tropics 
(Almodares and Hadi, 2009) and has several economically 
important potential uses such as food (grain), feed (grain and 
biomass), biofuel (ethanol production), fiber (paper), fermentation 
(methane production), and fertilizer (Hasibuan and Nazir, 2017; 
Dar et  al., 2018). Due to excessive pressure on the production 
of rice for human consumption, there is an urgent need to 
search for any nutrition-rich alternative food substitutes for rice 
to satisfy human food demands. Sweet sorghum in this context 

can serve as a potential food alternative in many countries 
(Marles et  al., 2018). Different approaches like crop rotation, 
use of resistant cultivars, and agrochemicals to combat 
phytopathogens have been adopted to enhance the yield and 
quality of sweet sorghum, but due to several reasons, especially 
the cost, technical difficulties, emergence of resistance among 
pathogens against toxic chemicals, residual toxicity to non-target 
organisms, or environmental pollution, the implementation of 
such methods/chemicals is discouraged in sorghum cultivation 
practices. The utilization of microbiological fertilizers particularly 
PSM is an alternative option to plant growth and production 
of sweet sorghum under biotic stress conditions. However, little 
research has been conducted and very little information is 
available on the ameliorative role of PSM in relation to the 
growth and yield of sorghum, particularly under biotic stressed 
conditions. Acknowledging the importance of human food and 
lack of information on the role of PSM in sorghum production 
in high throughput agricultural practices, this review attempts 
to provide the latest information on the biodiversity and 
physiological variations of PSM and its importance in sorghum 
P nutrition, biotic stress alleviation and yield optimization/stability 
in changing agro-ecosystems worldwide. This review further 
explains the mechanistic basis of disease suppression and highlights 
the potential role of single and/or composite PSM formulations 
in sorghum-soil systems. The understanding of the relationship 
between the PSM and related rhizobacteria and arbuscular 
mycorrhizal fungi may help in better management of P fertilization 
and biotic stress alleviation in sorghum growing in different 
agrosystems while reducing the risk of chemical pollution.

SORGHUM: FOOD, NUTRITIONAL 
COMPOSITION, AND HUMAN HEALTH

Sorghum, which is naturally gluten free, is a major cereal 
grown as a food and feed crop (Kumar et  al., 2017b; Zhao 
et  al., 2019). Sorghum is known by different names, such as 
great millet and guinea corn in West Africa; kafir corn in 
South  Africa; dura in Sudan; jowar in India, and kaoliang in 
China. Among sorghum-producing countries, the United States 
is a major sorghum producer, but only a small fraction of 
grain is consumed here as human food; instead, it is mainly 
used as animal fodder. Worldwide, sorghum is consumed in 
various forms, such as alcoholic and non-alcoholic beverages, 
baked bread, tortillas, porridges, couscous, gruel, steam-cooked 
products, expanded snacks, cookies, etc. (Murty and 
Subramanian, 1982). Sorghum can also be processed into starch, 
flour, grits, and flakes and is used to produce a wide range 
of industrial products. Due to its nutritional importance, sorghum 
is incorporated into the human diet more specifically for people 
who are intolerant to wheat (Kulamarva et  al., 2009). It is 
consumed mostly in northern China, India, and southern 
Russia, where about 85% of the crops are consumed directly 
as human food (Dicko et  al., 2006).

Nutritionally, sweet sorghum is quite high (62%) in 
carbohydrates (Barcelos et  al., 2016) and has a higher energy 
output than sugarcane, sugar beet, corn, and wheat 
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(Dar et  al., 2018). Sorghum provides important minerals, 
vitamins, protein, and micronutrients essential for optimal 
health, growth, and development (Awika and Rooney, 2004; 
Kulamarva et  al., 2009). Recently (Tasie and Gebreyes, 2020), 
observed proximate composition values such as moisture, ash, 
crude fat, crude fiber, and crude protein, and CHO in different 
sorghum varieties, which varied from 9.66 to 12.94, 1.12 to 
2.29, 2.48 to 4.60, 2.17 to 8.59, 8.20 to 16.48, and 67.56 to 
76.42, respectively. The highest mineral content in sorghum 
varieties was (mg/100 g): P (368), Na (6), Mg (208), K (314), 
Ca (67), Fe (14), and Zn (6). The maximum tannin was recorded 
in Lalo (3,337 mg/100 g) and Dano (2,474 mg/100 g). Based on 
the high mineral value, sorghum varieties such as Miskir, Abshir, 
ESH-1, Meko-1, Red Swazi, and Karimtams can be  considered 
for food product development. Sorghum also contains various 
phenolics like flavonoids (Shahidi and Naczk, 1995), which 
inhibit tumor development (Awika and Rooney, 2004), and 
antioxidants, which make the grain suitable for producing 
functional foods. It is a gluten-free cereal, which has importance 
in the occurrence of Celiac Disease (CD), an immunological 
response to gluten intolerance. The starches and sugars in 
sorghum are released more slowly than in other cereals (Léder, 
2004) and it is thus beneficial for diabetic persons (Toomey, 1988).

WHY IS PSM SO IMPORTANT IN 
SORGHUM PLANT SYSTEMS?

Chemical fertilization (e.g., NPK) in agriculture is documented 
as a successful practice to manage soil fertility and concurrently 
to increase the quality and yield of cereal crops (Mojid et  al., 
2012; Saïdou et  al., 2018), including sorghum (Sebnie et  al., 
2020), in different agro-ecological regions. Among plant nutrients, 
P is the major nutrient after N and is the second most deficient 
plant nutrient (Munir et  al., 2004). Under a P-deficient 
environment, plants show altered growth and metabolism, and 
a reduction from 5 to 15% in crop yield has been reported 
(Shenoy and Kalagudi, 2005). So, to overcome the low P 
availability and to allow sorghum plants to grow normally, P 
fertilizers are used in cultivation practices (Roy and Khandaker, 
2010). Sorghum requires high levels of chemical fertilizer for 
optimal growth, which causes a shift in the soil microbial 
community (Chu et al., 2007; Wang et al., 2018) and environmental 
degradation leading to human health problems (Adesemoye 
and Kloepper, 2009; Kang et al., 2011) These problems accentuate 
the need for new technologies in sorghum production systems 
to achieve sustainable production systems. The PSM of plant-
growth-promoting microbes is of particular interest as it can, 
either alone or in combination with other related PGPR/AM-fungi, 
reduce the adverse impact of chemical fertilizers and 
simultaneously enhances plants’ tolerance to environmental stress 
(Bhardwaj et  al., 2014). Additionally, the PSM promotes root 
morphogenesis and gradually increases plant height, stem 
diameter, number of leaves per plant, leaf area, and yield along 
with protecting plants from phytopathogens attack (Pandey and 
Gupta, 2020). Also, P supplied either through solubilization or 
mineralization by PSM participates in cell division, growth of 

new tissues and nucleic acid structure, protein synthesis regulation, 
respiration, signal transduction, macro-molecular biosynthesis, 
phospholipids, carbon metabolism and a wide range of enzymes, 
energy transfer, and photosynthesis (Kouas et al., 2005; Hameeda 
et  al., 2008). To fulfill P demands, the PSM has been found 
to be  very useful (Qarni et  al., 2021). The PSM-sorghum plant 
synergy could, therefore, be  of great practical importance in 
the management of P nutrition, biotic stress, and yield 
optimization. Once developed, the PSM formulation benefits 
sorghum in several ways due to its ability to (i) release P 
nutrients slowly and as per the need of plants; (ii) complement 
other minerals; (iii) supply essential agroactive biological 
enhancers to plants; and (iv) alleviate biotic stress (Khan et  al., 
2014; García-Fraile et al., 2015; Yadav and Sarkar, 2019). Broadly, 
the utilization of microbes mediated rock phosphate solubilization 
has multiple advantages over conventional chemical P fertilizers 
in sorghum cultivation practices. These advantages are as follows: 
(i) the PSM-based formulations are safer than chemical fertilizers; 
(ii) there is no chance of deposition of either toxic materials 
or microbiome in the food chain; (iii) the self-replicating ability 
of microbes evades the requirement for repetitive application; 
and (iv) they reduce dependence on pesticides. Put together, 
the PSM along with RP could be  an incredibly strong strategy 
to advance the biological and physicochemical fertility of the 
soil, which eventually enhances the sorghum production at a 
low cost. While the literature regarding PGPR interactions with 
the top three cereals (maize, wheat, and rice) is quite sizeable, 
a search conducted using the words “PSM” and “sorghum” as 
keywords revealed very few papers in the scientific literature. 
Also, when searching PSM and sorghum diseases, very few 
scientific studies are available. Collectively, the amount of 
information regarding the interactions between PSM (bacteria/
fungi/actinomycetes) and sweet sorghum is limited.

OVERVIEW OF PSM: DEFINITION, 
BIODIVERSITY, AND P-SOLUBILIZATION

A group of beneficial soil microbiomes, including bacteria, fungi, 
and actinomycetes, capable of mineralizing/solubilizing complex 
P into soluble forms are termed phosphate-solubilizing 
microorganisms (Tian et al., 2021). The PSM has been recovered 
from different ecological habitats (Table  1) using standard 
microbiological methods (Figure  1). Pseudomonas and Bacillus 
among bacteria and Aspergillus and Penicillium among fungi 
are the most efficacious P solubilizers (Li et  al., 2016; Zhu 
et  al., 2018). P-solubilizing fungi (PSF) are better P solubilizers 
than other PSMs due to their ability to do the following: (i) 
retain a P-dissolving ability after repeated subculturing; (ii) 
traverse longer distances more easily in any environment; and 
(iii) produce more organic acids (Venkateswarlu et  al., 1984). 
Among mineral phosphate solubilization (mps) mechanisms, the 
organic acid (OA) theory is the most widely accepted mechanism 
of solubilization and supply of P to plants (Table  2). The OA 
lowers the pH of the environment and causes discharge of P 
ions from the P mineral by H+ exchange for Ca2+ (Goldstein 
et al., 1993). The variation in pH and the amount of P solubilized 
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by PSM has also been unrelated (Asea et  al., 1988), which 
suggests the involvement of mechanisms other than the OA in 
the P solubilization process which is influenced by many factors 
(Mohamed et  al., 2018). The complex organic P compounds 
(phosphates, phospholipids, phytin etc.) in contrast are mineralized 
enzymatically by alkaline and acid phosphatases (Behera et  al., 
2017; Din et  al., 2019), phytases (Din et  al., 2019), and 
phospholipases (Walpola and Yoon, 2012) excreted by PSM.

Mechanisms Used by PSM to Facilitate 
Sorghum Plant Growth
Most of the cultivable soils in the world have insufficient 
elemental nutrients like P, N, K, and Zn, or these are unavailable 
to the plants. Also, poor agricultural practices, such as the 
disproportionate use of fertilizers, lead to undesirable effects 
such as soil fertility reduction. Indeed, a major part of chemical 
fertilizers applied to augment sorghum production is wasted 
further polluting the agroecosystem (Garnett et al., 2009). Below 
are some of the main mechanisms used by PSM to optimize 
the use of crop nutrients and help promote sorghum production.

Apart from supplying inherently P to plants, the P-dissolving 
microbiome benefits the plants by providing N through BNF, 
growth modulating enzymes, phytohormones, and antimicrobial 
compounds, which directly or indirectly affect the growth and 
development of sorghum (Table 3). The direct growth stimulation 
by PSM includes the acquisition of nutrients, such as P through 
solubilization/mineralization and N through N2 fixation, 
phytohormone production, and facilitation of resource while 
indirectly they promote growth by suppression of plant pathogens 
and induction of resistance in host plants against pathogens 
(Figure  2).

The plant growth-promoting substances released by PSM 
include (i) phytohormones, such as indoleacetic acid (Lebrazi 
et  al., 2020; Qarni et  al., 2021) and gibberellin (Pandya et  al., 
2018; Kang et  al., 2019), (ii) asymbiotic (Nosrati et  al., 2014; 
Ayyaz et al., 2016) or symbiotic N2 fixation (Muleta et al., 2021), 
(iii) biocontrol of phytopathogens through antifungal compounds 
and antibiotics (Olanrewaju and Babalola, 2019; Mitra et  al., 
2020) or lytic enzymes (Hamane et al., 2020; Naziya et al., 2020), 
and (iv) secretion of siderophores (Aallam et al., 2021) and HCN 
(Naziya et  al., 2020; Boubekri et  al., 2021). In addition to these 
biological enhancers, the phosphate dissolving bacteria (Kalam 
et  al., 2020; Zhao et  al., 2021), actinomycetes (Chukwuneme 
et  al., 2020), and fungi (Ali et  al., 2019) also release 
1-aminocyclopropane-1-carboxylate (ACC) deaminase to protect 
plants from attack by pathogens. Phosphate solubilizing microbiota 
can also protect sorghum plants from biotic stress and stimulate 
growth indirectly by destructing the metabolism of attacking 
pathogens and/or stimulate the plant’s immune system. Thus, 
the indirect mechanisms of PSM could be  extremely useful and 
of great practical interest under field conditions because they 
provide a chance for growers to avoid the use of chemical biocides 
(Adesemoye and Kloepper, 2009; Khatoon et  al., 2020) and, 
therefore, protect soils and crops from chemical toxicity.

PSM-SORGHUM INTERACTIONS: 
INOCULATION EFFECTS ON GROWTH, 
CROP NUTRITION, AND GRAIN YIELD

Application of microbes-based bio-fertilizers in agro-ecosystems 
is beneficial for plant growth and yield enhancement in both 

TABLE 1  |  Phosphate solubilizing microbiome biodiversity in different agroecological habitat.

PSM groups Source/Origin Media used References

Bacterial genera

Enterobacter Capsicum chinense rhizosphere PVK Mendoza-Arroyo et al., 2020
Pseudomonas spp. wheat, barley, maize, oat, faba beans, peas NBRIP Elhaissoufi et al., 2020
Acinetobacter, Pseudomonas, Massilia, Bacillus, 
Arthrobacter, Stenotrophomonas, Ochrobactrum, and 
Cupriavidus

Bulk soil NBRIP Wan et al., 2020

Burkholderia cepaciam, B. contaminans Sweet corn rhizosphere PVK Pande et al., 2020
Endophytes

Aneurinibacillus sp. and Lysinibacillus sp. Banana tree roots NBRIP Matos et al., 2017
Nitrogen-fixing bacteria

Mesorhizobium spp. Chickpea root nodules Muleta et al., 2021
Rhizobium, Agrobacterium, Phyllobacterium Root nodules of Acacia cyanophylla PVK Lebrazi et al., 2020
Mesorhizobium ciceri, M. tamadayense Cicer canariense nodules NBRIP Menéndez et al., 2020
Azotobacter Maize rhizospheres PVK and NBRIP Nosrati et al., 2014; Bjelić et al., 2015
Azospirillum strain Wheat rhizospheres PVK, MPVK, and LB Ayyaz et al., 2016
A. vinelandii Soil MPVK El-Badry et al., 2016
P-solubilizing fungi (PSF)

Aspergillus hydei, Gongronellahydei, P. soli, and 
Talaromyces yunnanensis

Quercus rubra rhizosphere PVK Doilom et al., 2020

Trichoderma koningiopsis Rice plant NBRIP Tandon et al., 2020;
Penicillium guanacastense Pinus massoniana rhizosphere NBRIP Qiao et al., 2019
Actinomycetes

Streptomyces roseocinereus and S. natalensis Moroccan oat rhizosphere MPVK Chouyia et al., 2020

NBRIP, national botanical research institute phosphate medium; PVK, Pikovskaya medium; MPVK, modified Pikovskaya medium; LB, luria bertani.
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conventional (Kalayu, 2019) and extreme environments (Kamali 
and Mehraban, 2020; Rizvi et  al., 2020). Among microbial 
formulations, the research on PSMs impacting growth, crop 
nutrition, and yield of cereal crops under greenhouse/field trials 
are quite large (Table 4). The literature regarding PSM application 
in sorghum cultivation systems in different agroecological 
regions is, however, lacking. Considering this gap, the beneficial 
influence of PSM including PS bacteria (PSB), fungi (PSF), 
and actinomycetes (PSA) used either alone or in combination 
with other conventional PGPR or arbuscular mycorrhizal (AM) 
fungi is highlighted. A model explaining the ameliorative impact 
of the PSM on morphological, cellular, and physiological activities 
of the sorghum plant is presented in Figure  3.

Inoculation Effects of Single PSM
The inoculation of the P-solubilizing microbiome is considered 
a promising and inexpensive microbiological option, not to 
mention the most sustainable one, in food production systems 
because it increases the P bioavailability without destructing 
the soil-plant systems. Sorghum, considered a substitute to 
rice, adapts well to P deficient soils employing absorption and 
solubilization mechanisms including interaction with PSM. The 
direct application of RP either alone or/and followed by the 
inoculation of the PSM is however, a suitable alternative to 

FIGURE 1  |  Demonstration of solubilization of insoluble tri-calcium phosphate by species of- (A) Pseudomonas (B) Serratia (C) Bacillus and (D) Aspergillus on 
Pikovskaya (1948) medium.

TABLE 2  |  Organic acids secreted by PSM.

PSM Organic acids References

Phosphate solubilizing bacteria
Bacillus, Burkholderia, 
Paenibacillus sp.

Gluconic, oxalic, citric, 
tartaric, succinic, formic, and 
acetic acid

Chawngthu et al., 
2020

Pantoea, Pseudomonas, 
Serratia, and Enterobacter

Oxalic, citric, gluconic 
succinic, and fumaric acids

Rfaki et al., 2020

Bacillus sp. strain AZ17 Pyruvic, succinic, fumaric, 
malic, tartaric, and oxalic 
acids

Zúñiga-Silgado 
et al., 2020

Pseudomonas sp. strain 
AZ5, Bacillus sp. strain 
AZ17

Acetic, oxalic and gluconic 
acids, acetic, citric, and lactic 
acids

Zaheer et al., 2019

Phosphate solubilizing fungi
Rhizopus stolonifer and R. 
oryzae

Oxalic, lactic, citric, succinic, 
gluconic, malic, fumaric, 
acetic acid, and propionic 
acids

Mohammed, 2020

Trichoderma and Aspergillus Oxalic, citric, formic, tartaric, 
malic, acetic, and citric acids

Li et al., 2016

Penicillium oxalicum and A. 
niger

Gluconic acid, oxalic, 
propionic, and malic acids

Li et al., 2016

Phosphate solubilizing actinomycetes

Streptomyces sp. 
KP109810, Streptomyces 
sp. CTM396

Gluconic acid Farhat et al., 2015
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supply P to the growing sorghum crops. Recently (Mattos 
et  al., 2020), evaluated the effect of PSB inoculation on two 
sorghum genotypes (BR007-efficient and responsive and SC283-
efficient and non-responsive) with different P sources (RP and 
triple superphosphate, TSP). The sorghum genotypes were 
inoculated separately with the PSB Bacillus strains (B116 and 
B70) and were cultivated in greenhouse and field soils fertilized 
with TSP, RP, ½TSP + ½RP. The PSB inoculation significantly 
increased the root biomass and P content under greenhouse 
and grain yield and grain P content of genotype BR007 grown 
in the field but had no effect on genotype SC283. The application 
of PSB as P-bioinoculant with RP acted as a promising alternative 
to reduce the use of synthetic chemical fertilizers leading to 
sustainable production of sorghum. The findings of this 
experiment, however, suggested that the impact of PSB inoculation 
varied according to (i) sorghum genotype, (ii) P source, and 
(iii) phosphobacterial strains. A field experiment by (Shete 
et  al., 2018) conducted for three consecutive rabi seasons 
applying a drought-tolerant PSB strain with or without N and 
P sources showed a variable effect on the growth and yield 
of rabi sorghum. The sorghum seed inoculated with PSB strain 
(Acc. No.1/2012) and 100% recommended N and 75% 
recommended P2O5 demonstrated the highest plant height 
(199.9 cm), grain yield (18.13 q/ha), stover yield (62.96 q/ha), 

1,000 grain weight (28.86 g), P uptake (14.14 kg/ha), benefit: 
cost ratio (3.17) and PSB counts (4.67 × 104) at flowering stage. 
The results firmly indicate a saving of 25% of chemical P 
fertilizer for rabi sorghum under dryland conditions. Seed 
inoculation with Pseudomonas putida strain 168  in other 
experiments resulted in the highest dried forage, maximum 
dry matter digestibility, and crude protein while P. putida strain 
41 produced maximum water-soluble carbohydrates. Seed 
inoculation with bacterial strains alone (especially strain 168) 
increased nutrient uptake, plant growth and consequently 
enhanced the yield. Among the PSB strains, P. putida strain 
168 was superior compared even to dual culture application 
suggesting the antagonism between the two PSB strains 
(Ehteshami et  al., 2014). In a similar investigation, the PSB 
significantly increased the shoot growth, ear head weight, and 
P content in both roots and shoots, and the grain yield of 
sorghum rose under a greenhouse environment, compared to 
plants grown without bacterial cultures and treated with RP 
and single superphosphate (Vikram, 2007). The inoculation of 
PSF, Aspergillus terreus, and Penicillium pinophilum in association 
with the reactive phosphate rock (RPR) improved the shoot 
growth, P-uptake, and enhanced the dry matter yield of sorghum, 
when grown under greenhouse conditions. The PSF application 
increased the shoot dry matter yield by 30% while the plant 

TABLE 3  |  Plant-growth-promoting active biomolecules released by PSM.

Soil microbiome Source PGP activities References

Mesorhizobium spp. Chickpea root nodules IAA, ACC deaminase, siderophores, HCN Muleta et al., 2021
Streptomyces alboviridis P18–S. 
griseorubens BC3–S. griseorubens BC10 
and Nocardiopsis alba BC11

Desert soils of Morocco IAA, siderophore, HCN, and ammonia Boubekri et al., 2021

Staphylococcus sp., Bacillus firmus, B. 
safensis, and B. licheniformis

Soils of rock P mines IAA, ACC Deaminase Qarni et al., 2021

Penicillium sp. and Penicillium oxalicum Soils of rock P mines IAA Qarni et al., 2021
Burkholderia ubonensis Woodland soil of a Chinese fir 

plantation
IAA, ACC deaminase, nitrogenase, iron carriers Zhao et al., 2021

Streptomyces roseocinereus MS1B15 Moroccan oat rhizosphere IAA, Siderophores, ACC deaminase, N2fixation, 
antimicrobial activity

Chouyia et al., 2020

Bacillus strains Rhizosphere, leaf endosphere, and 
sap of P-efficient tropical maize 
genotypes

IAA de Sousa et al., 2021

Agrobacterium tumefaciens syn. 
Rhizobium radiobacter

Nodules of Leucaena leucocephala Zinc solubilization, IAA, N2 fixation, siderophores, 
EPS, salt tolerance

Verma et al., 2020

S. roseocinereus, S. natalensis Oat rhizospheres Siderophores, IAA, ACC deaminase, antimicrobial 
activity against Fusarium oxysporum, Botrytis cinerea, 
Phytophthora cactorum, and Phytophthora cryptogea

Chouyia et al., 2020

Agrobacterium sp. NA11001, 
Phyllobacterium sp. C65, Bacillus sp. 
CS14, and Rhizobium sp. V3E1.

Root nodules of Acacia cyanophylla IAA Lebrazi et al., 2020

Alternaria, Aspergillus, Chaetomium, 
Curvularia, Fusarium, Melanaspora, 
Nigrospora, Penicillium and Trichoderma

Chilli rhizosphere IAA, siderophores, HCN, chitinase Naziya et al., 2020

Acinetobacter sp., PGP27, Ensifer meliloti Faba bean and wheat rhizosphere K solubilization, IAA, EPS Bechtaoui et al., 2019
Bacillus sp. Stevia rebaudiana rhizosphere IAA, siderophores Prakash and Arora, 2019
Lysinibacillus fusiformis, Bacillus sp., 
Paenibacillus sp.

Roots of wheat IAA,siderophore production, protease activity, 
antibacterial and antifungal inhibition

Akinrinlola et al., 2018

Mesorhizobium ciceri and M. 
mediterraneum

Chickpea nodules N2 fixation, IAA Zafar et al., 2017

Klebsiella sp. Br1, K. pneumoniae Fr1, B. 
pumilus S1r1, Acinetobacter sp. S3r2

Maize roots N2 fixation,auxin production Kuan et al., 2016

Mucror, Penicillium Panax ginseng rhizosphere IAA Hussein and Joo, 2015
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height was enhanced by 42% compared to the uninoculated 
plants. The PSF inoculation, however, did not affect the root 
growth of sorghum plants. Moreover, the PSF substantially 
increased the P concentration by 61 and 71% in the absence 
and presence of RPR and 110 and 265% in the P accumulation 
of sorghum relative to the control, respectively. The PSF 
application, therefore, showed a more obvious beneficial impact 
on organ growth and sorghum P uptake (Steiner et  al., 2016). 
A study conducted by Srinivasan et  al. (2012) revealed that 
PSB identified using BIOLOG belonging to Pseudomonas, 
Xanthomonas, Bacillus, Aerococcus, Alteromonas, Erwinia, and 
Enterobacter while PSF identified as Aspergillus and Penicillium 
produced IAA and gibberellic acid (GA). The IAA produced 
by the bacterial cultures ranged between 0.74 and 9.53 μg 25 ml−1 
while GA varied between 2.08 and 12.55 μg 25 ml−1. The amount 
of IAA secreted by the PSF differed from 2.33 to 8.69 μg 25 ml−1 
and GA ranged from 3.44 to 14.80 μg 25 ml−1. Among the two 
P-solubilizers, PSF was superior to PSB in terms of P solubilization 
and increased maximally the stem girth, root length, root dry 
matter, and total dry matter of sorghum plants.

Inoculative Synergism Between PSM, N2 
Fixers, and AM-Fungi
The impact of mixed formulations of bio-enhancers 
belonging to two or more physiologically related/divergent 
groups has generally been excellent in promoting crop 
performance compared to single or mono culture applications 

(Keller-Pearson et  al., 2020; Dierks et  al., 2021; Nogales et  al., 
2021). During composite application, the synergistic or additive 
effect of the interacting microbe is expected on growth, crop 
nutrition, and yield of crops. For example, bio-fertilizer organisms 
can improve the growth of a plant independently through N2 
fixation or through the production of growth hormones or 
synergistically through both mechanisms simultaneously. 
Therefore, a synergistic relationship promotes the growth, crop 
nutrition, and yield of plants more efficiently than solo culture 
because the microbial pairing allows the plants to achieve 
greater absorption of minerals (NPK) and other elements. 
However, little is known about the synergistic effect of PSM 
and other PGPR or AM-fungi on sorghum (Cobb et al., 2016). 
The combined effect of two or more PSM together or PSM 
with N2 fixers or AM  fungi on sorghum is reviewed 
and highlighted.

Composite Application of Phosphate Solubilizers
Some recent data by Rezakhani et  al. (2020) indicate that the 
single-and dual cultures of PSB, Pseudomonas sp. FA1, and 
Bacillus simplex UT1 and different concentrations of silicon 
had variable impact on the morphological, nutritional uptake 
of P, Si and K, and physiological activities of Sorghum bicolor 
plant fertilized with soluble or insoluble P (RP; Rezakhani 
et al., 2020). In this sense, the RP-fertilized sorghum had better 
root and shoot biomass while the PSB strains and Si levels 
applied independently augmented all the measured bio-chemical 

FIGURE 2  |  Mechanism used by phosphate solubilizing microbiome (PSM) to facilitate sorghum plant growth.
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properties. Application of Pseudomonas sp. FA1 and B. simplex 
UT1 and Si with soluble P or insoluble P significantly enhanced 
P-use efficiency of sorghum plants. As a co-culture, both 
B. simplex and Pseudomonas sp. considerably increased the 
dry matter and P uptake of sorghum plants when raised with 
both forms of P fertilizer. While comparing the inoculation 
effects of the two PSB, Pseudomonas sp. was more efficacious 
than B. simplex. The composite culture of PSB with Si had 
the largest increase in P uptake and other growth indices. The 
results clearly suggest that the co-application of PSB and Si 
along with RP fertilization may serve as a substitute for chemical 
P fertilizer in sustainable sorghum cultivation practices. Studies 
by (Jisha and Alagawadi, 1996) revealed a variable impact of 
dual inoculation of PSB bacteria, P. striata, or B. polymyxa 
with the cellulolytic fungus, Trichoderma harzianum, on the 
nutrient uptake and yield of Sorghum grown in a vertisol 
treated with cotton stalks. Composite application of B. polymyxa 
or P. striata with T. harzianum increased the size and weight 
of the earhead, the number of spikelets per ear, and the straw 
and grain yield, and N and P uptake significantly relative to 

uninoculated control and single PSB application. Grain yield 
was increased by 6–8% due to co-inoculation over mono 
P-solubilizers inoculation and by 28–30% over T. harzianum alone.

Synergism Between PSM and N2 Fixers
Among phytonutrients, N and P are the two major nutrients 
that affect many important cellular processes like root elongation, 
proliferation and changes of root architecture, seed development, 
and maturity of plants growing both under conventional and 
stressful conditions (Liu et  al., 2020; Patel and Panchal, 2020). 
The combined inoculation of PSM and N2 fixers benefit plants 
better than either group of organisms used alone while 
substantially reducing the application of chemical fertilizers 
under field conditions (Gheliya et  al., 2018; Li et  al., 2020). 
Considering this (Afifi et  al., 2014), in a field experiment 
conducted at Ismailia Agricultural Research Station, Agriculture 
Research Centre (ARC), Egypt, evaluated the impact of an 
associative N2 fixer, Azospirillum brasilense, PSB B. megaterium, 
and potassium solubilizing bacterium (KSB) B. circulans, applied 
either alone or in combined forms and treated individually 

TABLE 4  |  Inoculation effects of PSM on the performance of cereal crops grown in different agroecological systems.

PSM inoculants Growth parameters of cereals Experimental conditions References

Sorghum

Bacillus simplex and Pseudomonas sp. Growth, plant dry matter, and P use efficiency Greenhouse Rezakhani et al., 2020
Aspergillus terreus and Penicillium 
pinophilum

P uptake and dry matter yield Greenhouse Steiner et al., 2016

Streptomyces sp. Growth and yield enhancement Field Alekhya and Gopalakrishnan, 2016
Maize

Azospirillum brasilense, B. subtilis, 
P. fluorescens

Improved P uptake efficiency and greater yield Greenhouse Pereira et al., 2020

Achromobacter xylooxidans, Leclerciaa 
decarboxylata

Increased photosynthetic rate, stomatal 
conductance, chlorophyll, carotenoids, and grain 
yield

Greenhouse Danish et al., 2020

B. subtilis Increased productivity and shoots P Field Lobo et al., 2019
Aspergillus flavus Growth and mineral contents Greenhouse Omomowo et al., 2020
Streptomyces sp. KP109810 Efficient promotion of maize growth and P 

content
Greenhouse Mohammed, 2020

Wheat
Streptomyces alboviridis P18–

S. griseorubens BC3–

S. griseorubens BC10 and Nocardiopsis 
alba BC11

Improved root length, root volume, root dry 
weight, shoot length, and shoot dry weight

Boubekri et al., 2021

Paenibacillus sp. Significantly increased the plant height, biomass, 
root growth, and P uptake

Chen and Liu, 2019

Streptomyces Plant height, root and shoot dry matter and p 
uptake

Greenhouse El-Dsouky et al., 2019

Rice
Pantoea sp. Significantly increased the plant height, biomass, 

root growth, and P uptake
Field Chen and Liu, 2019

Aspergillus niger Increased grain yield Field Asuming-Brempong and Anipa, 
2014

Streptomyces KT 6-4-1 Increased root length, plant height, and dry mass Greenhouse Chaiharn et al., 2018
Millet

Bacillus strains Enhanced biomass production and accumulation 
of N P K in the shoot

Greenhouse Ribeiro et al., 2018

Bacillus sp. (C2) and Pseudomonas sp. Increased height, total chlorophyll, IAA, starch, 
fresh and dry weight

Harinathan et al., 2016

Barley
Streptomyces roseocinereus MS1B15 Plant growth and P uptake Greenhouse Chouyia et al., 2020
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with either humic or fulvic acids, on the availability of N, P, 
and K and their overall impact on morphology, physiology, 
and the yield attributes of S. bicolor (cv. Dorado) in the presence 
of 50% of the recommended dose of mineral NPK. Half of 
the recommended dose (175 kg/fed) of ammonium sulfate (20.5%) 
was added during sowing and 30 and 60 days after sowing 
with A. brasilense only. Half of the recommended dose of P 
(100 kg/fed) as super phosphate (15.5% P2O5) was applied during 
soil preparation containing B. megaterium only, while half of 
the recommended dose (25 kg/fed) of potassium sulfate (48% 
K2O) was applied once only at 60 days before the earing stage 
inoculated with B. circulans only. The application of bacterial 
cultures either alone or as a mixture was more effective and 
maximally enhanced the growth and the yield of sorghum 
plants. Among all formulations, the mixture of bacterial cultures 
and humic acid demonstrated the highest populations of bacterial 
group in the sorghum rhizosphere. Biological features such as 
plant height, plant dry weight, and number of branches and 
biochemical attributes like nitrogenase, dehydrogenase, and 
phosphatase activities were significantly increased in the presence 
of co-culture of A. brasilense, B. megaterium, and B. circulans 
plus humic acid after 45 and 75 days of sorghum growth. 

Also, the NPK, crude protein, and total carbohydrates (%) were 
at maximum in sorghum grains. The A. brasilense, B. megaterium, 
and B. circulans when used together exhibited the highest grains 
yield (3.55 ton/fed) and 1,000 grains weight over control (full 
NPK). The findings clearly revealed that each bacterial stain 
could reduce the half doses of NPK through P and K solubilization 
and N-fixation processes. In a similar recent study, the impact 
of the asymbiotic nitrogen fixer (A. chroococcum) and P solubilizer 
(B. megaterium) on growth, yield parameters, and nutrient 
uptake of Sorghum bicolor grown under greenhouse conditions 
varied considerably (Vijayalakshmi et al., 2020). The formulations 
consisting of A. chroococcum and B. megaterium magnified the 
microbial populations in soil and through synergistic interaction 
increased the bioavailability of N and P and some other nutrients 
in the soil during sorghum harvest. The dual culture of N2 
fixer and P solubilizer applied with a 100% recommended dose 
of fertilizer (RDF) had a maximum beneficial impact on growth 
(plant height, length, and dry weight of root and shoot), nutrient 
uptake (NPK), and grain yield of sorghum compared to the 
uninoculated plants at harvest. The maximum number of grains 
(190/plant) and grain weight (5.23 g/plant) were observed with 
100% RDF and combined formulations of Azotobacter with 

FIGURE 3  |  Interactions of PSM with sorghum plants at cellular levels enhancing the growth of sorghum. HCN, hydrogen cyanide; IAA, indole-3-acetic acid; ACC, 
1-aminocyclopropane-1-carboxylic acid; SAM, S-adenosyl methionine; ISR, induce systemic resistance; SAR, systemic acquired resistance.
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PSB, which was followed by the 75% RDF with Azotobacter 
and PSB. A profound increase in the yield of sorghum was 
attributed as being largely due to the supply of N and P by 
the N2 fixer and PSB to sorghum crops. This increase was well 
supported by enhancement in N (highest N 1.9%) and P (highest 
P uptake 0.41%) uptake by sorghum plants due to inoculation 
of Azotobacter with PSB along with 100% RDF at harvest 
compared to uninoculated and unfertilized control plants. In 
a similar greenhouse experiment (Alagawadi and Gaur, 1988, 
1992), observed a significant increase in the yield of sorghum 
due to combined inoculation of PSB, P. striata or B. polymyxa 
and N2 fixing A. brasilense which indicated a positive interaction 
between the dissimilar groups of bacteria. The yields were, 
however, markedly further enhanced by the application of 40 kg N 
as urea and 60 kg P2O5 (rock phosphate) per ha along with 
bacterial cultures over sole application of fertilizer or only 
bacterial inoculation. Due to this, it was suggested that 40 kg N 
could be  saved and the whole quantity of super phosphate 
could be  replaced by RP plus inoculation of A. brasilense and 
P. striata or B. polymyxa. The population counts of Azospirillum 
and phosphate-solubilizing bacteria in the rhizosphere of sorghum 
were higher in the respective inoculation treatments than in 
uninoculated treatments.

Synergism Between PSM and AM-Fungi
The AM-fungi during interaction receive sugars, amino acids, 
vitamins, and other organic substances from the host plant. 
In return, it absorbs minerals, especially P from the soil, and 
enhances the growth and yield of the host plant (Johansson 
et  al., 2004). Agronomically, when the two dissimilar groups 
of beneficial organisms are applied in crop cultivation, the 
yield of many crops increases substantially (Saxena et al., 2013; 
Nacoon et  al., 2020). Like other PGPR, AM- fungi and PSB 
interact synergistically wherein PSB solubilize sparingly available 
P compounds into orthophosphate that AM-fungi absorbs and 
transport to the host plants (Ordoñez et al., 2016). The reports 
on the inoculation effects of single or multiple PGPR on many 
cereal crops are numerous (Wahid et  al., 2016; Naseri et  al., 
2018), but there is a scarcity of information on the synergistic 
effect of the PSM and AM-fungi on sorghum plants. Below, 
the role of composite application of PSM and AM  fungi in 
the growth and yield promotion is highlighted.

Principally, AM-fungi provide nutrients to their host plants 
by producing hyphae that grow out from plant roots, effectively 
increasing the soil volume from which immobile nutrients can 
be  acquired. So, mycorrhizal agricultural crops perform better 
and can be  more productive compared with non-mycorrhizal 
plants. In addition, AM-fungi increase and improve the amounts 
of secondary compounds in plants (Mohamed et  al., 2014). 
The synergy between AM-fungi and PSB with NPK fertilizer 
demonstrated variable growth and yield impact on greenhouse-
grown sweet sorghum under saline conditions (Ramadhani and 
Widawati, 2020). The dual inoculation of AM-fungi and PSB 
in the presence of varying doses of NPK increased the plant 
height, the number of leaves, plant fresh weight, plant dry 
weight, and P of sweet sorghum plant. The AM-fungi and 
PSB applied with 25% NPK produced the highest increase in 

all the biological features of sorghum plants, suggesting that 
the colonization between AM-fungi and PSB with NPK fertilizer 
could be  a suitable and economical option for enhancing 
sorghum production even under saline conditions. The results 
of a study conducted by (Ziaeyan et  al., 2016) showed that 
the plants inoculated with a combination of PSB and AM-fungi 
expressed synergistic effect to increase the efficiency of P 
fertilizer and growing conditions and yield of sorghum. The 
combined application of 25 mg P2O5 per kg of soil along with 
the PSB and AM-fungi maximally enhanced the biological 
attributes and therefore, could be  recommended to save the 
P application in sorghum cultivation systems. Nitroxin, a 
bio-fertilizer prepared from a mixture of asymbiotic N2 fixers 
Azospirillum and Azotobacter and AM-fungus (Glomus mosseae), 
mitigated the deleterious effects of stress by increasing the 
amounts of photosynthetic pigments, soluble proteins and 
osmotic regulation and decreasing electrolyte leakage in sorghum 
and, hence, increased the yield significantly. Mechanistically, 
the interacting bacterial genera had N2 fixation, P solubilization, 
and iron releasing abilities, as well as the capability to secret 
plant hormones such as auxin, cytokinin, and gibberellin and 
a growth modulating enzyme, ACC-deaminase, which together 
enhanced the yield substantially (Olanrewaju et  al., 2017).

The interactions between PSM, N2 fixers, and AM-fungi in 
terms of facilitating plant growth, nutrient uptake, and yield 
have been reported in numerous studies in the literature. The 
information regarding the inoculative effect of PSM, N2 fixers 
AM  fungi on sorghum is scanty. Widada et  al. (2007) 
demonstrated that sorghum plants inoculated with PSB 
(Pseudomonas sp.), N2 fixer (Azospirillum lipoferum), and 
AM-fungi (Glomus manihotis and Entrophospora colombiana) 
and grown in acid and P deficient soils improved the plant 
dry weight and nutrients (such as N, P, Fe, and Zn) uptake, 
which were enhanced further by dual inoculation of selected 
microbiome compared to the single inoculation. Dual inoculation 
of AM-fungi with PSB and AM-fungi and N2 fixer increased 
plant dry weight by 112 and 64 times compared to the 
uninoculated plant, respectively. The selected rhizobacteria also 
improved plant colonization by AM-fungi. These results suggest 
that the tripartite interaction between PSB, N2 fixer, and 
AM-fungi can be an excellent strategy for optimizing sorghum 
production since no antagonisms among interacting organisms 
were observed.

BIOTIC STRESS ALLEVIATION BY PSM

Pathogenic microorganisms are a major and continuing threat 
to food production and ecosystem stability worldwide. Yield, 
grain quality, and production stability of sorghum are constrained 
by various biotic (Kumar and Ram, 2014) and abiotic (Tari 
et  al., 2013) stressors, resulting in poor marketability and 
utilization and causing severe economic losses. Among biotic 
factors, numerous fungal and bacterial diseases (Table  5) are 
of prime concern in sorghum-producing areas across the world. 
Attempts have been made to reduce pesticide use, develop 
stress-resistant varieties, enhance ecological fitness, and create 

540

https://www.frontiersin.org/journals/plant-science
www.frontiersin.org
https://www.frontiersin.org/journals/plant-science#articles


Rizvi et al.	 PSM in Sorghum-Soil System

Frontiers in Plant Science | www.frontiersin.org	 11	 December 2021 | Volume 12 | Article 746780

a sustainable production system in order to enhance efficiency, 
grain quality, and profitability (Sharma, 1985; Kumar et  al., 
2014). None of these approaches have, however, been completely 
successful due to several reasons such as the production cost, 
lethal impacts of agrochemicals, emergence of resistance among 
pathogens toward one or multiple biocides/pesticides, and lack 
of genetic resistance to sorghum varieties. These factors have 
generated interest among sorghum growers in employing 
biotechnological options, including the use of inexpensive PSM 
in the management of sorghum phytopathogens (Khasa, 2017; 
Nepomuceno et  al., 2019; Mitra et  al., 2020). The application 
of PSM in the abatement of phytopathogens has certain 
advantages, such as (i) not causing environmental hazards; (ii) 
precluding residual toxicity; and (iii) blocking the emergence 
of resistance among pathogens attacking sorghum. PSM controls 
the pathogen damage by one or simultaneous mechanisms 
through biocide compounds and optimizes the yields (Zaidi 
et  al., 2014; Choudhary et  al., 2016). The literature on the 
role of PSM in the management of phytopathogens affecting 
sorghum is, however, without doubt, lacking.

Mechanism of Disease Suppression
The PSM controls the phytopathogens attack by synthesizing 
pivotal molecules like siderophores (Sarr et  al., 2020), antibiotics 
(Raaijmakers and Mazzola, 2012), lytic enzymes (Herrera-Quiterio 
et  al., 2020), cyanogenic compounds (Munir et  al., 2019), and 
through induction of systemic resistance (ISR; Audenaert et  al., 
2002). Due to this, the soil PSM improves the growth and grain 
yield of sorghum by suppressing the damaging impact of 

biotic stresses. Below are some of the main mechanisms employed 
by PSM to manage phytopathogens and to boost sorghum yields.

Siderophores
Under iron-starved conditions, numerous PSMs, including 
bacteria, fungi, and actinomycetes, produce a wide range of 
siderophores (Maldonado et  al., 2020; Aallam et  al., 2021) 
with relatively low molecular weight (below ≈2 kDa) and ferric 
ion-specific chelating agents at neutral to alkaline pH to 
solubilize, capture, and transport inorganic iron to cell (Sandy 
and Butler, 2009). They are, therefore, exploited in the 
management of plant diseases (Verma et al., 2011; Jyothi et al., 
2020). The siderophore positive rhizobacteria protect the plants 
from damages by preventing the iron acquisition (Estrella and 
Chet, 1998) and, hence, limiting the proliferation and root 
colonization by phytopathogens (O’sullivan and O’Gara, 1992).

Charcoal rot of sorghum caused by Macrophomina 
phaseolina, a soil-and seed-borne disease of sorghum, is 
endemic to tropical and temperate regions of the world 
(Kumar et  al., 2016). Charcoal root causes considerable yield 
losses due to a lack of genetic-resistant sorghum varieties. 
Up to 64% yield losses are reported in India by this disease 
during the post-rainy season (Das et  al., 2008). In order to 
control the attack of this phytopathogen (Gopalakrishnan 
et  al., 2011), isolated siderophore-positive PSB, Pseudomonas 
plecoglossicida, B. altitudinis, E. ludwigii, Acinetobacter tandoii, 
and P. monteilii from the rhizospheres of a system of rice 
intensification (SRI) fields and tested their biocontrol activity 
against M. phaseolina. Interestingly, all PSB showed strong 

TABLE 5  |  An overview of various diseases caused in sorghum following biotic stress.

Diseases Causal organism Major organs affected Hotspot locations References

Bacterial diseases
  Bacterial leaf streak Xanthomonas campestris pv. 

Holcicola
Leaves Wide geographical distribution Wang et al., 2021

  Bacterial leaf stripe Burkholderia andropogonis Leaves, flower buds, 
peduncles

Semi-arid and tropical regions Mareya et al., 2020

  Bacterial leaf spot Pseudomonas syringae Leaves Argentina, Bulgaria, China, Hungary, India, 
Italy, Mexico, Africa, Rumania, Yugoslavia, 
Venezuela

Hernandez et al., 1992

Fungal diseases
  Anthracnose Colletotrichum sublineolum All above-ground parts United States, India, Mexico, Nigeria Abreha et al., 2021
  Charcoal rot Macrophomina phaseolina 

(Tassi) Goid
Root and stalk India, Africa, Australia, United States Mahmoud et al., 2018

  Downy mildew Peronosclerospora sorghi Seedling and leaves Africa, Asia, Mexico, America Prom et al., 2015
  Covered kernel smut Sporisorium sorghi Kernels Ethiopia, Africa Nigusie and Ademe, 2020
  Head smut Sporisorium holci-sorghi Panicle Africa, Europe, North and South America, 

Mexico, Asia, Australia, New Zealand
Wagari, 2019

  Loose kernel smut Sporisorium cruentum Kernels and panicles Egypt Moharam, 2018
  Rust Puccinia purpurea Leaves Nigeria, India, Mexico, United States Wang et al., 2014
  Rough leaf spot Ascochyta sorghi Leaves China Xu et al., 2019
  Leaf blight Helminthosporium turcicum Leaves Mexico, Brazil, India, Sudan, Nigeria, 

Niger, Kenya, and Ethiopia
Das and Rajendrakumar, 
2016

  Ergot Claviceps sorghi Spikelets Israel Shimshoni et al., 2017
  Pokkah Boeng (twisted top) Fusarium subglutinans Leaf and top India Das et al., 2019
  Zonate leaf spot Gloeocercospora sorghi Leaves China Jiang et al., 2018
  Sooty stripe Ramulispora sorghi Leaves United States Brady et al., 2011
  Grain mold Aspergillus sp., Penicillium sp. Grains Asia and Africa Das et al., 2020
  Target leaf spot Bipolaris sorghicola Leaves United States, India, Japan Kimball et al., 2019
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antagonistic activity in dual culture assay, blotter paper assay, 
and in vivo greenhouse and inhibited the growth of 
M. phaseolina. No charcoal rot infection was observed in 
P. plecoglossicida-treated sorghum roots indicating the complete 
inhibition of pathogen whereas the roots treated with other 
isolates had 49–76% less charcoal rot infection compared to 
the control. All PSB increased root and shoot dry mass by 
15–20% and 15–23% over control under greenhouse experiment. 
Also, all PSB adapted well to the sorghum rhizosphere as 
indicated by the reduction in charcoal rot disease. Similar 
antifungal activities (inhibition of growth, biomass, 
microsclerotia production, spore germination) of the secondary 
metabolites (antifungal volatile and siderophores) and the 
cell-free culture filtrates (CFCFs) of the selected fluorescent 
pseudomonad strains (SRB129, SRB288, and Pseudomonas 
chlororaphis SRB127) against the mycelial growth of M. 
phaseolina that varied from 30.5 to 76.5% in dual culture 
assay is reported (Das et al., 2008) The CFCF of the fluorescent 
pseudomonads @ 20% (v/v) significantly decreased the 
formation and germination of microsclerotia of M. phaseolina. 
Siderophore-positive bacterium P. chlororaphis (SRB127) 
controlled the charcoal rot of sorghum most efficiently under 
field conditions. As seed treatment, the bacterium reduced 
the charcoal rot incidence by >40% and crop-lodging by 
>20% and increased the sorghum grain mass. Under glasshouse 
conditions, the bacterium survived in the sorghum rhizosphere 
without any significant reduction in its population. Similarly, 
Streptomyces isolated from medicinal plant rhizosphere inhibited 
the fungal activity of phytopathogenic fungi A. brassicicola, 
C. gloeosporioides, Fusarium oxysporum, P. digitatum, and S. 
rolfsii through siderophores (Khamna et  al., 2009). de Los 
Santos-Villalobos et  al. (2012) reported the inhibition of 
Colletotrichum species (causing anthracnose in sorghum) due 
to the release of hydroxamate siderophore by B. cepacia in 
a Petri-dish bioassay test. Interestingly, even the lowest 
concentration (0.64 μg ml−1) of siderophore inhibited the 
pathogen by 91%. Other phytopathogenic fungi capable of 
inflicting damage to sorghum for example, grain mold diseases 
of sorghum (Aspergillus and Penicillium) has also been 
controlled by siderophore rich culture and free supernatant 
of Alcaligenes sp., and P. aeruginosa (Sayyed and Patel, 2011). 
The siderophore based biological control measures, therefore, 
be  adopted in sorghum cultivation practices due to reasons, 
as they are (i) inexpensive and non-destructive (safer) for 
the environment; (ii) self-replicating and do not require repeat 
application; and (iii) there is no emergence of resistance 
among target organisms (Sayyed et  al., 2004).

Growth Modulating Enzyme
Production of 1-aminocyclopropane-1-carboxylate (ACC) 
deaminase by PSM is considered yet another most powerful 
management biological weapon for plants growing under abiotic 
stress (Glick, 2014). After infection by phytopathogens, ethylene, 
a stress hormone is produced in all higher plants, which causes 
senescence, chlorosis, abscission, and wilting in plants, worsening 
the detrimental impact of pathogens (Dubois et  al., 2018; 
Sharma et  al., 2019; Etesami and Glick, 2020). The damaging 

impact of stress hormone can be annulled by the ACC deaminase, 
a multimeric enzyme, secreted by PSM bacteria (Zhao et  al., 
2021), fungi (Aban et al., 2017), and actinomycetes (Chukwuneme 
et  al., 2020), which cleaves ACC (precursor of ethylene) to 
produce α-ketobutyrate and ammonia and thereby decreases 
the ethylene levels in host plants (Gupta and Pandey, 2019; 
Orozco-Mosqueda et  al., 2021). The decrease in the levels of 
ACC and ethylene prevents the ethylene-mediated plant growth 
inhibition. PSM endowed with this capability can benefit the 
sorghum plants by reducing the stress and increasing plant 
growth (Santana et  al., 2020). As an example, (Mareque et  al., 
2015) reported that the majority of the PSB, such as Pantoea, 
Enterobacter, Serratia, Pseudomonas, Acinetobacter, and 
Stenotrophomonas (Gammaproteobacteria phylum), 
Achromobacter, Herbaspirillum, and Ralstonia 
(Betaproteobacteria), Rhizobium (Alphaproteobacteria), 
Chryseobacterium (Bacterioidetes), Bacillus, Staphylococcus, 
Brevibacillus, and Paenibacillus (Firmicutes), and Kocuria 
(Actinobacteria), isolated from roots and stems of sweet sorghum 
plants exhibited ACC deaminase activity. Of these, ACC 
deaminase positive Rhizobium sp. UYSB13 and PSB bacterium 
Pantoea sp. UYSB45 showed a significant difference from the 
negative control in the stem height and dry weight (roots and 
shoots). Additionally, the ACC deaminase positive Rhizobium 
sp. UYSB12 and Enterobacter sp. UYSB34 significantly enhanced 
the root and the shoot dry weights of sweet sorghum.

Antimicrobials
The antibiotic-mediated inhibition of plant pathogens by 
rhizosphere-inhabiting biocontrol microorganisms is well 
(Babalola, 2010; Raaijmakers and Mazzola, 2012) are the most 
common and have been used in disease management through 
antibiotics, for example, the suppression of take all disease in 
wheat by 2,4-diacetylphloroglucinol (Weller et  al., 2007). A 
variety of antibiotics have been identified: amphisin, 
2,4-diacetylphloroglucinol (DAPG), oomycin A, phenazine, 
pyoluteorin, pyrrolnitrin, tensin, tropolone, and cyclic 
lipopeptides produced by pseudomonads (Raaijmakers and 
Mazzola, 2012; Saraf et al., 2014), and oligomycin A, kanosamine, 
zwittermicin A, and xanthobaccin produced by Bacillus, 
Streptomyces, and (Milner et  al., 1996; Hashidoko et  al., 1999; 
Mavrodi et  al., 2012) diffusible products like 2, 
4-diacetylphloroglucinol, phenazines, pyoluteorin, pyrrolnitrin, 
etc., or volatile compounds such as dimethyl disulfide, cyanogenic 
compounds, etc. (Olanrewaju and Babalola, 2019; Pandey and 
Gupta, 2020). One problem in depending too much on PSM-based 
antibiotics as biocontrol agents is, however, that with the 
increased use of PSM, phytopathogens may also develop resistance 
to microbe-mediated antibiotics in a manner similar to those 
exhibited for conventional antibiotics. This can though, 
be  obviated by incorporating an HCN-positive PSM (Mahdi 
et  al., 2020) with antibiotics producing PSM (Hamdali et  al., 
2008) so that the HCN-positive strain kills the pathogens while 
avoiding the emergence of antibiotic resistance among 
phytopathogens. The combination of HCN and antibiotics 
positive PSM looks a promising strategy that will synergistically 
control the phytopathogen attack.
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Hydrolytic Enzymes
A number of hydrolytic enzymes, such as, cellulases, chitinase, 
β-1,3-glucanase, protease, lipase, and peroxidase, are released by 
the PSM (Liu et  al., 2016; Nandimath et  al., 2017). The cell wall 
of plant pathogenic fungi, for instance F. oxysporum, is mainly 
composed of β-1,3-glucan layers that are highly susceptible to 
lysis by β-1,3-glucanase. Following degradation, there occurs the 
leakage of inner cellular contents to the exterior environment 
and, finally, due to the osmotic imbalance, the pathogenic fungi 
collapses (Singh et  al., 1999). For instance, some PSFs, such as 
Acrocalymma sp., otryobambusa fusicoccum, and Phoma sp., 
produce lytic enzymes such as chitinases and glucanases (Silveira 
et  al., 2021) and catalase and cellulases (Amin et  al., 2020), and 
many PS actinomycetes such as S. fulvissimus, Streptoverticillium 
olivoverticillatum, S. nogalater, S. longisporoflavus, and S. cellulosae 
produce cellulase, chitinase, pectinase, lipase, and amylase 
(Nandimath et  al., 2017), which lyse the cell walls of pathogenic 
fungi attacking sorghum. Similarly, number of PSB belonging to 
the genera Chrysobacterium, Bacillus, Pseudomonas, Mycobacterium, 
Staphylococcus, Curtobacterium, Enterobacter, Agrobacterium, 
Ochrobactrum, Serratia, Stenotrophomonas, and Acinetobacter 
produced lytic enzymes, such as proteases, celluloses, lipases, 
esterases, and amylases, which exhibited activity against Fusarium, 
Aspergillus, and Colletotrichum (Herrera-Quiterio et  al., 2020). 
In a similar study, phosphate solubilizing B. subtilis BN1 isolated 
from the chirpine (Pinus roxburghii) rhizosphere exhibited strong 
antagonistic activity resulting in vacuolation, hyphal squeezing, 
swelling, abnormal branching, and lysis of M. phaseolina, F. 
oxysporum, and R. solani. The inhibition of fungal growth by 
B. subtilis BN1 was attributed due to the secretion of lytic enzymes, 
chitinase, and β-1,3-glucanase, which degrades the hyphae and 
digest the fungal cell wall (Singh et  al., 2008). The CFCF of 
BN1 also showed a strong but concentration-dependent antifungal 
activity and completely inhibited the fungal growth at 60% CFCF 
concentration. Pseudomonas putida in yet another experiment 
demonstrated antifungal activity against A. alternata, F. oxysporum, 
and R. solani through chitinase, β-1,3 glucanase, salicylic acid, 
siderophore, and HCN (Selvakumar et al., 2009). The PS bacterium 
Serratia marcescens inhibited the growth of Sclerotium rolfsii 
(Ordentlich et  al., 1988) while Paenibacillus sp. strain 300 and 
actinomycetes Streptomyces sp. strain 385 suppressed F. oxysporum 
fsp. Cucumerinum. Extracellular chitinase and laminarinase 
synthesized by Pseudomonas stutzeri degraded the mycelia of F. 
solani (Lim et  al., 1991). These and other related studies that 
are not included in this review suggests that, in the absence of 
high level of genetic resistance in high-yielding sorghum varieties, 
the PSM as bio-antagonists could safely be  used to effectively 
manage the biotic stresses of sorghum and hence to reduce losses 
in yield and quality of sorghum cultivated in different regions 
of the world.

CONCLUSION

The unwarranted and imprudent application of agrochemicals 
in sorghum cultivation practices and their hazardous impact 
on the soil environment warrants the use of a low-cost and 

environmentally friendly P-solubilizing microbiome as a 
prospective alternative to P fertilizers and pesticides. Due to 
the exorbitant cost of chemical fertilizers, harmful impact of 
pesticides, and lack of high level of genetic resistance, the 
novel PSM discovered so far and discussed herein applied 
either alone or in synergism with compatible organisms can 
be  a useful component in the management of P fertilization, 
yield optimization, and integrated sorghum disease management. 
The application of PSM-based (microphos) formulations in 
sorghum cultivation is likely to provide economic benefit to 
sorghum growers while reducing the risk of 
environmental pollution.

Future Prospects
The studies surveyed and presented herein are though directly 
relevant to improving food production, deciphering the 
detailed molecular and ecological relationships between PSM, 
N2 fixers, and AM-fungi is indispensable to developing a 
better understanding of the synergistic relationship between 
three functionally divergent groups of the soil microbiome. 
Also, the rhizosphere competence and colonization effect of 
different PSM strains and their interaction with functionally 
unrelated plant beneficial bacteria should further 
be investigated under complex and variable natural conditions 
with the aim of producing “microphos: PSM based biofertilizer” 
to alleviate the biotic stresses and consequently augmenting 
sweet sorghum production in different agroecosystems. 
Continued research is, however, needed to develop novel 
strategies to ameliorate the yield and upgrade the efficiency 
of PSM to manage the attack of phytopathogens causing 
huge losses to sweet sorghum in variable agroclimatic 
conditions. To achieve this, scientists, institutions, and 
manufacturers need to work together to find solutions to 
nutrition and disease management and to optimize sorghum 
yield to eradicate hunger worldwide.
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It is commonly known that exogenously applied melatonin can alleviate the impact of
drought stress, but the mechanism used by melatonin to regulate stomatal behavior
and carbon (C) and nitrogen (N) metabolism to increase drought resistance remains
elusive. Herein, our aim was to investigate the influence of exogenous melatonin on the
regulation of C and N metabolism in maize plants under water deficit. In this study, we
analyzed stomatal behavior, the key components of C and N metabolism, and the gene
expression and activity of enzymes involved in the C and N metabolism in maize plants.
The results showed that the application of melatonin (100 µM) significantly increased
maize growth and sustained the opening of stomata, and secondarily increased the
photosynthetic capacity in maize. Under drought stress, foliar application of melatonin
induced the gene transcription and activities of sucrose phosphate synthetase, ADP-
glucose pyrophosphorylase, phosphoenolpyruvate carboxylase, and citrate synthase,
resulting in the enhancement of sucrose and starch synthesis and the tricarboxylic
acid (TCA) cycle. This enhancement in sugar biosynthesis and the TCA cycle might
lead to stronger N assimilation. As anticipated, NO3

− reduction and NH4
+ assimilation

were also strengthened after melatonin treatment under drought stress. An increase
was observed in some key enzymatic activities and transcription involved in nitrogen
metabolism, such as that of nitrate reductase, nitrite reductase, glutamate synthase,
and glutamine synthetase, in melatonin-treated, drought-stressed maize. Moreover,
melatonin attenuated the drought-induced damage by reducing protein degradation
and increasing the level of proline. Conclusively, our results indicate that exogenous
melatonin enhances drought tolerance in maize via promoting stomatal opening and
regulating C and N metabolism and related gene expression.

Keywords: maize, drought, melatonin, stomatal behavior, carbon and nitrogen metabolism

INTRODUCTION

Maize (Zea mays L.) is one of the most important grain crops cultivated worldwide but is extremely
sensitive to drought stress (Li Z. et al., 2021). Water is a crucial environmental factor for crop
production, and soil water deficits limit crop growth and yield (Yang et al., 2019). Water scarcity
compromises economic output and food security worldwide, and in the past decade, global losses
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in crop production due to drought totaled approximately $30
billion (Riemann et al., 2015; Gupta et al., 2020).

Drought is complex abiotic stress, and a series of
morphological, physiological, and biochemical changes take
place during the response of plants to drought stress (Shah et al.,
2020), which include plant growth (Todaka et al., 2017), leaf
stomatal behavior (Indira et al., 2021), photosynthetic activity
(Zhou et al., 2019), cellular redox homeostasis (Zhang et al.,
2019), and metabolism homeostasis (Pinheiro and Chaves,
2011). These changes are usually interconnected. Specifically,
osmotic stress caused by drought induces the accumulation of
abscisic acid (ABA), which, at high levels, can promote stomata
closure and decrease the internal carbon dioxide concentration
(Ci) (Riemann et al., 2015; Kong et al., 2016; Zhou et al.,
2019). Following stomatal closure and the decrease in Ci, the
activity of the carboxylating enzyme Rubisco has been shown
to decrease, which leads to electron accumulation and reactive
oxygen species (ROS) overproduction, eventually resulting in
oxidative damage and a series of subsequent side effects, such
as leaf peroxidation, and degradation of chlorophyll, proteins,
and nucleic acids (Campos et al., 2019; Sharma and Zheng, 2019;
Sharma et al., 2020).

To cope with drought stress, the plants have evolved various
metabolic adaptation mechanisms to defend against the adverse
effects of stress, in which the coordinated regulation of carbon
(C) and nitrogen (N) metabolism is one of the most important
mechanisms (Ren et al., 2020). C and N metabolism are two
of the most important metabolic processes in plants, and they
are tightly related to each other (Yu et al., 2021). Metabolic
processes involving C include reactions in photosynthesis and
respiration (Cui et al., 2019). Photosynthesis and mitochondrial
respiration provide C skeletons and an energy source for various
biological processes, such as N assimilation and amino acid
biosynthesis (Qiao et al., 2019). The growth and yield of plants
are determined to a large extent by the capacity of photosynthesis
(Cui et al., 2019). However, water deficit limits photosynthesis,
which causes depletion of energy and sugar and diminishes plant
production (Hu et al., 2020). N is a crucial structural component
of nitrogenous compounds, such as amino acids, proteins, nucleic
acids, chlorophyll, and enzymes (Qiao et al., 2019). Thus, N
directly or indirectly affects plant photosynthesis through its
effects on chlorophyll, photosynthetic rate, and the main enzymes
of dark reactions and photorespiration (Zhong et al., 2019). The
first step in N uptake and utilization is that nitrate reductase
(NR) and nitrite reductase (NiR) convert nitrate (NO3

−) into
ammonium (NH4

+) (Xie et al., 2019). Then, NH4
+ is further

assimilated to glutamate via glutamine synthetase (GS) and
glutamate oxoglutarate aminotransferase (GOGAT) or glutamate
dehydrogenase (GDH) (Rajasekhar and Oelmüller, 2010; Xie
et al., 2019). Subsequently, glutamate acts as a donor of the amino
group that distributes N to all other N-containing metabolites
and macromolecules (Xie et al., 2019). The studies have shown
that N assimilation plays a pivotal role in the acclimation of
plant photosynthesis to drought stress (Xie et al., 2019; Zhong
et al., 2019). Moreover, the C metabolism provides the energy
and organic carbon skeletons for N assimilation and amino acid
biosynthesis (Zhong et al., 2019). Therefore, the balance between

C and N metabolism provides essential contributions to drought
tolerance (Liu et al., 2014; Ren et al., 2020).

Melatonin (N-acetyl-5-methoxytryptamine) is a new plant
growth regulator that is widely found in bacteria, fungi, plants,
and algae (Kanwar et al., 2018; Debnath et al., 2020). Previous
reports demonstrated that melatonin is involved in multiple
biological processes in plants, such as seed germination (Li C.
et al., 2021), root growth (Boyko et al., 2020), flowering (Kolar
et al., 2003), leaf senescence (Ahmad et al., 2020), increased
photosynthetic capacity (Ahmad et al., 2019), and moderation
of oxidative damage (Qi et al., 2018; Kaya et al., 2019, 2020;
Siddiqui et al., 2020). Furthermore, many studies have shown that
the antioxidant action of melatonin can substantially enhance
the tolerance of plants under biotic and abiotic stresses, such
as pathogen infections (Li et al., 2019), drought (Sharma et al.,
2020), cold (Wang et al., 2020), heat (Wei et al., 2015), salt,
and UV stress (Yao et al., 2020; Zhang et al., 2020). In addition,
melatonin may enhance plant stress resistance by regulating C or
N metabolism. A previous study has suggested that metabolites,
such as carbohydrates, organic acids, and amino acids accumulate
after the application of melatonin to increase cold stress tolerance
in Bermuda grass (Hu et al., 2016). A recent study in cotton
revealed that melatonin enhances pollen fertility by balancing
the carbohydrates of drought-stressed anthers (Hu et al., 2020).
However, most of these studies on melatonin-enhancing stress
resistance focused only on C or N metabolism, and currently,
there is no report that combined C and N metabolism to study
how melatonin alleviates drought stress.

Given the essential contributions of C and N metabolism and
melatonin to the drought resistance of maize and the regulatory
role of melatonin on primary metabolism, we hypothesize that
the melatonin-induced drought resistance of maize depends
to a large extent on the coordinated modulation of C and
N metabolism. Therefore, we investigated the possible role
of melatonin in maize response to soil drought stress by
determining the photosynthetic capacity, leaf stomatal behavior,
the amounts of various metabolites related to C and N
metabolism, and the gene expression and activities of some key
enzymes involved in C and N metabolism. The current study
aimed to explore how melatonin enhances drought tolerance by
regulating the coordination of C and N metabolism. The results
will contribute to further understanding of the role played by
melatonin in alleviating drought stress.

MATERIALS AND METHODS

Plant Materials and Treatments
A pot experiment was conducted from May to August 2020 at the
rainproof shed of the Maize Experimental Station of Northwest
A&F University, Shaanxi, China. Maize (Z. mays L. “Shaandan
609”) seeds were sown in plastic pots of uniform size (diameter
26 cm and depth 38 cm), each filled with 15 kg air-dried soil
and 10 g compound fertilizer containing 24% N, 6% P2O5, and
10% K2O. The soil water content is expressed as a percentage
maximum of pot capacity (Ogbaga et al., 2014). All plants were
watered to 85% before the seven-leaf stage. Afterward, half of the
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pots were exposed to drought conditions. During this period, all
pots were sprayed with either melatonin (100 µM) or distilled
water at 8 p.m. every day. The sprayed melatonin solution was
prepared by dissolving 1.15 g melatonin powder in 25 ml ethanol
as a stock solution. Subsequently, a melatonin solution of the
desired concentration was obtained by further dilution with
distilled water, including 0.05% (v/v) Tween-20 as a surfactant.
In the present study, the maize seedlings were subjected to four
treatment regimes: (1) distilled water pretreatment plus ample
water (Control, CK); (2) 100 µM melatonin plus ample water
(MT); (3) distilled water pretreatment plus drought (DS); (4)
100 µM melatonin plus drought (DS + MT). The melatonin
concentration (100 µM) applied in this study was chosen
based on a study by Guo et al. (2020a). The experiment was
stopped when the soil water content decreased to 50%, i.e.,
after drought for 6 days. At the end of the treatments, the fully
expanded third leaf from the top of the plant was gathered,
rapidly frozen in liquid nitrogen, and stored at –80◦C for the
following measurements.

Plant Growth Attributes
The plant leaf was measured with a tape measure on the last day of
the experiment to calculate the leaf area, as described by Ahmad
et al. (2019): leaf area = leaf length×maximum leaf width× 0.75.
The aboveground plant parts from each group were sampled, and
their fresh biomass was determined. Then, the aboveground parts
of the maize plant were oven-dried at 105◦C for 45 min and then
maintained at 80◦C for 48 h to obtain a stable dry weight. The
amount of chlorophyll in the fully expanded third leaf from the
top was determined using a SPAD-502 Plus chlorophyll meter
(Plus, Konica Minolta, Japan).

To evaluate the water stress effects, measurements of the
relative water content of leaves (RWC) were performed based on
the method of Li et al. (2014) with some modifications. Briefly,
a total of 1 g of fresh leaves tissue was immediately excised and
weighed (fresh weight, WF), and again weighed after floating leaf
segments on the water for 12 h in the dark (saturated weight, WS)
and after oven-drying at 85◦C for 24 h to a constant weight (WD).
The RWC was calculated as follows:

RWC (%) =
[
(WF−WD)

/
(WS−WD)

]
× 100 (1)

Determination of Gas Exchange
Parameters and Chlorophyll
Fluorescence
Gas exchange parameters, such as photosynthetic rate (Pn),
intercellular CO2 concentrations (Ci), stomata conductance (Gs),
and transpiration rates (Tr) were recorded between 10:00 a.m.
and 12:00 a.m. on the fully expanded third leaf from the
top with an LI-6400XT portable photosynthesis system (LI-
COR, Biosciences, Lincoln, NE, United States). During the
measurement period, the photosynthetic photon flux density
(PPFD) was controlled at 1,200 µmol m−2 s−1 (light saturation),
the blocking temperature was at 25◦C, the CO2 concentration in
the air entering the leaf chamber was at 400 µmol mol−1, and the

relative humidity was at 50–70%, according to Dai et al. (2020).
Each treatment was replicated three times.

The eighth leaf was selected to evaluate chlorophyll
fluorescence via the saturation pulse technique, using the
Pulse Amplitude Modulated system (Dual-PAM-100, Heinz
Walz, Effeltrich, Germany). The maximum efficiency of PSII
photochemistry (Fv/Fm), quantum efficiency of PSII [Y(II)],
quantum yield regulated energy dissipation of PSII [Y(NPQ)],
the quantum yield of non-regulated energy dissipation of
PSII [Y(NO)], and photosynthetic electron flows through PSII
[ETR(II)] were imaged and calculated after adaptation in the
dark for 30 min (Guo et al., 2020b).

Quantification of Carbohydrates
The amounts of sucrose, glucose, and fructose were determined
by using high-performance liquid chromatography (HPLC) (Xu
et al., 2020). Briefly, a frozen leaf sample (1.0 g) was ground
in 5 ml of extraction buffer (ethanol: chloroform: water = 12:
5: 3), and transferred to a centrifuge tube containing 25 ml of
ultrapure water. Then, the mixture was heated to 80◦C in a water
bath for 1 h. After cooling to room temperature, the mixture was
centrifuged at 10,000× g for 15 min. The supernatant was filtered
into a 50 ml volumetric flask, and the volume was brought to
50 ml with ultrapure water. This solution was used to quantitate
the sugars, and the residue was used to quantitate the starch.

Starch was quantified in leaves with the Anthrone method as
described by Hansen and Moller (1975). The starch was extracted
with 20 ml of deionized water and heated in boiling water for
15 min using the residue obtained in the above extraction process.
Then, the residue was extracted with 2 ml of 9.2 M perchloric acid
and heated in boiling water for 15 min. After the mixture was
centrifuged at 4,000× g for 15 min, the supernatant was brought
to a final volume of 50 ml with distilled water. Then, 2.0 ml of
the supernatant was mixed with 10 ml of anthrone reagent (1.0 g
of anthrone dissolved in 500 ml 72% sulfuric acid) and boiled for
10 min. After this treatment, the tube was rapidly cooled to room
temperature, and the absorbance was measured at 630 nm.

NO3
−, NO2

−, and NH4
+ Measurements

The foliar NO3
−, NO2

−, and NH4
+ were extracted from the

tissue of each freeze-dried leaf by homogenizing with deionized
water. The amount of NO3

− was spectrophotometrically
determined at 410 nm by nitration of salicylic acid, as previously
described by Cataldo et al. (1975). The amount of NO2

− was
assayed by measuring the absorbance changes at 620 nm obtained
by known concentrations of KNO3 (Barro et al., 1991). NH4

+ was
quantified by measuring the absorbance changes at 620 nm based
on Brautigam et al. (2007), with (NH4)2SO4 as the standard.

Quantification of Soluble Protein, Free
Amino Acids, and Proline
First, 0.5 g of leaf tissues were ground in 5 ml pre-cooled 50 mM
phosphate buffer (pH 7.8). The homogenate was centrifuged at
12,000× g and 4◦C for 20 min. The soluble protein concentration
in the leaves was quantified using the Coomassie brilliant blue
G-250 reagent according to Bradford (1976) with bovine serum
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albumin (BSA) as a standard. The free amino acid content was
determined by the ninhydrin method (Yemm et al., 1955), with
glycine as the standard. Proline was determined according to the
method of Ye et al. (2015). Briefly, 0.5 g of fresh leaves were
homogenized in 5 ml of 3% aqueous sulfosalicylic acid. Then,
the mixtures of 2 ml of supernatant, 2 ml of ninhydrin reagent,
and 2 ml of glacial acetic acid were boiled for 30 min, cooled,
and centrifuged at 10,000 × g for 10 min. The absorbance was
recorded at 520 nm, and the amount of proline was calculated
according to a standard curve.

Enzymatic Activity Assay
Nitrate reductase (NR) and nitrite reductase (NiR) were
measured in maize leaves (0.5 g), which were homogenized with
2 ml buffer containing 0.1 M Tris–HCl (pH 7.5), 10 mM cysteine,
1 mM ethylene diamine tetraacetic acid (EDTA), and 5 µM
flavin adenine dinucleotide (FAD). Then, the homogenate was
centrifuged at 15,000× g for 20 min at 4◦C, and all the extraction
steps were performed on ice. The activities of NR and NiR were
measured based on the method of Barro et al. (1991).

To determine the activities of glutamine synthetase (GS),
glutamate synthetase (GOGAT), and glutamate dehydrogenase
(GDH), corn leaves (0.5 g) were grounded in 3 ml buffer
containing 50 mM Tris–HCl (pH 8.0), 2 mM Mg2+, 2 mM DTT,
and 0.4 M sucrose. Extracts were centrifuged at 10,000 × g for
10 min at 4◦C, and all operations were performed on ice. GS
activity was determined according to the description of O’Neal
and Joy (1973). GOGAT was measured as described by Matoh
and Takahashi (1982). The activity of GDH was assessed as
per Loyola-Vargas and de Jimenez (1984).

The frozen leaf samples (0.5 g) were extracted in 5 ml 100 mM
Tris–HCl buffer (pH 7.0) containing 5 mM MgCl2, 2 mM
EDTA-Na2, 2 mM dithiothreitol (DTT), 2% β-mercaptoethanol,
0.2% BSA, and 2% polyvinylpolypyrrolidone (PVP), and the
homogenates were centrifuged at 10,000× g and 4◦C for 10 min.
All the steps were performed on ice. After centrifugation, the
supernatant was analyzed to determine if sucrose phosphate
synthase (SPS), sucrose synthase (SuSy), acid invertase (AI),
and alkaline invertase (NI) were present according to the
method of Hu et al. (2020).

To determine ADP glucose pyrophosphorylase (AGPase)
activity, 0.5 g maize leaf tissues were mixed with 50 mM HEPES-
NaOH buffer, then centrifuged at 4◦C for 10 min at 10,000 × g.
The supernatant was used to determine the activity of AGPase
according to Schaffer and Petreikov (1997). All extractions were
carried out on the ice.

Citrate synthase (CS) activity in the frozen leaf samples
(0.5 g) was extracted with 5 ml 200 mM Tris–HCl buffer (pH
8.2) containing 0.1% Triton X-100 and 10 mM erythorbic acid
(Terrier et al., 2001). The samples were grounded in an ice bath,
and the homogenates were centrifuged at 5,000 × g for 20 min
at 4◦C. The supernatant was used to determine the activity of CS
according to Johnson et al. (1994).

The frozen leaf samples (0.5 g) were grounded with 5 ml
100 mM phosphate buffer (pH 7.2–7.4) in an ice bath, and
the homogenates were centrifuged at 3,000 × g and 4◦C for
20 min. The supernatant was then used for the enzymatic assay.

The activity of phosphoenolpyruvate carboxylase (PEPC) was
determined using a detection kit (Jingkang, Shanghai).

RNA Extraction and Real-Time
Quantitative PCR Assay
The frozen leaf samples (approximately 100 mg) were grounded
into powder under liquid nitrogen, and the total RNA of
the different treatments was extracted using TRIzol reagent
(Thermo Fisher, MA, United States). Then, 2 µg of total
RNA was reverse transcribed according to the instructions
of the reagent manufacturer (HiScript II Q-RT SuperMix
for qPCR, Vazyme, China). The primer sequences for RT-
PCR were designed by Primer-BLAST (GenBank, NCBI) and
are shown in Table 1. qRT-PCR was performed using the
CFX96 real-time PCR detection system (Bio-Rad, Hercules, CA,
United States) with SYBR Green I (Bio-Rad). The two-step
PCR method was performed, and the PCR conditions were
as follows: pre-denaturation at 95◦C for 30 s, 40 cycles of
95◦C for 5 s, and 60◦C for 30 s. The results were calculated
according to the 2−11 CT method (Mohd et al., 2011). Three
biological replicates were performed, and β-actin was used as an
internal reference gene.

Statistical Analysis
ANOVA was performed for the results using SPSS 25.0 software,
and then Duncan’s multiple range test was carried out, with
P < 0.05 indicating a significant difference. A SigmaPlot 10.0
was used to draw the figures. All the values are presented as
the mean± SD.

RESULTS

Effects of Melatonin on Maize Growth
Under Drought Stress
In the present study, we evaluated the effects of MT,
drought stress, and their combination on the growth of maize
to understand the role of melatonin in drought tolerance
in maize plants. As shown in Figure 1, there were no
significant effects on maize seedling growth between melatonin-
treated and non-treated under the well-irrigated conditions.
The water deficit caused a significant inhibition of plant
growth, with the aboveground biomass accumulation and leaf
area of non-treated maize seedlings decreasing by 36.0 and
42.0%, respectively, compared with control (Figures 1A,B).
In comparison, exogenous melatonin application mitigated the
drought stress, and the aboveground biomass accumulation
and leaf area of melatonin-treated seedlings increased by 30.6
and 11.5%, respectively, compared with that of the non-
treated seedlings (Figures 1A,B). Drought stress resulted in
a sharp decrease in chlorophyll and the RWC, while the
application of exogenous melatonin reversed these trends to
some extent (Figures 1C,D). In relation to control, water
deficit substantially reduced chlorophyll and the RWC by
30.17 and 40.19%, respectively. However, melatonin treatment
caused significant recovery of chlorophyll and the RWC by
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TABLE 1 | Primers used for real-time PCR (RT-PCR) amplification.

Genes Sense primer Anti-sense primer

ZmSh1_sucrose synthase GATGCCCTGTTTGATAGTGA ATCGTCGTGCCCTTGTAG

Zmsps1_sucrose phosphate synthetase CCAGCGGCATGTGAATTTGAT CACCAGTATAGTTAGCAGTGTCC

ZmAgp1_ADP-glucose pyrophosphorylase GTTGTTTGAGGAGCATAAT ACAGATAAGCCTGAACCC

Zmcts1_citrate synthase TGCTCACAGTGGAGTTTTGC AACACTCTTCGGCCTCTCAA

ZmPEPC_phosphoenolpyruvate carboxylase GAAGACACGCTCATCCTCACC CAGTTCGGCATTTCCATCC

ZmRCA1_RuBisCo activase GCAAAGGCCAGGGAAAATCG ATGTTCATCAGGGTGGCGTT

ZmrbcS_RuBisco small subunit GCAGGAGGCCATCAAATCCT AAGCAAGCAAAGGGTACGGT

ZmrbcL_RuBisCo large subunit TGATGGGACAACCACTTCGG GTACAGCCACCACCTACGAT

ZmGln1-3_cytosolic glutamine synthetase CGAAGCGATTGCAAAGCCATTG GTTCTGTTTTGGCACACCAC

ZmGS2_plastidic glutamine synthetase TGTGAAGCAGCTGAAGGATG CGTATCCGAATATCCGATGAA

Zmgdh1_glutamate dehydrogenase GTCATAAACAAGGATAATGCTAACG CCAGTATGTCGGGGAGGAT

Zmfgs1_glutamate synthase CTGATCGTTCTGAAGCACCT AGCAGACATACGGAGACCAT

ZmNR_nitrate reductase ATGATCCAGTTCGCCATCTC GTCCGTGGTACGTCGTAGGT

ZmNiR_nitrite reductase CTTCATGGGCTGCCTCAC CGCTTGACGAAGGTCCTACT

ZmActin CCATCACTGCCACACAGAAAAC AGGAACACGGAAGGACATACCAG

FIGURE 1 | Effects of drought and exogenous melatonin on plant growth, chlorophyll content, and relative water content (RWC) in leaves of maize. (A) Shoot dry
weight, (B) whole plant leaf area, (C) the chlorophyll content in leaves, and (D) the leaf relative water content. Values are the averages of three replicates ± SD.
Different letters indicate significant differences according to Duncan’s multiple range tests (P < 0.05).

16.93 and 24.41%, respectively, compared with the drought
stress treatment.

Effects of Melatonin on Stomatal
Behavior Under Drought Stress
The SEM stomatal images showed that the stomata were
almost completely closed by drought stress (Figure 2B),
stomatal aperture exhibited a 72.3% decrease in comparison
with control (Figure 3C). Moreover, drought stress also led
to the stomata being shorter, narrower, and thinner. The
stomatal length, width, and density in the plants that underwent

drought stress alone were 82.3, 76.7, and 79.1% of that of
control, respectively (Figures 3A,B,D). Compared with the
plants that received limited water, the stomata remained
partially open in the melatonin-treated maize under drought
stress (Figure 2D). Correspondingly, the stomatal aperture of
melatonin-treated plants was 1.3-fold higher than that of stressed
plants (Figure 3C). The melatonin-treated plants had longer and
wider stomata under drought stress. The stomatal length and
width in maize seedlings treated with melatonin were increased
by 11.9 and 12.0%, respectively, in contrast to the drought stress-
treated plants (Figures 3A,B). In addition, the stomatal length
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FIGURE 2 | Effects of drought and exogenous melatonin on stomata in leaves. (A) Stomata from well-watered plants. (B) Stomata from drought-treated plants.
(C) Stomata from well-watered plants that were also treated with 100 µM melatonin. (D) Stomata from drought-treated plants that were also treated with 100 µM
melatonin. Magnification 2000 X, scale bars = 10.0 µm.

and width were not affected by the application of melatonin
compared with the well-watered plants (Figures 3A,B), but the
stomatal density of melatonin-treated plants under soil drought
stress was less than that of control (Figure 3D). Under well-
watered conditions, the application of melatonin decreased the
stomatal aperture by 36.2%, but it had no effect on other
characteristics of stomata (Figure 3).

Effects of Melatonin on Photosynthesis
of Plants Under Drought Stress
Under well-watered conditions, the application of exogenous
melatonin resulted in no obvious change in the ability to
photosynthesize (Figure 4). After 7 days of drought stress, the
Pn, Ci, Gs, and Tr were decreased by 58.3, 55.3, 70.4, and 51.7%,
respectively, compared with control (Figure 4). In contrast,
the exogenous melatonin-treated plants exhibited fewer negative
effects of drought stress, with a decrease of only 46.0, 31.5, 50.0,
and 31.2% for Pn, Ci, Gs, and Tr, respectively, compared with
control (Figure 4). These data suggest that there was an increased
photosynthetic performance for the melatonin-treated plants

compared with the non-treated plants under drought stress. In
addition, the melatonin treatment increased the Rubisco activity
from 25.5 to 38.31 mg g−1 h−1 FW, and the change in Rubisco
activity was parallel with the expression of ZmRCA1, ZmrbcL, and
ZmrbcS (Table 2 and Figure 5). These results further support the
ability of melatonin-treated plants to maintain photosynthetic C
assimilation during drought stress.

To further investigate the alterations of photosynthesis in
maize plants exposed to soil drought stress, multiple chlorophyll
fluorescence parameters, such as Fv/Fm, Y(II), Y(NPQ), Y(NO),
and ETR(II) were calculated (Table 2). The results of fluorescence
measurement showed that the application of melatonin did not
change the chlorophyll fluorescence parameters under the well-
irrigated condition (Table 2). Compared with control, drought
stress markedly reduced the Fv/Fm, Y(II), and ETR(II) by 7.0,
47.6, and 47.5%, respectively. However, melatonin application
resulted in the significant reversal of the Fv/Fm, Y(II), and
ETR(II) by 5.1, 50.9, and 53.7%, respectively. Moreover, the
opposite effects were observed in Y(NPQ) and Y(NO), and
the Y(NPQ) and Y(NO) of non-irrigated plants not treated
with melatonin were 53.0 and 17.2% higher than the CK
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FIGURE 3 | Effects of drought and exogenous melatonin on stomatal characteristics in leaves of maize. (A) Stomatal length, (B) stomatal width, (C) stomatal
aperture, and (D) stomatal density. Values are the averages of three replicates ± SD. Different letters indicate significant differences according to Duncan’s multiple
range tests (P < 0.05).

FIGURE 4 | Effects of drought and exogenous melatonin on gas exchange parameters in leaves of maize. (A) Net photosynthetic rate (Pn), (B) stomatal
conductance (Gs), (C) intercellular CO2 concentration (Ci), and (D) transpiration rate (Tr). Values are the averages of three replicates ± SD. Different letters indicate
significant differences according to Duncan’s multiple range tests (P < 0.05).
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seedlings. Compared with the untreated seedlings that underwent
water restriction, melatonin treatment significantly decreased
the Y(NPQ) and Y(NO) levels, with Y(NO) being decreased to
the normal level.

Effects of Melatonin on Carbon
Metabolites Under Drought Stress
Carbon metabolism is tightly linked with photosynthesis. To
elucidate how melatonin regulates C metabolic homeostasis in
maize under drought stress, we further measured the amount
of carbohydrate and analyzed the activities of C-metabolizing
enzymes in different treatments (Table 3 and Figure 6).
Exogenously applied melatonin did not affect the amounts
of soluble sugar, sucrose, starch, or fructose under normal
conditions (Figure 6). In relation to control, there was a
remarkable decrease in sucrose and starch in maize leaves
(74.2 and 51.1% of control plants), when subjected to drought
(Figures 6B,C). In contrast, melatonin treatment substantially
increased the concentrations of sucrose and starch by 105.9 and
40.8%, respectively, compared with the drought-stressed plants
(Figures 6B,C). Drought stress increased glucose and fructose
levels by 97.9 and 66.4%, respectively, compared with control
(Figures 6A,D). However, after 7 days of drought stress, the
glucose and fructose in maize seedlings treated with melatonin
were reduced by 18.7 and 20.5%, respectively, in contrast to the
non-treated plants (Figures 6A,D).

Under normal growth conditions, all the C-metabolizing
enzymatic activities that were evaluated in maize leaves were
not altered by exogenous melatonin (Table 3). Compared with
the control, soil water deficit caused considerable increases in
SS and INV activity in melatonin-treated (1.3-fold and 1.7-fold
of the control plants) and -untreated (1.7-fold and 2.7-fold of
the control plants) maize seedlings, but the extent of increase of
melatonin treatment was significantly lower than that of drought
stress treatment (Table 3). In contrast to the control plants,
water restriction resulted in a drastic decline of the activities
of SPS, AGPase, PEPC, and CS by 34.9, 31.1, 22.0, and 40.5%,
respectively. Compared with the drought stress treatment, the
activities of SPS, AGPase, PEPC, and CS in melatonin-treated
plants were increased by 60.5, 25.1, 53.6, and 33.6, respectively,
with the activities of SPS and PEPC being notably higher than
those of control. Furthermore, we found that the melatonin-
mediated modulation of C-metabolizing enzymes was due to the
induced expression of key genes encoding these enzymes, namely,
ZmSh1, ZmAgp1, Zmcts1, Zmsps1, and ZmPEPC (Figure 5).

Effects of Melatonin on Nitrogen
Metabolism Under Drought Stress
Nitrogen metabolism is closely associated with chlorophyll
fluorescence and C assimilation. Under the well-irrigated
condition, exogenous melatonin application resulted in no
remarkable changes in the amounts of primary N metabolites
(Figure 7). Water stress led to a significant reduction of soluble
protein, NO3

−, and NO2
− by 29.8, 31.9, and 25.5%, respectively,

compared with control. However, in drought-stressed plants, the
melatonin treatment increased soluble protein, NO3

−, and NO2
−

by 23.4, 18.9, and 15.1%, respectively (Figure 7). Under water
deficit, free amino acids, NH4

+, and proline in untreated plants
were increased by 56.1, 49.5, and 61.4%, while in melatonin-
treated plants, these were increased by 23.2, 28.3, and 132.9%,
respectively (Figure 7).

The activities of the six N metabolic enzymes were hardly
affected by exogenous melatonin under the well-watered
condition. Due to the suppression of the expression of ZmNR,
ZmNiR, ZmGln1-3 and ZmGS2, and Zmfgs1, which are the key
genes encoding NR, NiR, GS, and GOGAT in drought-stressed
plants, these enzymatic activities decreased by 36.8, 37.3, 40.4,
and 31.9%, respectively, compared with that in the control plants
(Table 4 and Figure 5). Exogenous melatonin-treated leaves
exhibited higher NR, NiR, GS, and GOGAT activities than the
drought-stressed leaves, and the expression of the respective
genes was also higher in the melatonin-treated leaves compared
with the drought-stressed plants (Table 4 and Figure 5). In
contrast, withholding irrigation significantly increased the foliar
GDH amination and GDH deamination activities compared
with the control plants, with an average increase of 2.2-
and 1.5-time (Table 4). The qRT-PCR analyses indicated that
the transcript levels of Zmgdh1, a key gene encoding GDH,
were also dramatically induced by drought stress (Figure 5).
However, the GDH amination and deamination activities (79.4
and 68.1% of drought stressed plants, respectively) and Zmgdh1
expression were notably inhibited by the addition of 100 µM
melatonin compared with the drought stress treatment (Table 4
and Figure 5).

DISCUSSION

Exogenous Melatonin Enhanced
Photosynthetic Carbon Assimilation by
Promoting Stomatal Opening Under
Drought Stress
Water deficit stress severely inhibits plant growth and
development by affecting various aspects of plants physiology
and biochemistry (Meng et al., 2014; Guo et al., 2020a; Gupta
et al., 2020). Various types of research have demonstrated that
exogenously applied melatonin can enhance drought tolerance in
plants (Guo et al., 2020a; Hu et al., 2020; Khattak et al., 2021). Our
results showed that the growth of maize was critically suppressed
by water deficit because the drought-stressed plants exhibited
lower values of leaf area and shoot dry weight compared with the
control plants (Figure 1). In contrast, foliar-applied melatonin
mitigates plant growth inhibition caused by drought stress,
indicating that the exogenous melatonin application increased
the tolerance to water deficit in plants (Figure 1). Moreover,
we also observed that there was a reduction of the chlorophyll
content and RWC after 7 days of drought stress, while melatonin
treatment attenuated the decrease in chlorophyll content and
RWC (Figure 1). Similar research results were observed in
previous reports (Huang et al., 2019; Dai et al., 2020). These
consequences may be due to the application of melatonin, which
can facilitate photosynthesis.
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TABLE 2 | Effects of drought and exogenous melatonin on PSII chlorophyll fluorescence parameters and Rubisco activity in leaves of maize.

Parameters CK MT DS DS + MT

Fv/Fm 0.815 ± 0.04a 0.817 ± 0.05a 0.758 ± 0.02c 0.797 ± 0.03b

Y(II) 0.431 ± 0.04a 0.438 ± 0.02a 0.226 ± 0.03c 0.341 ± 0.02b

Y(NPQ) 0.296 ± 0.01c 0.286 ± 0.02c 0.453 ± 0.03a 0.369 ± 0.02b

Y(NO) 0.273 ± 0.02b 0.276 ± 0.01b 0.320 ± 0.02a 0.290 ± 0.04b

ETR(II) 38.7 ± 1.46a 38.6 ± 1.56a 20.3 ± 1.67c 31.2 ± 1.55b

Rubisco activity
(mg g−1 h−1

FW)

30.63 ± 1.88b 31.82 ± 1.45b 25.52 ± 1.48c 38.31 ± 1.01a

The values are the averages of three replicates ± SD. Different letters indicate significant differences according to Duncan’s multiple range tests (P < 0.05).
Fv/Fm, quantitative values of maximum PSII yield; Y(II), effective quantum yield of PSII; Y(NPQ), quantum yield of regulatory energy dissipation; Y(NO), quantum yield of
non-regulatory energy dissipation; ETR(II), electron transport rate of PSII.

FIGURE 5 | A hierarchical clustering heat map of genes encoding enzymes involved in the processes of photosynthetic carbon assimilation, carbon metabolism, and
nitrogen assimilation. Normalization of expression values was performed by log10 (FPKM). For each gene, low expression is indicated by green; high expression is
indicated by red.

TABLE 3 | The effects of drought and exogenous melatonin on C-related enzymatic activities in leaves of maize.

Parameters CK MT DS DS + MT

SS activity (mg g−1 h−1FW) 17.31 ± 1.02a 16.96 ± 2.09a 28.92 ± 2.10c 22.29 ± 1.99b

SPS activity (mg g−1 h−1FW) 63.19 ± 4.23b 64.17 ± 3.11b 46.84 ± 3.11c 75.19 ± 1.78a

INV activity (mg g−1 h−1FW) 5.48 ± 0.30a 5.82 ± 0.86a 15.00 ± 1.62c 9.43 ± 1.26b

AGPase activity (mg g−1 h−1FW) 24.04 ± 1.40a 25.09 ± 1.02a 16.56 ± 0.93c 20.71 ± 2.34b

PEPC activity (µmol CO2 mg−1 h−1) 53.27 ± 4.47b 55.63 ± 3.40b 41.56 ± 5.08c 65.77 ± 6.15a

CS activity (mg g−1 h−1FW) 19.14 ± 1.63c 19.87 ± 1.27c 11.39 ± 1.26b 15.22 ± 1.28a

The values are the averages of three replicates ± SD. Different letters indicate significant differences according to Duncan’s multiple range tests (P < 0.05).
SS, sucrose synthase; SPS, sucrose phosphate synthetase; INV, invertase; AGPase, ADP-glucose pyrophosphorylase; PEPC, phosphoenolpyruvate carboxylase; CS,
citrate synthase.

Our results indicate that the water deficit significantly
decreased photosynthetic activity in maize (Figure 4).
Photosynthesis is the principal process of capturing light energy
to synthesize carbohydrates, and it is closely related to the growth

of plants. However, photosynthesis is sensitive to drought stress,
and a water deficit notably inhibits photosynthesis in many plants
(Velikova et al., 2018; Zhou et al., 2019; Sharma et al., 2020). In
general, the decrease in photosynthetic activity is limited by the
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FIGURE 6 | Effects of drought and exogenous melatonin on the sugar content in leaves of maize. (A) Glucose content, (B) sucrose content, (C) starch content, and
(D) fructose content. Values are the averages of three replicates ± SD. Different letters indicate significant differences according to Duncan’s multiple range tests
(P < 0.05).

reduction in CO2 diffusion to the chloroplast, which is induced
by stomatal closure (Liu et al., 2013; Ye et al., 2016). The closure
of stomata restricts the mesophyll transport of CO2, resulting
in a decrease in the concentration of CO2 in the intercellular
airspaces of leaves. Low intercellular carbon dioxide (Ci) will
decrease the activities of key enzymes, such as Rubisco to limit the
photosynthesis rate (Flexas et al., 2006; Chaves et al., 2009; Zhong
et al., 2019). As expected, our results confirmed that drought
caused the stomata to close almost completely (Figure 2). The Ci
and Pn level, and the activity of Rubisco, and the expression of
several genes encoding key enzymes in Rubisco also decreased
under the drought conditions (Figures 4, 5 and Table 2). These
results further support the conclusion that the stomatal closure in
water-stressed plants may be one of the reasons for the decrease
in photosynthesis. However, the melatonin treatment increased
the stomatal aperture and partially opened stomata under a
water deficit (Figure 2). In addition, melatonin significantly
increased stomatal density and stomatal length compared with
water deficit stress (Figure 3). We speculate that in response to
drought stress, an optimization strategy for stomatal structure
and distribution would be beneficial. Similar research results
were obtained in rape, with low stomatal width and high stomatal
density observed in rape plants that experienced drought (Dai
et al., 2020). Correspondingly, the higher Rubisco activity and Pn
value were observed in melatonin-treated plants compared with
the drought-stressed plants (Figures 3, 4 and Table 2), indicating
that melatonin increased the C fixation and photosynthetic
activity in maize plants under drought stress.

Chlorophyll fluorescence is an important indicator that can
be used to characterize the photosynthetic capacity and energy
conversion efficiency of PSII in plants (Mathur et al., 2019). Many
studies have demonstrated that severe or long-term water deficit
leads to photo-inhibition in the PSII reaction center (Huang
et al., 2019; Zhou et al., 2019). Consistent with these findings,
a large decrease in Fv/Fm, Y(II), and ETR(II) was observed in
drought-stressed plants (Table 2). Fv/Fm, Y(II), and ETR(II)
decreased, while Y(NPQ) and Y(NO) increased, indicating that
drought stress-induced severe damage to the PSII complexes
in maize seedlings. This was attributed to the fact that the
limitation of ambient CO2 diffusion to the site of carboxylation
resulted in a relative excess of light energy and electron
sinks, and led to photo-inhibition or photo-oxidation (Atkin
and Macherel, 2009; Zhong et al., 2018). However, exogenous
melatonin treatment can increase the photosynthetic efficiency
and protect the maize plants from photo-inhibition caused by
drought, because among plants exposed to drought stress, those
treated with exogenous melatonin exhibited enhanced Fv/Fm,
Y(II), and ETR(II), and decreased Y(NPQ) and Y(NO) levels
(Table 2). Consistent with the current results, a previous study
demonstrated that melatonin-treated tomato plants displayed
significantly increased Fv/Fm and 8PSII compared with the non-
treated plants under water deficit conditions (Liu et al., 2015).
Additionally, the application of melatonin produces a protective
effect on chlorophyll (Campos et al., 2019; Li Z. et al., 2021).
The amount of chlorophyll in melatonin-treated maize plants was
higher as compared with the non-treated plants under drought
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FIGURE 7 | Effects of drought and exogenous melatonin on soluble protein, free amino acid, inorganic N compounds, and proline content in the leaves of maize.
(A) Soluble protein content, (B) free amino acid content, (C) nitrate

(
NO-

3
)

content, (D) nitrite
(
NO-

2
)

content, (E) ammonium
(
NO-

4
)

content, and (F) proline content.
Values are the averages of three replicates ± SD. Different letters indicate significant differences according to Duncan’s multiple range tests (P < 0.05).

stress in this study (Figure 1C), confirming that exogenous
melatonin slows damage to the photosynthetic apparatus.

Exogenous Melatonin Mitigated Drought
Stress by Maintaining Carbohydrate
Balance
In view of the inhibition of the photosynthetic capacity by soil
water restriction, we observed that there was low carbohydrate
synthesis in the drought-stressed maize plants (Figure 6). Plant
growth and carbohydrate metabolism are closely linked because
carbohydrates are the structural components and the energy
source for the production and maintenance of biomass (Song
et al., 2020). In higher plants, carbohydrates, such as sucrose and
starch are created in photosynthetically active leaves (sources)
and then exported to support sinks, which allow leaf expansion,
and stem and root growth (Adams et al., 2013; Song et al., 2020).
In the present study, we found that drought stress-induced a
pronounced decrease in the activity and gene transcription of the
main enzymes (AGPase and SPS) involved in starch and sucrose
synthesis, leading to a lower starch and sucrose level in the

leaves (Figures 5, 7 and Table 3). This phenomenon is attributed
to the growth inhibition observed in drought-stressed plants.
Similar results were reported in soybean (Du et al., 2020). Along
with the enhancement of the activity and gene transcription
of AGPase and SPS (Table 3 and Figure 5), foliar spraying of
melatonin facilitated starch and sucrose biosynthesis in maize
leaves compared with the drought-stressed plants (Figure 6).
These results demonstrated that melatonin treatment supports
the growth of maize plants by the accumulation of additional
photosynthates. The positive correlation between melatonin and
carbohydrate synthesis was confirmed in the previous studies
(Campos et al., 2019; Hu et al., 2020).

In addition, we observed that the levels of glucose and
fructose were significantly enhanced in the water deficit-stressed
maize plants compared with the control plants (Figure 6).
Higher concentrations of glucose and fructose in the leaves of
drought-stressed plants might be attributed to the enhancement
of SS and INV activities (Table 3) because both enzymes can
fragment sucrose into hexose sugars (Gandin et al., 2009). This
phenomenon also partially explains why the sucrose content
in the leaves decreased under a water deficit. Another possible
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TABLE 4 | The effects of drought and exogenous melatonin on N-related enzymatic activities in leaves of maize.

Parameters CK MT DS DS + MT

NR activity (mmol NO2
− mg−1 h−1 FW) 0.37 ± 0.01a 0.34 ± 0.02a 0.23 ± 0.01c 0.27 ± 0.01b

NiR activity (mmol NO2
− mg−1 min−1 FW) 0.51 ± 0.03a 0.53 ± 0.01a 0.32 ± 0.01c 0.43 ± 0.02b

GS activity (mg g−1 h−1 FW) 70.46 ± 5.81a 71.57 ± 5.86a 42.11 ± 4.62c 56.62 ± 4.26b

GOGAT activity (mmol mg−1 Prot min−1) 3.98 ± 0.18a 4.08 ± 0.15a 2.71 ± 0.13c 3.40 ± 0.15b

NAD-GDH activity (nmol mg−1 Prot min−1) 4.20 ± 0.24c 4.25 ± 0.31c 9.38 ± 0.13a 6.39 ± 0.21b

NADH-GDH activity (nmol mg−1 Prot min−1) 11.09 ± 0.45c 11.13 ± 0.37c 16.52 ± 0.52a 13.11 ± 0.33b

The values are the averages of three replicates ± SD. Different letters indicate significant differences according to Duncan’s multiple range tests (P < 0.05).
NR, nitrate reductase; NiR, nitrite reductase; GS, glutamine synthetase; GOGAT, glutamate synthetase; NAD-GDH, deaminating glutamate dehydrogenase; NADH-GDH,
aminating glutamate dehydrogenase.

reason for the increase in glucose and fructose level is that
drought stress inhibits the tricarboxylic acid (TCA) cycle. It has
been reported that water restriction repressed the activity of the
TCA cycle, which would reduce the oxidation of glucose and
result in a depletion of the ATP pool (Nguyen et al., 2010; Hu
et al., 2020). Our results are in agreement with this interpretation,
as we found that drought stress decreased the activity and gene
transcription of PEPC and CS, and increased the amounts of
glucose and fructose in the leaves, compared with the control
plants. However, recent research indicated that melatonin was
involved in regulating the TCA cycle and could enhance energy
production in water-stressed anthers (Hu et al., 2020). Our
work further confirmed the protective role of melatonin on
energy production in maize under drought stress. Exogenously
applied melatonin increased energy production in drought-
stressed plants (Figure 6). This increased energy can be further
used for plant growth, thus promoting the growth of plants
subjected to drought stress. Furthermore, the enhancements in
the activities of the TCA cycle induced by melatonin under
drought stress will provide more C skeletons and energy for the
biosynthesis of downstream amino acids.

Exogenous Melatonin Improved Nitrogen
Metabolism Under Drought Stress
Soil water deficit often causes a decrease in the activities of
N assimilation enzymes and the synthesis of N-containing
compounds to disrupt N metabolism (Zhong et al., 2018; Xie
et al., 2019). In this regard, several previous studies have shown
that drought stress can inhibit the uptake of NO3

−, resulting
in a decrease in NR activity (Miranda-Apodaca et al., 2020;
Ren et al., 2020). In this study, consistent with the decrease in
NO3

− and NO2
− (Figure 7), drought stress triggered a marked

diminution in NR and NiR activities, which reflects the decrease
in the N assimilation capacity under a water deficit. Additionally,
although the NR and NiR activities decreased under drought,
it was also observed that NH4

+ accumulated in maize leaves
(Table 4 and Figure 7). This increment can be explained by
the glycine oxidation in activated photorespiration (Zhong et al.,
2018). Under drought stress, the expression levels of the ZmNR
and ZmNiR genes, which encode the NR and NiR enzymes, were
enhanced in the melatonin-treated plants (Table 4 and Figure 5).
Correspondingly, the melatonin-treated plants under drought
stress exhibited higher NR and NiR transcription and activity

than untreated plants (Table 4 and Figure 5). In drought-stressed
plants that were treated with melatonin, the increased NO3

− and
NO2

− levels were in accordance with the increase in NR and NiR
activities (Figure 7). In this context, induced NO3

− reduction by
melatonin treatment resulted in the maintenance of the osmotic
pressure in photosynthetic cells (Zhong et al., 2019). Moreover,
NO3

− reduction is a process with a high energy requirement, and
increased NO3

− reduction in leaves would be facilitated due to
the excessive energy derived from the photosynthetic apparatus
(Sunil et al., 2013; Zhong et al., 2018).

The excessive accumulation of NH4
+ in plant leaves due to

drought stress has a toxic effect on plants because a high level of
NH4

+ triggers protein extrusion and cytosolic pH disturbances
(Xie et al., 2019). In plants, NH4

+ must be assimilated via
the GS/GOGAT cycle and GDH pathway into glutamine and
glutamate (Liu et al., 2019). However, GDH has a lower affinity
for NH4

+, and the GDH pathway is markedly activated only
when the GS/GOGAT cycle is restrained (Xie et al., 2019). In this
study, consistent with the transcription data of genes encoding
GS and GOGAT (Figure 5), there were dramatically decreased
GS and GOGAT activities in the plants exposed to drought
(Table 4), and this could be another important reason for the
accumulation of NH4

+. Those results are consistent with those
reported previously (Jing et al., 2021). In contrast, our results
show that melatonin mitigates the toxic effect of NH4

+, because
the NH4

+ assimilation was notably strengthened in melatonin-
treated drought-stressed plants by enhancing the activity and
gene transcription of GS and GOGAT, and decreasing the GDH
activity and Zmgdh1 (Table 4 and Figure 5). This phenomenon
can be explained by the enhancement of photosynthesis and
the TCA cycle, which promotes the synthesis of the C skeleton
and reduces the power and provides sufficient substrates and
energy for the biosynthesis of amino acids. Thus, the GS/GOGAT
cycle was enhanced in plants under drought, which subsequently
promoted the synthesis of glutamate and other amino acids
(Liang et al., 2018; Xie et al., 2019). These results indicate the
positive impact of melatonin upon coordinated C assimilation
and N metabolism in plants.

It was also observed that drought substantially increased
the free amino acid and proline levels in the maize leaves
compared with the control treatment (Figures 7B,F), and
this may have occurred because N metabolism is involved
in osmotic adjustment. The synthesis and accumulation of
amino acids are often a strategy to enable plants to withstand
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FIGURE 8 | Simplified representation of exogenous melatonin affecting C and N metabolism in leaves of drought-stressed maize. Metabolism and parameters that
increased or decreased it are indicated by the red or green boxes in melatonin-treated plants when compared with drought-stressed plants. The red arrows in the
figure denote increased or enhanced processes. RuBP, ribulose-l,5-disphosphate; Rubisco, ribulose bisphosphate carboxylase oxygenase; TP, triose phosphate;
AGPase, ADP-glucose pyrophosphorylase; ADPG, adenosine diphosphate glucose; F-6-P, fructose-6-phosphate; SPS, sucrose phosphate synthetase; SuSy,
sucrose synthase; INV, invertase; PEP, phosphoenolpyravate; PEPC, phosphoenolpyravate carboxylase; CS, citrate synthase; GDH, glutamate dehydrogenase; Glu,
glutamate; GOGAT, glutamate synthetase; Gln, glutamine; GS, glutamine synthetase; NH+4 , ammonia; NiR, nitrite reductase; NO+2 , nitrite; NR, nitrate reductase;
NO+3 , nitrate. This figure was created using BioRender (https://biorender.com/).

adverse environmental conditions because amino acids can
serve as osmotica to maintain the stability of the cellular
structure and cell osmotic pressure under drought conditions
(Meng et al., 2014; Zhong et al., 2018). The treatment of
melatonin dramatically enhanced the levels of soluble protein
and proline, and vastly decreased the free amino acid content
in maize leaves under water-limiting conditions (Figure 7).
These results indicate exogenously applied melatonin in drought-
stressed plants regulated cell turgor by producing additional
substances that regulated osmolarity, maintained membrane
integrity. Stability in protein synthesis can increase the resistance
of plants to stress (Georgiadou et al., 2018). Most soluble
proteins are enzymes that are involved in various metabolic
pathways in plants (Sun et al., 2020). Thus, they are an
important index for measuring the protein damage in the
process of plant metabolism and are usually positively correlated
with soil drought stress tolerance (Xie et al., 2019). In our
experiments, soil drought stress significantly diminished the
soluble protein content, indicating that water deficit led to
protein degradation and protein damage (Figure 7A). Evidence
has shown that the degradation of intracellular proteins (e.g.,
chloroplast proteins) is an important mechanism of the N
remobilization under drought stress (Ren et al., 2020). During
drought stress, the abundance and activity of enzymes that
control N and C metabolism are affected by the degradation of

chloroplast proteins (Ishida et al., 2008). For example, drought
stress-induced chloroplast proteins inactivation and degradation,
resulting in an enhancement of the free amino acid content and
the loss of function of plastid enzymes (e.g., GS) (Reguera et al.,
2013). In our experiment, we found that the melatonin-treated
plants had less proteins degradation than the non-treated plants
under drought stress, along with an upregulated expression of
ZmGS2, stabled chloroplast function, and increased capacity for
N assimilation. Taken together, exogenously applied melatonin
plays a positive role in the coordination of C and N metabolism
under drought stress.

CONCLUSION

Based on the analysis mentioned above, the present study
suggests that water deficit critically disturbs the processes of
C and N metabolism, resulting in inhibited crop growth.
However, exogenously applied melatonin mitigated drought
stress through coordinated regulation of C and N metabolism
in maize. The protective effects of exogenous melatonin on
maize were mainly due to ameliorated stomatal opening and
photosynthetic activity of maize, which indirectly promoted the
synthesis of photosynthetic end products and energy production,
and enhanced N assimilation and NH4

+ detoxification, and thus
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consequently increased maize growth under the water restriction
conditions (Figure 8). Overall, the results of this study provide
valuable information for maize drought tolerance induced by
melatonin and a new theoretical basis for the application of
melatonin on crops grown in arid areas. Future research should
explore the molecular mechanisms of functions of melatonin and
the practical use of melatonin in crop production.
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Yanfeng Wang2, Liang Wu2, Fuli Fang2, Zhanbo Wei3* and Min Zhang1*
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of Agriculture, Xinyangfeng Agricultural Technology Co., Ltd., Jingmen, China, 3 Institute of Applied Ecology, Chinese
Academy of Sciences, Shenyang, China

Controlled release phosphorus (P) fertilizers and humic acid (HA) applications are two
effective and significant techniques or measures for preventing P loss and enhancing
maize development. However, the underlying physiological mechanism of how the
controlled release P fertilizers combined with HA affect the maize production and
P-use efficiency (PUE) remains unknown. The effects of applying coated diammonium
phosphate (CDAP) and HA together on soil nutrient supply intensity, soil phosphatase
activity, photosynthesis, endogenous hormone contents, and yield of maize, as well as
PUE, were examined in this study. In a pot experiment, two types of P fertilizers—CDAP
and diammonium phosphate (DAP)– as well as two HA application rates (0 and 45 kg
ha−1) and two P levels (60 and 75 kg P2O5 ha−1) were utilized. Results showed that
the key elements that influence the growth and yield of the maize were the availability
of P content in soil, plant photosynthesis, and hormone levels. The combination of
CDAP and HA had a greater impact on yield and PUE over the course of 2 years than
either DAP alone or DAP combined with HA. Besides, using CDAP in combination with
HA increased the yield and PUE by 4.2 and 8.4%, respectively, as compared to the
application of CDAP alone at 75 kg P2O5 ha−1. From the twelve-leaf to milk stages,
the available P content in the soil was increased by an average of 38.6% with the
combination of CDAP and HA compared to the application of CDAP alone at 75 kg P2O5

ha−1. In addition, the application of CDAP combined with HA boosted the activities of
ATP synthase, as well as the content of cytokinin (CTK), and hence improved the maize
photosynthetic rate (Pn). When compared to the application of CDAP alone or DAP
combined with HA, the Pn of CDAP + HA treatments was enhanced by 17.9–35.1%
at the same P rate. In conclusion, as an environmentally friendly fertilizer, the combined
application of CDAP and HA improved the intensity of the soil nutrient supply, regulated
photosynthetic capabilities, and increased the yield and PUE, which is important for
agricultural production, P resource conservation, and environmental protection.

Keywords: phosphorus use efficiency, economic benefits, phosphate release, endogenous hormone,
phosphatase
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INTRODUCTION

Phosphorus (P), as a structural element, is one of the essential
macronutrients for plant growth and development (Johnston
and Poulton, 2019; Ding et al., 2021). The P deficiency
limits virtually all major metabolic processes, in plants, such
as photosynthesis and respiration (Plaxton and Tran, 2011).
However, agricultural production of over 40% of the world’s
arable land is limited by P deficiency (Balemi and Negisho, 2012;
Zhu et al., 2018). Therefore, P fertilizers are commonly applied
to meet crop demand. Because of sorption, precipitation (usually
by interaction with Ca2+ and Mg2+ in calcareous soils, and
Fe3+ and Al3+ in acidic soils), and microbial immobilization,
the P-use efficiency (PUE) of most crops is only 10–15% (Castro
and Torrent, 1998; Roberts and Johnston, 2015; Zhu et al., 2018).
The applied P accumulates in soils and causes soil degradation
and environmental concerns, such as water eutrophication (Leslie
et al., 2017). Moreover, the detrimental effects of climate change
on P transport in soil and lake eutrophication, such as global
warming, drought, and heavy rainfalls, have been exposed (Piao
et al., 2010; Fahad et al., 2016, 2020). China is the largest producer
and consumer of P fertilizers in the world, but the reserve of
phosphate rock, the main source of phosphate in fertilizer, is
limited (Zhang et al., 2008; Ma et al., 2011). Therefore, effective
P management is of importance for PUE improvement, resource
reservation, and environmental protection.

Effective P management involving appropriate P fertilizers is
vital for high PUE (Zheng et al., 2016; Tian et al., 2018). Many
environmentally friendly methods for increasing P availability
have been proposed, including the use of P-solubilizing
microorganisms (Adnan et al., 2020; Wahid et al., 2020), partial
acidification of rock phosphates (Sarkar et al., 2018), combined
application of biochar and P fertilizers (Fahad et al., 2016),
and foliar application of P fertilizers (Rafiullah et al., 2020).
The application of controlled-release fertilizers is one of these
methods. Controlled-release P fertilizers show high PUE in
both acidic and alkaline soils. The PUE of controlled-release P
fertilizers was reported to be higher than that of water-soluble P
fertilizers (Sarkar et al., 2018). Coated diammonium phosphate
(CDAP), a controlled-release P fertilizer, releases P according
to the demand of the plant, which not only improves PUE and
crop yield but also reduces the environmental risk posed by the
excessive use of fertilizers (Cruz et al., 2017; Lu et al., 2019).
Chen et al. (2020) demonstrated that compared to diammonium
phosphate (DAP), CDAP significantly increased maize yield and
PUE by 9.65 and 7.72%, respectively.

Humic acid (HA) applied to soil as an activator is also reported
to increase the availability of soil P (Zhu et al., 2018). HA
consists of aromatic and aliphatic structures harboring various
functional groups (mainly oxygen-containing), such as carboxyl
(–COOH) and phenolic hydroxyl (–OH). Studies have shown
that HA application reduced P fixation, improved the efficiency
of low and high solubility P sources, increased P availability,
and improved PUE (Çimrin et al., 2010; Rosa et al., 2018; Shafi
et al., 2020; Xu et al., 2021). HA improved soil structure by
encouraging the formation of stable aggregates, which increased
the productivity of soil crops (Zhou et al., 2019). In addition,

HA has been shown to improve certain aspects of growth in
essential agronomic crops like soybean, wheat, rice, and maize
(Calvo et al., 2014; Rosa et al., 2018). As a plant biostimulant,
HA increases photosynthesis, reduces transpiration, stimulates
root and shoot growth, and enhances stress resistance of plants
(Canellas et al., 2013; Dantas et al., 2018; Xu et al., 2021), and
is linked with changes in the hormone contents and enzyme
activities and enhancement of H+-ATPase activity (Zandonadi
et al., 2010; Calvo et al., 2014). However, since HA is a weak
nutritional material, it cannot supply the nutrient requirements
in crop production on its own.

Many research has been conducted on the effects of HA
application, the combination of water-soluble P fertilizer and
HA, and HA mixed with urea or controlled-release urea on soil
quality, plant development, and fertilizer use efficiency (Shafi
et al., 2020; Li Z. L. et al., 2021; Xu et al., 2021). Rosa et al.
(2018) found that combining HA with phosphate fertilizers (e.g.,
single superphosphate) boosted root dry matter, and nutrient
uptake increased the shoot dry matter output, as compared to
biomass produced in soil that had not been treated with HA.
To our knowledge, few studies on the effects of combining HA
with controlled release P fertilizer on crop production have been
conducted. We hypothesized that the combined application of
CDAP and HA would improve crop growth, crop yield, and
PUE. This study was aimed to: (1) investigate the effects of
CDAP combined with HA on soil P availability, (2) understand
the roles of photosynthesis and endogenous hormones in the
increase of maize production when CDAP and HA are applied
together, and (3) determine the factors that influence crop yield
and PUE. Findings from this study should give a technological
foundation for developing an effective fertilization strategy using
controlled-release P fertilizers and biostimulants.

MATERIALS AND METHODS

Soil, Coated Diammonium Phosphate,
and Humic Acid Used
The soil for the pot experiment was acquired from a field at
the research farm of the National Engineering Laboratory for
Efficient Utilization of Soil Fertility Resources (NELEUSFR),
Shandong Agricultural University (SDAU), China. It is classified
as Typic Hapludalf (Soil Survey Staff, USDA, 1999) or Typic-
Hapli-Udic Argosols (Chinese Soil Taxonomy, CRGCST, 2001).
Physical and chemical properties of the soil were as follows: pH:
7.83 (1:2.5 soil to water ratio), organic matter content: 12.10 g
kg−1, total P: 0.32 g kg−1, available P: 13.50 mg kg−1, NO3

−−

N: 71.45 mg kg−1, NH4
+-N: 9.45 mg kg−1, and available K:

92.32 mg kg−1.
The controlled-release P fertilizer, the CDAP (17.2% N, 44.0%

P2O5), was prepared by NELEUSFR, SDAU, China. The coating
consisted of 10% of paraffin and 90% of polyurethane. Resin-
coated controlled-release urea (43.0% N; 3-month release period)
was purchased from Kingenta Ecological Engineering Group Co.,
Ltd., Shandong, China. The other fertilizers, urea (46% N), DAP
(18.0% N, 46.0% P2O5), and potassium chloride (60.0% K2O),
were purchased from the local market. The HA (2.0-0%-3.0%
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N-P2O5-K2O) was purchased from Quanlin Jiayou Fertilizer Co.,
Ltd., Shandong, China. It had a pH of 5.40 (1:2.5 soil to HA ratio).

Pot Experiment
The pot experiment was carried out in the research farm of
NELEUSFR, SDAU, China. With an average annual temperature
of 13.2◦C, the experiment location has a moderate continental
monsoon climate. The following nine treatments were put up,
each with four replications: (1) Control (no P fertilization);
(2) P, 100% (DAP at 75 kg P2O5 ha−1); (3) P, 80% (DAP at
60 kg P2O5 ha−1); (4) CP,100% (CDAP at 75 kg P2O5 ha−1);
5) CP, 80% (CDAP at 60 kg P2O5 ha−1); (6) P, 100% + HA
(DAP at 75 kg P2O5 ha−1 combined with HA); (7) P, 80%
+ HA (DAP at 60 kg P2O5 ha−1 combined with HA); (8)
CP, 100% + HA (CDAP at 75 kg P2O5 ha−1 combined with
HA); and (9) CP, 80% + HA (CDAP at 60 kg P2O5 ha−1

combined with HA).
In each ceramic pot (36.0 cm in height, 30.0 cm in diameter),

1 kg sand was first placed in the bottom to improve aeration and
to promote more oxygen supply to the root system (Li Z. L. et al.,
2021), and then 20 kg of soil was placed on the top of the sand
layer (Yu et al., 2021). Before usage, the test soil was air-dried,
blended equally, and sieved. The sand (0.35–0.5 mm) used was
purchased from the local market.

For the control treatment, nitrogen and potassium fertilizers
were applied once as a basal fertilizer at 225 kg N ha−1 and
150 kg K2O ha−1, respectively, whereas for the other treatments,
nitrogen, P, and potassium fertilizers were applied at 225 kg N
ha−1, 75 or 60 kg P2O5 ha−1, and 150 kg K2O ha−1, respectively
(Zheng et al., 2016). These fertilizer rates were calculated based on
the common practices in the area. For all treatments, both coated
controlled-release nitrogen and conventional nitrogen were used
to provide 60 and 40% of the total applied nitrogen, respectively
(Zheng et al., 2016; Qu et al., 2020). HA was applied at 45 kg
ha−1.

On June 20, 2017, three seeds of maize (Zea mays L. cv.
Zhengdan 958) were sown in each container. At the three-
leaf stage, the seedlings were reduced to one. Agricultural
management, such as pest and weed control, was performed as
needed according to local practices. In 2018, the experiment was
repeated using the same pots. Maize was planted on June 12, 2018,
and harvested on September 26, 2018.

Maize ears were harvested after maturity on September
29, 2017, and September 26, 2018, respectively. To deactivate
enzymes, kernels and plant samples were oven-dried at 105◦C
for 15 min, then dried at 65◦C to a constant weight (Zheng
et al., 2016; Gao et al., 2021). The biomass and yield of the
maize were measured.

Sampling Analyses
To learn the nutrient release pattern of CDAP, 10 g of CDAP
was placed in a glass bottle containing 200 ml distilled water and
incubated at 25◦C. The solution in the bottle was sampled at days
1, 3, 5, 7, 10, 14, 28, 42, 56, 70, 84, 98, and 112 and analyzed for N
and P concentrations according to the National Standard of the
People’s Republic of China—Slow-Release Fertilizers (Liu et al.,
2009). The functional groups of HA were identified with an FT-IR
TENSOR analyzer (Bruker Co., Germany).

In 2017, at the growth stages of seedling (V3), six-leaf (V6),
twelve-leaf (V12), and milk stages (R3) of soil samples were taken
from 0 to 20 cm layer of each pot, air-dried, ground, and sieved
to < 2 mm; plant height was measured from the soil surface to
the top of the plant stem; the diameter of the maize stem was
measured at the middle of the third node from the soil surface;
The readings from the Soil Plant Analysis Development (SPAD)
chlorophyll meter were taken between 09:00 and 11:00 a.m.
(SPAD-502, Minolta, Japan). Soil available P was extracted with
0.5 M NaHCO3 (pH = 8.5) and quantified using an automatic
chemical analyzer (Smartchem200, AMS, Italy). Soil NO3

−-N
and NH4

+-N were extracted with 0.01 M CaCl2 (1:10 soil to
water ratio) and measured with a continuous-flow injection
analyzer (AA3-A001-02E, Bran-Luebbe, Germany; Houba et al.,
1986; Dou et al., 2000). Soil available K was extracted with 1.0
M CH3COONH4 and determined using a flame photometer
(Lu, 2000).

In 2018, at the V12 stage, the photosynthetic rates were
determined between 09:00 and 11:00 a.m. using a LI-
6400XT portable photosynthesis system (LI-Cor, Lincoln, NE,
United States). Then, the fresh plant leaves, roots, and soil were
sampled and frozen in liquid nitrogen for biochemical analysis.
Contents of phosphoenolpyruvate carboxylase (PEPC), ADP-
glucose pyrophosphorylase (AGPase), adenosine triphosphate
(ATP) synthase, pyruvate phosphate dikinase (PPDK), auxin–
indole-3-acetic acid (IAA), cytokinin (CTK), abscisic acid (ABA),
and gibberellin (GA) of maize leaves were measured using the
ELISA kit from Shanghai HengYuan Biological Technology
Co., Ltd. (Shanghai, China) according to the manufacturer’s
instructions. Acid phosphatase (AP) and alkaline phosphatase
(ALP) activities of maize root and soil were determined
using the ELISA kit.

Total P content in the plant was measured using the
molybdenum-antimony method after digestion with H2SO4-
H2O2 (Lu, 2000). For the P fertilization treatments, PUE was
calculated as follows (Devkota et al., 2013):

PUE (%) = (maize P uptake– maize P uptake in Control)/total
P from fertilizer× 100%

Statistical Analyses
Data were collected and analyzed with Microsoft Excel 2010,
and figures were generated using SigmaPlot software (Version
12.5, MMIV, Systat Software Inc., San Jose, CA, United States;
Figures 1–7) and Origin software (Version 2021b, OriginLab
Corporation, MA, United States; Figure 8 and Spearman’s
correlation analysis in Figure 9). Analysis of variance technique
(one-way ANOVA) with mean separation using Duncan’s test
(P < 0.05) was performed with IBM SPSS Statistics 22 (SPSS Inc.,
IL, United States).

Origin software was used to determine the determinants on
the application of different fertilizations in impacting maize yield
and PUE using the chord diagram, principal component analysis,
and Spearman’s correlation analysis (Hou et al., 2019; Li R. C.
et al., 2021). With the exception of the control treatment, data
were collected and divided into four categories: (1) uncoated
DAP treatments (Un-P; the mean value of P 100% and P 80%
treatments); (2) coated DAP treatments (CP; the mean value of
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FIGURE 1 | Release rates and accumulative release rates of nutrient from coated diammonium phosphate (CDAP) in 25◦C water (A); infrared spectrogram of humic
acid (HA) (B).

CP 100% and CP 80% treatments); (3) uncoated DAP combined
with HA treatments (P + HA; the mean value of P 100% + HA
and P 80%+HA treatments); (4) coated DAP combined with HA
treatments (CP+HA; the mean value of CP 100 %+HA and CP
80%+HA treatments).

RESULTS

Nutrient Release Pattern of Coated
Diammonium Phosphate and Functional
Groups of Humic Acid
Under laboratory conditions in water (25◦C), nutrient release
from CDAP followed a linear pattern over time (Figure 1A). By

FIGURE 2 | Changes of soil pH in different fertilization treatments. Control, no
P fertilizer added; P 100%, diammonium phosphate (DAP) at 75 kg P2O5

ha−1; P80%, DAP at 60 kg P2O5 ha−1; CP 100%, coated DAP (CDAP) at
75 kg P2O5 ha−1; CP 80%, CDAP at 60 kg P2O5 ha−1; P 100% + HA, DAP
at 75 kg P2O5 ha−1 and humic acid (HA); P 80% + HA, DAP at 60 kg P2O5

ha−1 and HA; CP 100% + HA, CDAP at 75 kg P2O5 ha−1 and HA; CP 80%
+ HA, CDAP at 60 kg P2O5 ha−1 and HA. V3, seedling stage; V6, six-leaf
stage; V12, twelve-leaf stage; R3, milk stage.

day 112, the cumulative release rates of P and N from CDAP
reached 66.1 and 83.7%, respectively. The release of P and N
was steady during the first 10 days (5.2 and 7.7% released,
respectively), accelerated during the days 10–28 (8.1, 11.3%
released, respectively), and slowed down afterward. However, the
final cumulative release rates of P and N were different.

The FT-IR spectrum of HA displayed several characteristic
peaks (Figure 1B). The peaks at 1,226 and 1,188 cm−1 are due
to the existence of the C-O group. The peak at 1,117 cm−1

is be attributed to the C-H stretching of the benzene ring
or C-O stretching. The characteristic peak at 3,396 cm−1

corresponds to the stretching vibration of O-H in an aromatic
ring (Sarlaki et al., 2021).

Soil pH and Contents of Available
Nutrients
The dominant form of orthophosphate ion present in the soil
is pH dependent. At the V3 stage, the soil pH in CP 100%, P
100% + HA, and CP 100% +HA was 0.29, 0.22, and 0.10 units,
respectively, lower than that in P 100% (Figure 2). The soil pH
in CP 80%, P 80% + HA, and CP 80% + HA was significantly
reduced by 0.33, 0.43, and 0.39 units, respectively, while that in P
80% was only reduced by 0.02 units compared to P1 00%. The P
100% treatment resulted in the highest soil pH at the V12 stage.
From the V12 to the R3 stage, the largest decrease in soil pH (0.7
units) occurred in P 100%.

Soil available P content was affected by the P fertilizers and
fertilizer application rate (Figure 3A). The control treatment
displayed the lowest soil available P content at the V3, V6, V12,
and R3 growth stages. The application of CDAP significantly
increased the soil available P content during the late growth
stages of maize. At the V12 stage, soil available P content in
CP 100%, P 100% + HA, and CP 100% + HA was 1.3, 8.0,
and 16.7%, respectively, higher than that in P 100%. At the
lower P application level (60 kg P2O5 ha−1), the CP 80%,
P 80% + HA, and CP 80% + HA treatments significantly
increased the soil available P content by 38.8, 50.6, and
19.5%, respectively, compared to the P 100% treatment. When
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FIGURE 3 | Changes of soil available P (A), available K (B), NH4
+-N (C), and NO3

−-N (D) contents in different fertilization treatments. Control, no P fertilizer added;
P 100%, diammonium phosphate (DAP) at 75 kg P2O5 ha−1; P80%, DAP at 60 kg P2O5 ha−1; CP 100%, coated DAP (CDAP) at 75 kg P2O5 ha−1; C P80%,
CDAP at 60 kg P2O5 ha−1; P100%+HA, DAP at 75 kg P2O5 ha−1 and combined with humic acid (HA); P 80% + HA, DAP at 60 kg P2O5 ha−1 and combined with
HA; CP 100% + HA, CDAP at 75 kg P2O5 ha−1 and combined with HA; CP 80% + HA, CDAP at 60 kg P2O5 ha−1 and combined with HA. V3, seedling stage; V6,
six-leaf stage; V12, twelve-leaf stage; R3, milk stage.

coated with polyurethane or applied together with HA, the
DAP increased the soil available P content at the late growth
stages of maize. At the V12 and R3 stages, soil available
P content in CP 100%, P 100% + HA, and CP 100% +
HA was 18.1, 35.7, and 61.8%, respectively, higher than that
in P100%. The average soil available P content in CP 100%
+ HA was 47.8 mg kg−1, significantly higher than that in
CP 100% by 9.5%.

Soil inorganic N (NO3
−-N and NH4

+-N) content
(Figures 3C,D) was high at the early growth stages and
decreased at the late growth stages of maize in all treatments.
At the V6, V12, and R3 stages, soil inorganic N content in the
treatments with combined application of P fertilizer (CDAP or
DAP) and HA was higher than that in the treatments applied
with DAP only. At the V12 stage, the inorganic N content in
CP 100% and P 100% + HA was higher than that in P 100%.
The highest inorganic N content was found in CP 80% while
the lowest was in P 100% at the V12 stage. In the treatments
with P fertilization, soil available K content was low at the V3
stage, which increased rapidly to the highest value at the V6 stage
and then decreased afterward (Figure 3B). At the V6 stage, soil

available K content in CP 100% and CP 80% was 27.7 and 2.7%,
respectively, higher than that in P 100%.

Acid Phosphatase and Alkaline
Phosphatase Activities of Root and Soil
Phosphatase is a very important hydrolase that is ubiquitous in
plants and soil. The root AP activity was increased by 11.6 and
17.2%, while the root ALP activity was increased by 24.7 and
89.5% in CP 100% and P 100% + HA, respectively, compared to
P 100% (Figures 4A,B). The CP 100%+HA treatment increased
the activities of root AP and ALP by 18.1 and 50.1%, respectively,
compared to CP 100%. The root AP and ALP activities in CP
80% + HA were higher than those in CP 100%, though the P
application rate was 20% lower in CP 80%+HA.

The highest soil AP activity was found in P 80% + HA,
while the highest soil ALP activity was found in CP 100%
(Figures 4C,D). There were no significant differences in soil AP
activity between the treatments with 75 kg P2O5 ha−1. There were
no significant differences in soil ALP activity between P 100% +
HA and P 100%. The combined application of CDAP and HA did
not have a clear effect on soil AP and ALP activities.
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FIGURE 4 | Activities of root acid phosphatase (A), root alkaline phosphatase (B), soil acid phosphatase (C), and soil alkaline phosphatase (D) in different fertilization
treatments at the twelve-leaf stage of maize. Control, no P fertilizer added; P 100%, diammonium phosphate (DAP) at 75 kg P2O5 ha−1; P80%, DAP at 60 kg P2O5

ha−1; CP 100%, coated DAP (CDAP) at 75 kg P2O5 ha−1; CP 80%, CDAP at 60 kg P2O5 ha−1; P 100% + HA, DAP at 75 kg P2O5 ha−1 and combined with humic
acid (HA); P 80% + HA, DAP at 60 kg P2O5 ha−1 and combined with HA; CP 100% + HA, CDAP at 75 kg P2O5 ha−1 and combined with HA; CP 80% +HA, CDAP
at 60 kg P2O5 ha−1 and combined with HA. Different letters above the bars indicate significant differences at P < 0.05 followed by Duncan’s multiple range test.

Soil Plant Analysis Development Value,
Photosynthetic Rate, and
Photosynthesis Enzyme Activities
The readings from the SPAD value were employed to indicate
the chlorophyll content of leaves, and the SPAD-502 chlorophyll
meters were used to estimate it. All treatments exhibited an
increasing trend in SPAD values over time (Figure 5). At the V12
stage, the SPAD value in the treatments with the application of
CDAP, the treatments with the combined application of DAP and
HA, and the treatments with the combined application of CDAP
and HA were 2.1–8.4%, 4.9–7.9%, and 8.2–12.9%, respectively,
higher than that in the treatments with the application of DAP
at the same P rate. In addition, the SPAD value was significantly
increased in CP 80%, P 80% + HA, and CP 80% + HA by 9.5,
12.5, and 21.1%, respectively, compared to P 100%, though 20%
less P was applied in these treatments. The application of HA
increased the leaf SPAD value of maize.

Photosynthesis is a fundamental physiological process of
maize that uses light energy to accumulate organic matter.
The combined application of CDAP and HA enhanced

photosynthesis at the V12 stage, a vital growth stage of maize
(Figure 6). The photosynthetic rate in CP 100% + HA was the
highest of all the treatments. For the treatments with 75 kg P2O5
ha−1, the photosynthetic rate was in the order of CP 100% +
HA > P 100% + HA > CP 100%. Of the treatments with 60 kg
P2O5 ha−1, P 80% + HA had the highest photosynthetic rate.
Photosynthesis, a process that involves many enzymes, is strongly
affected by the orthophosphate concentrations in cytosol and
chloroplast. The different P treatments showed different effects
on the activities of photosynthesis-related enzymes (Figure 6 and
Supplementary Figure 1). Of all the treatments, P 80% had the
lowest PEPC and PPDK activities (Supplementary Figure 1). The
addition of HA significantly increased the activities of PEPC, ATP
synthase, and PPDK.

Endogenous Hormones in Maize Leaf
Endogenous hormones serve a critical role in plant growth and
development, even at very low levels. Figure 7 showed the
contents of IAA, ABA, CTK, and GA in maize leaves during
the V12 stage. Compared to P 100%, the CTK and GA contents
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FIGURE 5 | Changes in the reading of Soil Plant Analysis Development
(SPAD) chlorophyll meter with maize growth in different fertilization treatments.
Control, no P fertilizer added; P 100%, diammonium phosphate (DAP) at
75 kg P2O5 ha−1; P 80%, DAP at 60 kg P2O5 ha−1; CP 100%, coated DAP
(CDAP) at 75 kg P2O5 ha−1; CP 80%, CDAP at 60 kg P2O5 ha−1; P 100% +
HA, DAP at 75 kg P2O5 ha−1 and combined with humic acid (HA); P 80% +H
A, DAP at 60 kg P2O5 ha−1 and combined with HA; CP 100% + HA, CDAP
at 75 kg P2O5 ha−1 and combined with HA; CP 80% + HA, CDAP at 60 kg
P2O5 ha−1 and combined with HA. V3, seedling stage; V6, six-leaf stage;
V12, twelve-leaf stage; R3, milk stage.

in CP 100% were increased by 32.4 and 21.1%, respectively.
The P 100% + HA treatment increased IAA content by 34.6%
and CTK content by 27.2%. The CP 100% + HA treatment
increased IAA, CTK, and GA contents by 5.8, 46.4, and 21.5%,
respectively. Moreover, the IAA and CTK contents were 30.5 and

10.6%, respectively, higher in CP 100%+HA and 63.3 and 9.2%,
respectively, higher in CP 80%+HA than those in CP 100%.

Maize Plant Height and Stem Diameter
Changes in plant height and stem diameter at different maize
growth stages are presented in Table 1. The maize plants in the
control treatment were the shortest with the slenderest stems
at the V3, V6, V12, and R3 stages. Compared to P 100%, the
treatments with CP 100%, P 100% + HA, and CP 100% + HA
increased the plant height by 3.7, 7.3, and 9.9%, respectively,
while CP 80%, P 80% + HA, and CP 80% + HA increased
the plant height by 7.8, 6.6, and 10.1%, respectively. At the V3
stage, CP 100%, P 100% + HA, and CP 100% + HA increased
the diameter of the maize stem by 10.4–20.0%, 10.1–15.1%, and
7.8–12.6%, respectively, compared to P 100%.

Maize Yield, P-Use Efficiency, and Net
Profit of Maize Production
In both 2017 and 2018, the maize yield of the control treatment
was significantly lower than that of the other treatments (Table 2).
Compared to P 100%, the 2-year average grain yield in CP 100%
and P 100% + HA was significantly higher by 13.5 and 10.3%,
respectively, while that in CP 80% and P 80% + HA, the grain
yield was higher by 11.0 and 10.0%, respectively. The grain yield
in CP 100% + HA was 17.2 and 16.0% higher than that in P
100% in 2017 and 2018, respectively. In 2018, the highest yield
was obtained in CP 100% + HA, which was 4.2 and 4.7% higher
than that in CP 100% and P 100% + HA, respectively. The PUE
of CDAP or DAP combined with HA was significantly higher
than that of DAP (Table 2). The 2-year average PUE in CP 100%,
P 100% + HA, and CP 100% + HA was 24.4, 13.8, and 27.8
percentage points, respectively, higher than that in P 100%. The

FIGURE 6 | Photosynthetic rate (A) and ATP synthase activity (B) of maize in different fertilization treatments at the twelve-leaf stage. Control, no P fertilizer added; P
100%, diammonium phosphate (DAP) at 75 kg P2O5 ha−1; P80%, DAP at 60 kg P2O5 ha−1; CP 100%, coated DAP (CDAP) at 75 kg P2O5 ha−1; CP 80%, CDAP
at 60 kg P2O5 ha−1; P 100% + HA, DAP at 75 kg P2O5 ha−1 and combined with humic acid (HA); P 80% + HA, DAP at 60 kg P2O5 ha−1 and combined with HA;
CP 100% + HA, CDAP at 75 kg P2O5 ha−1 and combined with HA; CP 80% + HA, CDAP at 60 kg P2O5 ha−1 and combined with HA. Different letters above the
bars indicate significant differences at P < 0.05 followed by Duncan’s multiple range test.
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FIGURE 7 | Auxin indole-3-acetic acid (IAA) (A), abscisic acid (ABA) (B), cytokinin (CTK) (C) and gibberellin GA (D) contents of maize leaves in different fertilization
treatments at the twelve-leaf stage. Control, no P fertilizer added; P 100%, diammonium phosphate (DAP) at 75 kg P2O5 ha−1; P80%, DAP at 60 kg P2O5 ha−1;
CP 100%, coated DAP (CDAP) at 75 kg P2O5 ha−1; CP8 0%, CDAP at 60 kg P2O5 ha−1; P 100% + HA, DAP at 75 kg P2O5 ha−1 and combined with humic acid
(HA); P 80% + HA, DAP at 60 kg P2O5 ha−1 and combined with HA; CP 100% + HA, CDAP at 75 kg P2O5 ha−1 and combined with HA; CP 80% + HA, CDAP at
60 kg P2O5 ha−1 and combined with HA. Different letters above the bars indicate significant differences at P < 0.05 followed by Duncan’s multiple range test.

CP 80%, P 80% + HA, and CP 80% + HA treatments achieved a
higher average of PUE than the P 100% treatment by 26.4, 20.7,
and 27.4 percentage points, respectively.

When DAP was used in combination with HA, or when
CDAP was applied alone or in combination with HA, the
maize production cost was higher than when DAP was applied
alone (Table 3). However, the application of CDAP, alone or
together with HA, generally increased the maize grain yield. Of
all treatments, CP 100% achieved the highest average net income.
Compared to P 100%, the average net income of CP 100% and CP
80% was increased by 483.1 and 440.8 USD ha−1, respectively,
while that of P 100% + HA and P 80% + HA was increased by
287.1 and 321.5 USD ha−1, respectively. The highest income was
achieved by the CP 100% + HA treatment, which was 485.6 and
198.5 USD ha−1 greater than that by the P 100% and P 100%+HA
treatments, respectively.

Correlation Analysis
Correlation analysis showed that there was a positive effect
with the application of CDAP in combination with HA on
yield, biomass, height, available P content, soil AP, soil ALP,

root AP, root ALP, IAA, ABA, CTK, GA, PEPC, AGPase, and
ATP synthase (Figure 8A). In addition, it was obvious that the
contribution of the application of CDAP combined with HA
respond to these indices than other treatments, including the
combination of DAP and HA and application of CDAP and DAP,
respectively. Principal component analysis revealed that the 21
parameters were divided into PC 1 (53.6%) and PC 2 (22.3%).
PC 1 and PC 2 explained 53.2% of the differences among the
21 indicators (Figure 8B). In addition, pH and AGPase were
distributed in the second quadrant, and they had a negative
relationship with the other parameters mainly distributed in the
first and fourth quadrants.

DISCUSSION

Effects of Coated Diammonium
Phosphate on P Supply Intensity in the
Soil Solution and Its Availability
It is important to balance fertilizer input and crop uptake in high-
yielding maize production (Shoji et al., 2001; Geng et al., 2015).
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FIGURE 8 | (A) Chord diagram for showing the effects of the different treatments on these indices. This plot links these treatments via ribbons to their associated
indexes. (B) Principal component analysis shows the relationship among grain yield, growth parameters, and soil nutrient. Height, plant height; SAP, soil acid
phosphatase; SALP, soil alkaline phosphatase; RAP, root acid phosphatase; RALP, root alkaline phosphatase; Pn, photosynthetic rate; PEPC, Phosphoenolpyruvate
carboxylase; AGPase, ADP-glucose pyrophosphorylase; PPDK, pyruvate phosphate dikinase; IAA, indole-3-acetic acid auxin; CTK, cytokinin; ABA, abscisic acid;
GA, gibberellin. Un-P, uncoated DAP treatments (P 100% and P 80% treatments); CP, coated DAP treatments (CP 100% and CP 80% treatments); P + HA,
uncoated DAP combined with HA treatments (P 100% + HA and P 80% +HA treatments); CP + HA, coated DAP combined with HA treatments (CP 100% + HA and
CP 80% + HA treatments).

FIGURE 9 | Correlation relations between maize yield and different indices. Spearman’s correlation between soil variables, growth parameters, and maize yields.
Blue represents negative correlation and red represents positive correlation. The darker the color, the stronger the correlation, and vice versa (*P ≤ 0.05). Height,
plant height; SAP, soil acid phosphatase; SALP, soil alkaline phosphatase; RAP, root acid phosphatase; RALP, root alkaline phosphatase; Pn, photosynthetic rate;
PEPC, Phosphoenolpyruvate carboxylase; AGPase, ADP-glucose pyrophosphorylase; PPDK, pyruvate phosphate dikinase; IAA, indole-3-acetic acid auxin; CTK,
cytokinin; ABA, abscisic acid; GA, gibberellin.

The nutrient release curve of CDAP (Figure 1A) is similar to
the sigmoidal nutrient uptake curve of maize (Bender et al.,
2013). Lu et al. (2020) reported similar results pertaining to
the nutrient release characteristics of CDAP that match with

the nutrient uptake requirement of maize much better than
the conventional P fertilizer. Based on soil available P changes
during maize growth (Figure 3A), it is speculated that CDAP
had a longer P-release period in the pot experiment than in the
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TABLE 1 | Plant height and stem diameter of maize in different fertilization treatments.

Treatmenta Plant height (cm) Plant stem diameter (mm)

V3b V6 V12 R3 V3 V6 V12 R3

Control 54.3ac 95.3a 210.0a 223.1a 10.0d 20.3b 21.9a 25.5a

P100% 60.5a 112.6a 202.5a 224.0a 12.8abc 25.9a 25.5a 28.2a

P80% 57.9a 111.9a 234.8a 233.4a 11.2cd 22.2ab 23.2a 26.6a

CP100% 62.9a 116.0a 234.0a 232.3a 14.1a 24.7ab 24.9a 27.5a

CP80% 61.8a 117.0a 241.0a 241.5a 13.4ab 24.6ab 25.1a 27.8a

P100%+HA 63.4a 120.9a 239.8a 240.4a 14.1a 25.0ab 24.2a 27.8a

P80%+HA 62.4a 111.3a 236.3a 238.8a 12.9abc 22.1ab 22.2a 26.4a

CP100%+HA 59.3a 114.1a 245.5a 246.3a 14.4a 23.8ab 24.4a 26.4a

CP80%+HA 59.2a 114.5a 232.0a 246.6a 12.1bc 23.7ab 25.2a 26.0a

aControl, no P fertilizer added; P 100%, diammonium phosphate (DAP) at 75 kg P2O5 ha−1; P 80%, DAP at 60 kg P2O5 ha−1; CP 100%, coated DAP (CDAP) at 75 kg
P2O5 ha−1; CP 80%, CDAP at 60 kg P2O5 ha−1; P100%+HA, DAP at 75 kg P2O5 ha−1 and combined with humic acid (HA); P 80% + HA, DAP at 60 kg P2O5 ha−1

and combined with HA; CP 100% + HA, CDAP at 75 kg P2O5 ha−1 and combined with HA; CP 80% + HA, CDAP at 60 kg P2O5 ha−1 and combined with HA.
bGrowth stages: V3, seedling stage; V6, six-leaf stage; V12, twelve-leaf stage; R3, milk stage.
cMeans within each column followed by the same letters were not significantly different based on one-way ANOVA followed by Duncan’s test (P < 0.05).

TABLE 2 | Maize yield and phosphorus use efficiency (PUE) in different fertilization treatments.

Treatmenta Kernel
(ear−1)

Plant biomass
(g pot−1)

Yield
(g pot−1)

Yield change
vs. P100% (%)

PUE
(%)

PUE change
vs. P100%

2017

Control 487bb 267.0d 130.3d −9.1 – –

P100% 543ab 301.2c 143.4c 0.0 16.7f –

P80% 488b 304.0c 140.8c −1.8 17.2f 0.5

CP100% 556ab 329.2a 166.2a 15.9 37.2c 20.5

CP80% 492b 318.1b 159.4b 11.1 39.3c 22.6

P100%+HA 600a 308.1c 159.1b 10.9 25.2e 8.5

P80%+HA 517b 324.2ab 158.9b 10.8 33.0d 16.3

CP100%+HA 523b 322.9ab 168.1a 17.2 40.3b 23.5

CP80%+HA 515b 319.9ab 161.2b 12.4 42.2a 25.5

2018

Control 508c 319.5e 149.6e −8.8 – –

P100% 585abc 334.6d 164.0d 0.0 15.5f –

P80% 573bc 347.4c 164.5d 0.3 16.6f 1.1

CP100% 650ab 372.8a 182.6bc 11.3 43.8c 28.3

CP80% 651ab 359.1bc 181.8c 10.9 45.7b 30.3

P100%+HA 629ab 376.0a 180.0c 9.7 34.6e 19.1

P80%+HA 603ab 351.7c 179.3c 9.3 40.6d 25.1

CP100%+HA 669a 382.9a 190.3a 16.0 47.5b 32.1

CP80%+HA 650ab 370.7ab 186.7ab 13.8 44.9a 29.4

aControl, no P fertilizer added; P 100%, diammonium phosphate (DAP) at 75 kg P2O5 ha−1; P 80%, DAP at 60 kg P2O5 ha−1; CP 100%, coated DAP (CDAP) at 75 kg
P2O5 ha−1; CP 80%, CDAP at 60 kg P2O5 ha−1; P 100% + HA, DAP at 75 kg P2O5 ha−1 and combined with humic acid (HA); P 80% + HA, DAP at 60 kg P2O5 ha−1

and combined with HA; CP 100% + HA, CDAP at 75 kg P2O5 ha−1 and combined with HA; CP 80% + HA, CDAP at 60 kg P2O5 ha−1 and combined with HA.
bMeans within each column in each year followed by the same letters were not significantly different based on one-way ANOVA followed by Duncan’s test (P < 0.05).

laboratory incubation (Figure 1A). First, the coating of CDAP
was done by a polyurethane block copolymer containing soft
and hard segments, with swelling properties for gradual nutrient
release (Hou et al., 2015; Lu et al., 2016). Second, the nutrient
release from coated fertilizers is greatly affected by humidity
and temperature (Yang et al., 2011). Although soil temperature
(26.1◦C on average) during maize growth in the pot experiment
was closer to the incubation temperature in the laboratory, soil

moisture was low compared with the moisture condition in
laboratory incubation (Li et al., 2020), which might have greatly
slowed down the P release. Our findings were in line with those
of Zheng et al. (2016), who discovered changes in nutrient release
characteristics between field soils and laboratory soils.

Sufficient nutrient supply is a requirement for high crop yield.
In this study, the maize yield in CP 100% and CP 80% was
increased by 13.5 and 11.0%, respectively, compared to P 100%
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TABLE 3 | Cost and net profits of maize production in different fertilization treatments.

Treatmentb Costa(USD ha−1 year−1) Total income(USD ha−1) Net income(USD ha−1)

P
fertilizer

Labor 2017 2018 2017 2018 Average Change vs.
P100%

Control 405.4 72.5 3403.5dc 3906.7e 2925.6e 3428.8d 3177.2e −4.0

P100% 633.2 72.5 3744.8c 4282.7d 3039.1d 3577.0c 3308.0d –

P80% 590.0 72.5 3676.2c 4295.5d 3013.7d 3633.0c 3323.3d 0.5

CP100% 690.4 72.5 4339.9a 4768.5bc 3576.8a 4005.4a 3791.1a 14.6

CP80% 633.8 72.5 4162.1b 4748.6c 3455.6b 4042.1a 3748.8ab 13.3

P100%+HA 759.4 72.5 4154.6b 4699.8c 3322.5c 3867.6b 3595.1c 8.7

P80%+HA 712.9 72.5 4149.4b 4680.9c 3363.7c 3895.3b 3629.5c 9.7

CP100%+HA 813.1 72.5 4390.0a 4969.0a 3504.2b 4083.1a 3793.6a 14.7

CP80%+HA 756.6 72.5 4209.7b 4875.5ab 3380.4c 4046.2a 3713.3b 12.3

aBased on the current mean market price. Data in the table were calculated based on the current mean market price; maize, 313.4 USD t−1; CDAP (coated diammonium
phosphate), 557.4 USD t−1; DAP (diammonium phosphate), 447.8 USD t−1; Urea, 238.8 USD t−1; Controlled-release urea, 348.4 USD t−1; Potassium chloride, 373.1
USD t−1; humic acid (HA), 302 USD t−1; Labor cost for seeding, field management, and harvest, 72.5 USD ha−1; and other costs including those for machinery, irrigation,
pesticides, insecticides, seeds, and other materials and expenses, 1320.5 USD ha−1.
bControl, no P fertilizer added; P 100%, DAP at 75 kg P2O5 ha−1; P 80%, DAP at 60 kg P2O5 ha−1; CP 100%, CDAP at 75 kg P2O5 ha−1; CP 80%, CDAP at 60 kg
P2O5 ha−1; P 100% + HA, DAP at 75 kg P2O5 ha−1 and combined with HA; P 80% + HA, DAP at 60 kg P2O5 ha−1 and combined with HA; CP 100% +HA, CDAP at
75 kg P2O5 ha−1 and combined with HA; CP 80% + HA, CDAP at 60 kg P2O5 ha−1 and combined with HA.
cMeans within each column followed by the same letters were not significantly different based on one-way ANOVA followed by Duncan’s test (P < 0.05).

(Table 1). The coating of CDAP not only separates DAP from
direct contact with the soil, thus preventing P from fixation by
the soil via sorption, complexation, and precipitation (Roberts
and Johnston, 2015) but also stops DAP from rapid dissolution
and loss of surface runoff and subsurface flow (Hively et al., 2006;
Holman et al., 2008). The V12 stage is a highly P-demanding
growth stage of maize, during which a large amount of P is needed
for grain development in the later stages (Bender et al., 2013).
The application of CDAP increased the activity of phosphatase,
AP in particular, in the root by 11.5–24.7% at the V12 stage
(Figure 4), leading to higher P availability due to more organic
P being hydrolyzed.

Additionally, the application of conventional P fertilizer (i.e.,
DAP) resulted in a higher soil available P content at the V3
stage (Figure 2), which would lead to a higher P content in
the maize plant (Bender et al., 2013). However, high available P
would inhibit the synthesis and the activity of phosphatase and
in turn, would slow down the decomposition of protein-phytic
acid-mineral element complex. Consequently, the availability of
mineral elements would be decreased (Sarah et al., 2018). As
CDAP released P into the soil solution at a rate that matches the
maize demand, maize growth was not limited by P, resulting in a
high grain yield.

Effects of Humic Acid on the P
Availability and Maize Growth
Humic acid, as a P activator, accelerated P transformation into
bioavailable forms. On the one hand, soil pH was lower in
the treatments with combined application of HA and DAP
than in the treatments with an application of DAP alone
at the V3 stage. The presence of HA increases the altering
of the root exudate profile and it also enhances the release
of oxalate and citrate from maize roots, compared to maize
not treated with HA (Canellas et al., 2008; Rosa et al., 2018;

Ma et al., 2021). Additionally, H+ is produced during HA
decomposition (Hue, 1991), leading to an available P increase in
calcareous soils with the dissolution of insoluble P compounds.
On the other hand, the adsorption of HA generates a repulsive
negative electric potential on the adsorption plane and a
steric hindrance on the mineral surface, further inhibiting P
binding on the soil surface (Wang, 2016). Additionally, HA
complexes with Ca2+, Fe3+, and Al3+, reduce P precipitation
with these cations. This was associated with the rich functional
groups in HA, such as O-H in aromatic rings, C-O, and
C-H in benzene rings (Figure 1B; Sarlaki et al., 2021).
Furthermore, the application of HA increased the phosphatase
(i.e., soil AP and root AP) activity (Figure 4) and in turn
the amount of P released from the soil solid phase or from
P fertilizers (Nardi et al., 2017; Zhu et al., 2018), leading to
an increase in the available P content (Figure 3A). Therefore,
HA protected P fertilizer to avoid wasting and improved the P
availability in soil.

In addition to the P availability in soil, the HA use
increased the growth of maize. As a biostimulant, HA
possesses aliphatic and aromatic structures with various
functional groups (mainly oxygen-containing). Its phenolic
and quinone groups interact with enzymes in plant cell
and stimulate plant metabolism, thereby promoting growth
and improving crop yield (Fan et al., 2015). In this study,
the photosynthetic rate of maize leaves at the key growth
stage was enhanced by the application of HA (Figure 6).
The application of HA improved photosynthesis by
increasing the activities of PEPC, ATP synthase, and PPDK
(Figure 6 and Supplementary Figure 1) and influenced the
important metabolic pathways in photosynthesis, such as
photosynthetic carbon assimilation, oxidative phosphorylation,
and photosynthetic phosphorylation (Gao et al., 2017;
Nardi et al., 2017).
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The endogenous hormone plays a key role in regulating plant
growth and developmental processes as well as in regulating plant
responses to the external environment (Fahad et al., 2015a,b).
The P 100% + HA treatment increased the IAA, ABA, and CTK
contents in maize leaves by 34.6, 9.1, and 27.2%, respectively,
compared to the P 100% treatment at the V12 stage. These
results are in confirmation with the reports by Nardi et al.
(2017). Nardi et al. (2002) suggested that humic-like substances
behave as signaling molecules in the rhizosphere, eliciting the
production of phytohormones. Moreover, HA stimulates the
expression of IAA5 and IAA19, two early auxin-responsive genes
(Nardi et al., 2002). These phytohormones can act either locally
(at the site of their synthesis) or transported to some other sites
within the maize plant body to mediate growth and development
responses of both under ambient and stressful conditions (Peleg
and Blumwald, 2011; Fahad et al., 2015a). Furthermore, IAA and
HA can enhance the synthesis and activity of plasma membrane
H+-ATPase, an enzyme that converts energy for transmembrane
transportation of nutrients including P, then energizes secondary
ion transporters, and promotes the nutrient uptake of maize
(Zandonadi et al., 2010).

Interactive Effects of Coated
Diammonium Phosphate and Humic Acid
The interactive effect of CDAP and HA improved maize
grain yield and PUE (Figure 9). The CDAP synchronized
the P supply with plant demand. The HA increased the
photosynthetic rate of maize to accumulate organic matter.
Additionally, the functional groups of HA, such as –COOH
and –OH (Figure 1B), adsorb to the soil surface and react with
soil minerals, influencing metal speciation and solubility and
reducing P fixation (Nardi et al., 2017; Sarlaki et al., 2021),
which is conducive to meeting the P demand of maize in the
early growth stage. Furthermore, some studies have shown that
HA was capable of promoting root growth and modifying root
architecture (Olaetxea et al., 2018) as well as modifying the
gene expression of the main high-affinity root transporters of
phosphate to increase the phosphate root uptake (Jindo et al.,
2016; Olaetxea et al., 2018). Therefore, the combination of CDAP
and HA was able to improve the overall P nutrition in maize
plants. Besides, the contents of IAA and CTK in maize leaves
were improved when treated with CDAP combined with HA.
Meanwhile, the ATP synthase activity and the photosynthetic
rate were improved (Figure 9) leading to better crop growth and
grain development.

The interactive effect of CDAP and HA on maize yield
was not significant in 2017. This may be because maize is a
highly P-efficient crop and not very sensitive to P levels in soil
(Ciarelli et al., 1998; Ci et al., 2012). However, the yield in CP
100% + HA was significantly higher than that in CP 100%
in 2018. This is because the combination of CDAP and HA
exerts beneficial effects on plant growth by improving the soil
structure, fertility, and quality (Calvo et al., 2014; Raiesi, 2021; Xu
et al., 2021), and two consecutive years of application eventually
resulted in significant changes. The combination of CDAP and
HA provides an HA-incorporated enhanced-efficiency P fertilizer

for environmentally friendly fertilization (Figure 9), and future
research should include P-inefficient crops (e.g., wheat).

CONCLUSION

The application of CDAP combined with HA increased the soil
available P content, improved the root acid phosphatase activity,
ATP synthase activity, and cytokinin content, increased the
photosynthetic rate, and plant height, and eventually increased
the maize grain yield and PUE. When P was applied at
75 kg P2O5 ha−1, higher maize grain yield was obtained
by CDAP-HA combination than by CDAP alone or DAP-
HA combination, and in the second year of cultivation, these
differences became bigger and significant. Even at 60 kg P2O5
ha−1, the combined application of CDAP and HA presented
a higher grain yield and PUE in the second year than the
conventional fertilization. Overall, the combined application of
CDAP and HA is of significance in improving PUE, reducing
P loss to the environment, ensuring food security, realizing
sustainable utilization of land and fertilizer resources, and
increasing the economic return of crops. Future studies should be
conducted in different regions with various soil types and crops
to develop an effective strategy of fertilization with controlled-
release fertilizers and biostimulants (e.g., HA).
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Salt stress severely threatens the growth and productivity of Glycyrrhiza uralensis.
Previous results found that Bacillus cereus G2 enhanced several carbohydrate contents
in G. uralensis under salt stress. Here, we analyzed the changes in parameters
related to growth, photosynthesis, carbohydrate transformation, and the glycolysis
Embden-Meyerhof-Parnas (EMP) pathway-tricarboxylic acid (TCA) cycle by G2 in
G. uralensis under salt stress. Results showed that G2 helped G. uralensis-accumulating
photosynthetic pigments during photosynthesis, which could further increase starch,
sucrose, and fructose contents during carbohydrate transformation. Specifically,
increased soluble starch synthase (SSS) activity caused to higher starch content,
which could induce α-amylase (AM) and β-amylase (BM) activities; increased sucrose
content due to the increase of sucrose synthase (SS) activity through upregulating
the gene-encoding SS, which decreased cell osmotic potential, and consequently,
induced invertase and gene-encoding α-glucosidase that decomposed sucrose to
fructose, ultimately avoided further water loss; increased fructose content-required
highly hexokinase (HK) activity to phosphorylate in G. uralensis, thereby providing
sufficient substrate for EMP. However, G2 decreased phosphofructokinase (PFK) and
pyruvate kinase (PK) activities during EMP. For inducing the TCA cycle to produce more
energy, G2 increased PDH activity that enhanced CA content, which further increased
isocitrate dehydrogenase (ICDH) activity and provided intermediate products for the
G. uralensis TCA cycle under salt stress. In sum, G2 could improve photosynthetic
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efficiency and carbohydrate transformation to enhance carbohydrate products, thereby
releasing more chemical energy stored in carbohydrates through the EMP pathway-TCA
cycle, finally maintain normal life activities, and promote the growth of G. uralensis under
salt stress.

Keywords: salt stress, Bacillus cereus G2, photosynthesis, carbohydrate transformation, glycolysis, tricarboxylic
acid cycle

INTRODUCTION

In plants, salt stress leads to reduced water uptake, excessive
accumulation of toxic elemental ions, and production of reactive
oxygen species (ROS) causing oxidative stress (Salimi et al.,
2016; Ahmadi et al., 2018). This combination of osmotic,
ionic, and oxidative effects promotes cellular damage, declines
K+ and Ca2+ efficiency, reduces photosynthetic rate, impairs
metabolism, and ultimately inhibits plant growth and reduces
productivity (Salimi et al., 2016; Brahimova et al., 2021). In
response to salt-stressed condition, carbohydrate accumulation
can be an important part of radical scavenging, osmo-protection,
and carbon storage in plants (Keunen et al., 2013; Zhu et al., 2016;
Li et al., 2020). Carbohydrates, as the products of photosynthesis,
are not only the substrates for respiration but also important
substances related to the growth and energy metabolism in plants
(Raessler et al., 2010). Salt stress directly reduced CO2 availability
through diffusion limitation of stomata and mesophyll or change
photosynthetic metabolism, and also affected oxidative stress
and thus indirectly affected leaf photosynthesis (Chaves et al.,
2008). Some studies showed that salt stress typically reduced the
chlorophyll (Chl) content in plants (Khoshbakht et al., 2015;
Ibrahim et al., 2017), while other studies reported increased
Chl concentration with increasing salinity stress in salt-tolerant
plants (Borghesi et al., 2011; Huang et al., 2015; Qiu et al., 2017).
Salt stress caused inhibition of carbon assimilation by affecting
the activities of carbon metabolism-related enzymes and the
contents of carbohydrate (Li et al., 2020). The glycolysis (EMP)
pathway-tricarboxylic acid (TCA) cycle serves as the primary
pathway for carbohydrate catabolism, providing sufficient energy
for the plant’s life activities (Jiang, 2011). Moreover, salt stress
led to the disorder of EMP metabolism, which posed a threat
to plant respiration metabolism (Zhong et al., 2016). Salt
stress also inhibited the TCA cycle, followed by a significant
decrease in adenosine triphosphate (ATP) content, resulting
in insufficient energy supply and further inhibition of plants’
growth (Li et al., 2015, 2020). Thus, it can be concluded
that plants exposed to salt stress are unable to maintain the
required carbohydrate and energy levels, and, consequently,
certain measures must be adopted to regulate carbohydrate
metabolism in salt-stressed plants.

Plant endophytes have great potential to enhance plant growth
and alleviate salt stress without harming the environment (Fan
et al., 2020; Molina-Montenegro et al., 2020). Previous studies
revealed that endophytes increased salt tolerance of plants by
regulating carbohydrate metabolism (Ali et al., 2014; Ghaffari
et al., 2016; Win et al., 2018). Specifically, wild-type bacterial
endophytes significantly increased the total Chl contents of

tomato plants under salt stress (Ali et al., 2014). Endophyte
(Penicillium funiculosum LHL06) significantly increased Chl
contents and the photosynthesis rate of Glycine max L. under
salt stress (Khan et al., 2011). Moreover, the endophytic fungus
Piriformospora indica increased the starch concentration in
barley plants under salt stress (Ghaffari et al., 2016). Therefore,
carbohydrate regulation may be one of the important strategies
for improving plant salt tolerance by endophytes. However, the
deep mechanisms of endophytes on carbohydrate regulation in
plants exposed to salt stress are largely unknown.

Glycyrrhiza uralensis Fisch., as an important windbreak and
sand fixation plant in desert areas, widely grown in arid
and semiarid regions of the world, especially in the harsh
northwestern region of China, and suffers from salt stress year-
round (Li et al., 2016; Wang C. et al., 2020). Bacillus cereus
(G2), as an endophyte found by our laboratory, enhanced
several carbohydrate contents in G. uralensis under salt stress,
but the mechanism has not been thoroughly studied (Zhang,
unpublished). During their seedling stage, plants are sensitive
to adverse external factors; therefore, the seedlings stage is
the optimum time to research plants’ abiotic tolerance (El
Atta et al., 2016). Therefore, in order to reveal the behind
mechanism of G2 on carbohydrate metabolism in G. uralensis
seedlings subjected to salt stress, this study analyzed parameters
related to photosynthesis, carbohydrate transformation, and
EMP pathway-TCA cycle at physiological biochemistry and
transcriptome levels. This study not only provided valuable
information for exploring the mechanism of G2 improving the
salt tolerance of G. uralensis, but also laid the foundation for
cultivating high-quality and high-yield G. uralensis.

MATERIALS AND METHODS

Plant Material
Glycyrrhiza uralensis seeds were collected from wild G. uralensis
plants in Urad front flag, Inner Mongolia, China, in September,
2019. Healthy seeds were selected and stored in a kraft paper bag
at 4◦C until use.

Bacillus cereus G2 Material and Culture
Suspension
Bacillus cereus (G2) was isolated from G. uralensis roots and
identified by Sangon Biotech (Shanghai) Co., Ltd. This strain
was deposited at the China General Microbiological Culture
Collection Center under the accession No. CGMCC No. 16671,
and under the accession No. MT803148 in NCBI.
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The strain of G2 was cultured at 30◦C for 2 days in a
beef extract peptone AGAR medium, which contained 1-g L−1

tryptone, 3-g L−1 beef extract, 5-g L−1 NaCl, and 16-g L−1 agar,
and the pH of the medium after autoclaving was 6.9–7.1. Then,
G2 was grown in a sterilized LB liquid medium, which contained
2.5-g tryptone, 0.75-g beef extract, 1.25-g NaCl, and 250-ml
distilled water, and the pH of the medium after autoclaving
was 6.9–7.1. The bacteria culture suspension was incubated in a
shaking incubator of 180 rpm at 28◦C for 2 days.

Plant Growing Condition and Treatment
All of the seeds of G. uralensis were steeped with concentrated
sulfuric acid (H2SO4) for 1.5 h, and then surface sterilized with
0.1% (v/v) H2O2 for 10 min, rinsed for three times in distilled
water, and soaked in distilled water for 9 h at room temperature.
Then, 75 water-absorbing, full-filled seeds were selected, blotted
surface moisture, and sown evenly in each pot filled with 1,900-g
high-pressure sterilized and a fully dried sand medium collected
from native desert regions, which did not contain any nutrients.
Then, pre-irrigated with 300 ml of distilled water as the control
group (CK) or with 300 ml of distilled water containing 75-
mM NaCl as the salt stress group (S). The above experiment
was carried out in an indoor environment with natural light
and an air temperature of 23–28◦C during the day and night.
After 35 days, G2 treatment was initiated when the third true
leaf appeared in most of the G. uralensis seedling. The bacteria
culture suspension with G2 was centrifuged at 8,000 rpm for
10 min, and it was washed in sterile distilled water, and the
optical density (600 nm) of the bacterial strain was adjusted to
1 (∼108 cfu ml−1) using sterile distilled water. Both CK and S
groups were divided into two subgroups, and were watered either
300-ml distilled water or 300-ml of distilled water, containing
108-cfu ml−1 G2. Three replications per treatment were used,
and each replication comprised two pots. All pots were randomly
arranged and periodically rotated to minimize the effects of
environmental heterogeneity.

At 10 days after G2 treatment, the plants were collected and
used in subsequent experiments. Generally, three pots of each
treatment, firstly, the numbers of plants per pot were recorded for
calculation of the survival rate, and all the plants in the pot were
taken out of the soil, and then growth indicators were recorded;
then, the samples were oven dried at 60◦C for 48 h and weighed.
The rest three pots of each treatment – all seedlings were taken
out of the soil between 9:00 a.m. and 10:00 a.m. and cleaned
immediately with distilled water, and then parts of leaves were
collected and mixed for determination of Chl contents, and the
rest samples were immediately stored at −80◦C to measure their
physiological and biochemical characteristics.

Measurement of Photosynthetic Pigment
Contents
About 0.2-g fresh leaves material of G. uralensis was extracted
with 15 ml of a solution that contained ethanol and acetone
(1:2, v/v) for 24 h at room temperature in the dark. To
calculate the contents of Chl a, Chl b, and carotenoids (Car), the

absorbance was measured at 663, 645, and 470 nm, respectively
(Wellburn, 1994).

Measurement of Carbohydrate Contents
About 0.2-g fresh G. uralensis seedlings material was
homogenized in 2-ml 80% (v/v) ethanol, and then 80◦C
water bath for 30 min and centrifuged at 1,000 rpm for 5 min,
and the supernatants were analyzed for total soluble sugar (TSS),
sucrose, fructose, and starch contents. The TSS content was
analyzed by anthrone colorimetry (Li et al., 2020), specifically
100-µL supernatant was mixed with 5-ml anthracite reagent,
and incubation was performed for 10 min at 100◦C, 630-nm
colorimetric analysis. The contents of sucrose and fructose
were analyzed by Tang (1999), as follows: Sucrose analysis:
400-µL supernatant added to 200-µL 2-M NaOH that was
boiled for 5 min, and then added 3-ml 30% (v/v) HCl, 1-mL.1%
m-dihydroxybenzene, which were 80◦C water bathed for
10 min, 480-nm colorimetric analysis. The mixtures for the
fructose analysis contained 100-µL supernatant, 0.2-ml 80%
(v/v) ethanol, 0.8-ml 0.1% m-dihy-droxybenzene, and 2.8-ml
30% (v/v) HCl, and then were 80◦C water bathed for 10 min,
480-nm colorimetric analysis. The residues were extracted with
2 ml of 9.2-M perchloric acid, the volumes were adjusted to
10 ml in volumetric flasks, and the supernatants were analyzed
to determine the starch contents by anthrone colorimetry
(Gao, 2006).

Measurement of Carbohydrate
Transformation-Related Enzyme
Activities
About 0.2-g fresh G. uralensis seedlings material was
homogenized in 2-ml water and centrifuged at 3,000 rpm
for 10 min. Then, the amylase determination was carried out
according to the method of Devi et al. (2007) with minor
modification. α-Amylase (AM) activity was determined after
destroying the β-amylase (BM) by heating the enzyme at
70◦C for 20 min and estimating reducing sugars formed from
2% starch in a 50-mM sodium acetate buffer (pH 5.0) in the
presence of 1-mM CaCl2 at 37◦C. BM was extracted with a
100-mM sodium acetate buffer (pH 3.6), containing 1-mM
EDTA. The activity of BM was determined by estimating the
reducing sugars formed after the enzyme action on 1% starch
prepared in a 50-mM sodium acetate buffer (pH 5.0), containing
1-mM EDTA. The soluble starch synthase (SSS), granule-bound
starch synthase (GBSS), and ADP-glucose pyrophosphorylase
(AGP) were determined using reagent kits (Beijing Solarbio
Science & Technology Co., Ltd.) according to the manufacturer’s
instructions. The GBSS, SSS, and AGP were determined by
recording the increase of NADPH at 340 nm. The sucrose
phosphate synthase (SPS) and sucrose synthase (SS) activities
were measured using the m-dihydroxybenzene method (Tang,
1999) with minor modification. The mixtures for the SPS analysis
contained 50-mM Tris–HCl (pH 7.0), 10-mM MgCl2, 10-mM
fructose-6-phosphate, 3-mM UDP-glucose, and 100 µL of crude
enzyme. For the SS activity, the reaction mixtures contained
50-mM Tris–HCl (pH 7.0), 10-mM MgCl2, 10-mM fructose,
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3-mM UDP-glucose, and 100 µL of crude enzyme. The invertase
extraction and determination were carried out according to the
method of Scholes et al. (1996). About 0.2-g fresh G. uralensis
seedlings material was homogenized on an ice bath in 3 ml of
extracting solution and centrifuged at 10,000 rpm for 10 min, and
enzyme activity was detected in the supernatants. The amount
of the compound formed by the reaction of reducing sugar with
3,5-dini-trosalicylic acid indicates its activity, and the absorbance
is measured at 510 nm.

Measurement of Intermediate Contents
in the EMP and Tricarboxylic Acid Cycle
Pathway
The pyruvate (PA) and citrate (CA) contents were determined
using reagent kits (Beijing Solarbio Science & Technology
Co., Ltd.) according to the manufacturer’s instructions. PA
content was determined using 2,4-dinitrophenylhydrazine as the
substrate to record the absorbance at 520 nm. CA content was
determined by the reduction of Cr6+ at 545 nm.

Measurement of Enzyme Activities in the
EMP and Tricarboxylic Acid Cycle
Pathway
The hexokinase (HK), phosphofructokinase (PFK), and pyruvate
kinase (PK) were determined using reagent kits (Beijing
Solarbio Science & Technology Co., Ltd.) according to the
manufacturer’s instructions. HK was determined using glucose
as the substrate to record the increase in absorbance at
340 nm caused by the enzymatic reduction of NADP+. PFK
was determined using 6-phosphate-fructose as the substrate
to record the decrease in absorbance at 340 nm caused by
the enzymatic oxidation of NADH. PK was determined using
phosphoenolpyruvate (PEP) as the substrate to record the
decrease in absorbance at 340 nm caused by the enzymatic
oxidation of NADH.

The malate dehydrogenase (MDH), pyruvate dehydrogenase
(PDH), isocitrate dehydrogenase (ICDH), and succinate
dehydrogenase (SDH) were determined using reagent kits
(Beijing Solarbio Science & Technology Co., Ltd.) according
to the manufacturer‘s instructions. The MDH activity was
determined using oxaloacetate as the substrate to record the
decrease in absorbance at 340 nm caused by the enzymatic
oxidation of NADH. PDH catalyzed dehydrogenation of PA and
reduced 2,6-DCPIP at the same time. The PDH activity was
determined by recording a decrease in absorbance at 605 nm.
The ICDH activity was determined by measuring ketoglutaric
acid production at 340 nm, and the SDH activity was determined
by recording the reduction rate of 2,6-DCPIP at 600 nm.

RNA Extraction, cDNA Library
Construction, and RNA-Seq
Transcriptome sequencing was carried out by Beijing Baimeike
Company. The experimental process followed the method
provided by Oxford Nanopore Technologies (ONT), which
mainly included the following steps: (i) G. uralensis seedlings
collected of four treatments (CK, CK + G2, S, and S + G2)

were grounded, grouped by weight, and biologically replicated
for RNA preparation. Three biological replicates per sample were
used for the RNA-Seq experiments. (ii) Total RNA was extracted
from the tissue using TRIzol reagent (Takara, Kyoto, Japan)
according to the manufacturer’s instructions. RNA purity was
tested using the Nano Photometer spectrophotometer (IMPLEN,
Westlake Village, United States). (iii) Library construction:
primer annealing, reverse transcription into cDNA, plus switch
Oligo; synthesis of complementary chains; DNA damage repair
and terminal repair and magnetic bead purification. (iv) The
cDNA libraries were sequenced using the Illumina NovaSeq 6000
platform.

Transcriptome Data Assembly
Filter the low-quality (length less than 500 bp, Qscore less than
7) sequence and ribosomal RNA sequence from the original
landing sequence, and obtain the full-length sequence according
to the presence of primers at both ends of the sequence. Polish
the full-length sequence obtained in the previous step to obtain
the consistent sequence. Contig comparisons with reference
genomes or constructed contig sequences were performed to
remove redundancy.

Transcription Quantification
Transcriptome sequencing can be simulated as a random
sampling process. In order to make the number of fragments
truly reflect the expression level of transcripts, it is necessary
to normalize the number of mapped reads in the sample. CPM
(counts per million) (Zhou et al., 2014) was used as an indicator
to measure the expression level of transcripts or genes. The
calculation formula of CPM was as follows (reads mapped to a
transcript means the number of reads compared to the transcript;
total reads aligned in the sample represent the total number of
fragments compared to the reference transcriptome):

CPM =
readsmapped to transcript
total reads aligned in sample

× 1, 000, 000

Quantification of Gene/Transcript
Expression Levels and Differential
Expression Analysis
Full length reads were mapped to the reference transcriptome
sequence. Reads with match quality above 5 were further
used to quantify. Expression levels were estimated by reads
per gene/transcript per 10,000 reads mapped. For the samples
with biological replicates: differential expression analysis of two
conditions/groups was performed using the DESeq R package
(1.18.0). DESeq provided statistical routines for determining
differential expression in digital gene expression data using a
model based on the negative binomial distribution. The resulting
p-values were adjusted using the Benjamini and Hochberg’s
approach for controlling the false discovery rate. Genes with a
p-value < 0.05 and fold change ≥ 1.5 found by DESeq were
assigned as differentially expressed.
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Reverse Transcriptase-Polymerase
Chain Reaction and Quantitative
Real-Time-Polymerase Chain Reaction
Reverse transcriptase-polymerase chain reaction RT-PCR and
quantitative real-time-polymerase chain reaction (qRT-PCR)
were performed on the same RNA pools, which were previously
used in RNA-Seq for 10 key DEGs of carbohydrate metabolism
inG. uralensis, respectively. Gene-specific primers were designed
based on the sequencing data using the Primer-BLAST tool.
The primer sequences used for conventional PCR and qRT-
PCR analysis are listed in Supplementary Table 1. First-strand
cDNAs were synthesized from 2 µg of DNase-treated total
RNA using RevertAid RT Reverse Transcription Kit (Servicebio,
China). As for RT-PCR, target genes were amplified using a
polymerase chain reaction (PCR) thermal cycler (ABI 2720,
United States), photographed by FR-980B gel imaging system
(FuRi Science & Technology Co., Ltd.), and analyzed with pixel
quantitation software Image J 2 (Rawak Software Inc.). qRT-
PCR was performed by Wuhan Servicebio Technology CO., LTD.
using 2 × SYBR Green qPCR Master Mix (High ROX). The
reaction mixture (20 µL) contained 2 × ChamQ SYBR Green
qPCR Master Mix 10 µL, 1 µL of primer, 1 µL of template
cDNA,.4 µL of 50× ROX Reference Dye 1 and 7.6 µL of ddH2O.
Amplifications were performed under the following conditions:
95◦C for 10 min, followed by 40 cycles of 95◦C for 15 s and 60◦C
for 60 s. Relative expression for each sample was calculated using
the 2−11Ct methods with normalization to the internal control
genes.

Statistical Analyses
All treatments have three replication operations presented as
the mean ± SD of each experiment. The one-way ANOVA was
carried out, and physiological data were tested for significant
treatment differences using Duncan’s multiple range tests,
and p < 0.05 was considered to be statistically significant.
The correlation analysis of photosynthetic pigments contents,
carbohydrates contents, enzymes activities, and intermediates
contents of carbohydrate transformation and EMP pathway-
TCA cycle in G. uralensis under four different conditions was
determined. Principal component analysis (PCA) of the response
variables photosynthetic pigments contents, carbohydrates
contents, enzymes activities, and intermediates contents of
carbohydrate transformation and EMP pathway-TCA cycle
was performed to separate plants in different treatments.
The first two principal components, which accounted for the
highest variation, were then used to plot two-dimensional
scatter plots. The qRT-PCR data were tested for significant
treatment differences using the Student’s T-test, and p< 0.05 was
considered to be statistically significant. All statistical analyses
were performed using SPSS Statistics 25, Origin 2018 Statistics,
and GraphPad Prism 8.0.1.

RESULTS

Effect of Bacillus cereus G2 on the Growth Parameters of
Glycyrrhiza uralensis Seedlings

The growth situation of G. uralensis seedling under all
treatments (CK, CK+G2, S, and S+G2) is shown in Figure 1A.
Salt stress significantly decreased plant height, leaf number,
lateral root number, fresh weight, dry weight, and survival rate,
but increased the root diameter. Interestingly, G2 significantly
increased plant height, stem diameter, fresh weight, and dry
weight of G. uralensis under salt stress (Figure 1B).

Effect of Bacillus cereus G2 on
Carbohydrate Contents in Glycyrrhiza
uralensis Seedlings
Salt stress significantly decreased the contents of TSS, starch,
fructose, sucrose, and the ratio of sucrose/starch, while G2
significantly increased the contents of TSS, starch, fructose, and
sucrose in G. uralensis under salt stress (Figure 2). TSS, sucrose,
and fructose were very positively correlated with one another
(Figure 9 and Supplementary Figure 1A).

Effect of Bacillus cereus G2 on
Photosynthesis in Glycyrrhiza uralensis
Seedlings
Salt stress significantly increased Chl a, Chl b, and Chl a + b
contents in G. uralensis. Interestingly, G2 significantly further
increased the Chl a and Car contents in G. uralensis under salt
stress (Figure 3).

In carbon fixation in the photosynthetic organisms pathway
(Table 1 and Figure 4) according to transcriptomic analysis,
glyceraldehyde-3-phosphate dehydrogenase (NADP+)
(GPD), ribulose-bisphosphate carboxylase small chain
(Rubisco), and ribose 5-phosphate isomerase (RPI) A were
differentially expressed in S vs. CK comparison. Specifically,
the gene (Glyur002595s00035357)-encoding GPD, the genes
(Glyur000604s00024572 and Glyur001973s00030832)-encoding
Rubisco, and the gene (Glyur004632s00040687)-encoding RPI
were upregulated in S vs. CK comparison. However, G2 had no
significant effect on the genes related to carbon fixation in the
photosynthetic organisms pathway.

In the relationship between carbohydrates and photosynthetic
pigments (Figure 9 and Supplementary Figure 1A), fructose
content was negatively correlated with Chl a and Chl a + b
contents; the ratio of sucrose/starch was very negatively
correlated with Chl a and Chl a + b contents, and negatively
correlated with Chl b and Car contents.

Effect of Bacillus cereus G2 on Enzymes
Related to Carbohydrate Transformation
in Glycyrrhiza uralensis Seedlings
Salt stress significantly increased AGP activity but decreased SSS
activity, while G2 significantly increased the activities of SSS,
AM, and BM in G. uralensis under salt stress (Figures 5, 8). Salt
stress significantly decreased the activities of SPS, SS, and NI,
while G2 significantly increased the activities of SS, NI, and AI
in G. uralensis under salt stress (Figures 6, 8).

In the starch and sucrose metabolism pathway (Table 1
and Figure 4), β-glucosidase, β-fructofuranosidase (INV),
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FIGURE 1 | (A) A part of the experiment layout of Glycyrrhiza uralensis Fisch. seedlings grown in control and salt stress conditions without or with Bacillus cereus
G2. (B) Effects of B. cereus G2 on growth parameters of G. uralensis seedlings under control and salt stress conditions. CK, control group; S, salt stress group;
CK + G2, control combined with the G2 group; S + G2, salt stress combined with the G2 group. The different letters within the different treatments in the same
parameter indicate the significant difference at the 0.05 level. Values are means ± SE (n = 3).
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FIGURE 2 | Effects of B. cereus G2 on carbohydrates contents in G. uralensis seedlings under control and salt stress conditions. CK, control group; S, salt stress
group; CK + G2, control combined with the G2 group; S + G2, salt stress combined with the G2 group. The different letters within the different treatments in the
same parameter indicate the significant difference at the 0.05 level. Values are means ± SE (n = 3). (A) TSS: total soluble sugar. (B) Sta: starch. (C) Fru: fructose. (D)
Suc: sucrose. (E) Suc/Sta: sucrose/starch.

α-glucosidase, trehalose 6-phosphate synthase/phosphatase
(TPS), BM, SS, and HK were differentially expressed
under different treatments. Specifically, the genes

FIGURE 3 | Effects of B. cereus G2 inoculation on photosynthetic pigment
contents in G. uralensis seedlings under control and salt stress conditions.
CK, control group; S, salt stress group; CK + G2, control combined with the
G2 group; S + G2, salt stress combined with the G2 group. The different
letters within the different treatments in the same parameter indicate the
significant difference at the 0.05 level. Values are means ± SE (n = 3). Chl a,
chlorophyll a; Chl b, chlorophyll b; Car, carotenoids.

(Glyur000779s00022830 and Glyur000585s00027748)-encoding
β-glucosidase and the gene (Glyur000324s00015431)-encoding
HK were upregulated, but the gene (Glyur000214s00016036)-
encoding β-glucosidase, the gene (Glyur000064s00005640)-
encoding INV, the genes (Glyur000018s00003759 and
Glyur000231s00022077)-encoding TPS and the genes
(Glyur000047s00004005 and Glyur000067s00006388)-encoding
BM were downregulated in S vs. CK comparison. However,
the gene (Glyur000005s00001105)-encoding α-glucosidase, the
gene (Glyur000018s00003759)-encoding TPS, and the gene
(Glyur001957s00039090)-encoding SS were upregulated in
S+ G2 vs. S comparison.

In the relationship between carbohydrate and carbohydrate
transformation parameters (Figure 9 and Supplementary
Figure 1B), TSS content was very positively correlated
with SS and SPS activities and positively correlated with
NI activity, and very negatively correlated with AGP
activity. Starch content was very positively correlated with
SSS and AM and positively correlated with the activities
of GBSS and BM. Sucrose and fructose contents were
very positively correlated with SS activity and positively
correlated with NI activity, and very negatively correlated
with AGP activity. The ratio of sucrose/starch was positively
correlated with SPS activity and negatively correlated with the
activities of GBSS and AM.
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TABLE 1 | Regulation of carbohydrate metabolism-related DEGs in G. uralensis by salt stress or B. cereus G2.

Pathway Enzyme
name

Definition (EC) Gene ID Regulated

S vs. CK
comparison

S + G2 vs. S
comparison

Carbon fixation in
photosynthetic organisms

GPD Glyceraldehyde-3-phosphate dehydrogenase
(NADP+) (phosphorylating) (EC:1.2.1.13)

Glyur002595s00035357 Up –

Rubisco Ribulose-bisphosphate carboxylase small chain
(EC:4.1.1.39)

Glyur000604s00024572 Up –

Glyur001973s00030832 Up –

RPI Ribose 5-phosphate isomerase (EC:5.3.1.6) Glyur004632s00040687 Up –

Starch and sucrose
metabolism

β-
Glucosidase

Beta-glucosidase (EC:3.2.1.21) Glyur000779s00022830 Up –

Glyur000585s00027748 Up –

Glyur000214s00016036 Down –

INV, sacA Beta-fructofuranosidase (EC:3.2.1.26) Glyur000064s00005640 Down –

α-
Glucosidase

Alpha-glucosidase (EC:3.2.1.20) Glyur000005s00001105 – Up

TPS Trehalose 6-phosphate synthase/phosphatase
(EC:2.4.1.15 3.1.3.12)

Glyur000018s00003759 Down Up

Glyur000231s00022077 Down –

BM Beta-amylase (EC:3.2.1.2) Glyur000047s00004005 Down –

Glyur000067s00006388 Down –

SS Sucrose synthase (EC:2.4.1.13) Glyur001957s00039090 – Up

HK Hexokinase (EC:2.7.1.1) Glyur000324s00015431 Up –

EMP-TCA cycle HK Hexokinase (EC:2.7.1.1) Glyur000324s00015431 Up –

PFK, pfkA 6-Phosphofructokinase 1 (EC:2.7.1.11) Glyur000219s00011582 Up –

PDC Pyruvate decarboxylase (EC:4.1.1.1) Glyur000136s00007955 Up –

Glyur003994s00042985 Up Down

ADH S-(hydroxymethyl)glutathione
dehydrogenase/alcohol dehydrogenase
(EC:1.1.1.284 1.1.1.1)

Glyur000038s00004477 Up –

ALDH Aldehyde dehydrogenase (NAD+) (EC:1.2.1.3) Glyur000698s00016570 Up –

pdhB, PDHB Pyruvate dehydrogenase E1 component beta
subunit (EC:1.2.4.1)

Glyur000278s00017282 Up –

pdhD, DLD,
lpd

Dihydrolipoamide dehydrogenase (EC:1.8.1.4) Glyur000082s00007586 Up –

CK, control group; S, salt stress group; S + G2, salt stress combined with G2 group.
“–” means normal.

Effect of Bacillus cereus G2 on the
Levels of Intermediates and Enzymes in
the EMP Pathway-Tricarboxylic Acid
Cycle of Glycyrrhiza uralensis Seedlings
In the EMP pathway, salt stress significantly decreased HK
activity, while increased PFK and PK activities in G. uralensis.
Interestingly, G2 only significantly increased HK activity under
salt stress but decreased PK and PFK activities in G. uralensis
under salt stress. As for the TCA cycle, salt stress significantly
decreased PDH and SDH activities and CA content, but increased
MDH activity in G. uralensis. Interestingly, G2 significantly
increased PDH and ICDH activities and CA content, but
decreased SDH activity under salt stress condition (Figures 7, 8).

In the EMP pathway-TCA cycle (Table 1 and
Figure 4), HK, PFK, pyruvate decarboxylase (PDC),
S-(hydroxymethyl)glutathione dehydrogenase/alcohol

dehydrogenase (ADH), aldehyde dehydrogenase (NAD+)
(ALDH), pyruvate dehydrogenase E1 component beta
subunit (pdhB), and dihydrolipoamide dehydrogenase (pdhD)
were differentially expressed under different treatments.
Specifically, the gene (Glyur000324s00015431)-encoding
HK, the gene (Glyur000219s00011582)-encoding PFK, the
genes (Glyur000136s00007955 and Glyur003994s00042985)-
encoding PDC, the gene (Glyur000038s00004477)-encoding
ADH, the gene (Glyur000698s00016570)-encoding ALDH,
the gene (Glyur000278s00017282)-encoding pdhB, and
the gene (Glyur000082s00007586)-encoding pdhD were
upregulated in S vs. CK comparison, while only the gene
(Glyur003994s00042985)-encoding PDC was downregulated in
S+ G2 vs. S comparison.

In the relationship between EMP pathway-TCA cycle
parameters and carbohydrates (Figure 9 and Supplementary
Figure 1C), the HK activity was positively correlated with the
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FIGURE 4 | A figure of the mechanism by which B. cereus G2 improves the salt tolerance of G. uralensis by regulating DEGs related to carbohydrate metabolism.
CK, control group; S, salt stress group; S + G2, salt stress combined with the G2 group; GPD, glyceraldehyde-3-phosphate dehydrogenase (NADP+); Rubisco,
ribulose-bisphosphate carboxylase small chain; RPI, ribose 5-phosphate isomerase A; INV, beta-fructofuranosidase; TPS, trehalose 6-phosphate
synthase/phosphatase; BM, beta-amylase; SS, sucrose synthase; HK, hexokinase; PFK, 6-phosphofructokinase 1; pdhB, pyruvate dehydrogenase E1 component
beta subunit; PDC, pyruvate decarboxylase; ADH, S-(hydroxymethyl)glutathione dehydrogenase/alcohol dehydrogenase; pdhD, dihydrolipoamide dehydrogenase;
ALDH, aldehyde dehydrogenase.

ratio of sucrose/starch; the PFK activity was very negatively
correlated with the contents of TSS, sucrose, and fructose; the
PK activity was very negatively correlated with the contents
of TSS, sucrose, fructose, and the ratio of sucrose/starch; the
PDH activity was very positively correlated with the contents
of TSS, sucrose, and fructose and positively correlated with the
ratio of sucrose/starch; the MDH activity was very negatively
correlated with the contents of TSS, sucrose, and fructose
and negatively correlated with the ratio of sucrose/starch;

the CA content was only very positively correlated with
the starch content.

Principal Component Analysis
The results of PCA related to photosynthetic pigment contents,
starch, and sucrose metabolism and EMP pathway-TCA cycle
indexes that we measured revealed a closer association between
biological replicates than between salinity or G2 treatments
(Supplementary Figures 2A,B). PC1 explaining 42.9% of
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FIGURE 5 | Effects of B. cereus G2 on enzymes related to starch synthesis and decomposition in G. uralensis seedlings under control and salt stress conditions.
CK, control group; S, salt stress group; CK + G2, control combined with the G2 group; S + G2, salt stress combined with the G2 group. The different letters within
the different treatments in the same parameter indicate the significant difference at the 0.05 level. Values are means ± SE (n = 3). (A) AGP: ADP-glucose
pyrophosphorylase. (B) GBSS: granule-bound starch synthase. (C) SSS: soluble starch synthase. (D) AM: α-amylase; (E) BM: β-amylase.

total variation uncovered differences between plants of CK
and S treatments, while PC2, accounting for 26.5% of total
variation, distinctly separated the plants provided with S and
S + G2 treatments. PC1 formation covers photosynthetic
pigment contents, sucrose synthesis, and EMP indices, while
PC2 formation covers starch synthesis and decomposition
indices. PC1 clearly separated S-treated G. uralensis from control
G. uralensis because of photosynthetic pigment contents, sucrose
synthesis, and EMP indices. PC2 clearly separated S + G2-
treated G. uralensis from S-treated G. uralensis because of starch
synthesis and decomposition indices.

The results of PCA related to gene expression in carbon
fixation in photosynthetic organisms, starch, and sucrose
metabolism and the EMP pathway-TCA cycle pathway
also revealed a relatively closer association between
biological replicates than between salinity or G2 treatments
(Supplementary Figures 2C,D). PC1 explaining 44.2% of total
variation revealed differences between plants of CK and S
treatments, while PC2 accounting for 19.2% of total variation
distinctly separated the plants provided with S and S + G2
treatments, which is consistent with the result of the PCA in
the physiological biochemical level. PC1 formation covered the
genes related to the synthesis and decomposition of sucrose
and fructose, while PC2 formation covers the genes-encoding
pdhD, PFK, and PDC-2. PC1 clearly separated S-treated
G. uralensis from control G. uralensis because of the genes related
to the synthesis and decomposition of sucrose and fructose
indices. PC2 clearly separated S + G2-treated G. uralensis

from S-treated G. uralensis because of the genes-encoding
pdhD, PFK, and PDC-2.

The Polymerase Chain Reaction
Expression Level of the Ley DEGs
Related to Carbohydrate Metabolism in
Glycyrrhiza uralensis Seedlings
To elucidate the correlation between mRNA transcript levels
and gene expression levels and further analyze the carbohydrate
metabolism-related genes expression level, transcriptional
analysis of 10 DEGs in carbohydrate metabolism was conducted
via RT-PCR and qRT-PCR in G. uralensis seedlings under
four treatments (CK, CK + G2, S, and S + G2). The genes-
encoding β-glucosidase, INV, α-glucosidase, BM, and SS
in carbohydrate transformation and HK, PFK, pdhB, and
pdhD in the EMP pathway-TCA cycle were used for this
study. The RT-PCR results are shown in Supplementary
Figure 3. The qRT-PCR results (Figure 10) showed that
salt stress downregulated the genes-encoding INV, BM, and
one of the gene-encoding β-glucosidase, while upregulated
the genes-encoding HK, PFK, pdhB, pdhD, and one of the
gene-encoding β-glucosidase in G. uralensis seedlings. G2
downregulated the genes-encoding INV, HK, PFK, pdhB,
pdhD, and one of the genes encoding β-glucosidase, while G2
upregulated the genes encoding α-glucosidase under salt stress
in G. uralensis seedlings.
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FIGURE 6 | Effects of B. cereus G2 on enzymes related to sucrose synthesis and decomposition in G. uralensis seedlings under control and salt stress conditions.
CK, control group; S, salt stress group; CK + G2, control combined with the G2 group; S + G2, salt stress combined with the G2 group. The different letters within
the different treatments in the same parameter indicate the significant difference at the 0.05 level. Values are means ± SE (n = 3). (A) SPS: sucrose-phosphate
synthase. (B) SS: sucrose synthase. (C) NI: neutral invertase. (D) AI: acid invertase.

DISCUSSION

Effect of G2 on Growth in Glycyrrhiza
uralensis Under Salt Stress
Growth inhibition is the most frequent and significant effect of
salt stress on plants, and it is mainly manifested as a decrease
in biomass (Zhang et al., 2018). Present results also showed
that salt stress inhibited the growth of G. uralensis, and this
effect was partly reversed by G2 inoculation (Figure 2), agreeing
with previous findings on wheat (Triticum turgidum subsp.
durum) (Ibarra-Villarreal et al., 2021), soybean (G. max L.)
(El-Esawi et al., 2018), and Artemisia ordosica (Hou et al.,
2021). Specifically, G2 significantly increased plant height, stem
diameter, fresh weight, and dry weight of G. uralensis seedlings
under salt stress (Figure 1B).

Effect of G2 on Photosynthesis in
Glycyrrhiza uralensis Under Salt Stress
Carbohydrate is produced during photosynthesis and acts as
a substrate for respiration, which reflects the balance between
plant carbon acquisition and expenditure (Liu et al., 2016). We
mainly analyzed the genes in carbon fixation in photosynthetic
organisms and the contents of photosynthetic pigments.

Our transcriptomic analysis showed that salt stress
upregulated the genes-encoding RPI, Rubisco, and GPD in
carbon fixation in photosynthetic organisms. The pathway of

carbon fixation in photosynthetic organisms is mainly divided
into three stages: the carboxylation stage, the reduction stage,
and the regeneration stage. In the carboxylation stage, Rubisco
as the key enzyme in the first step converted ribulose-1,5-
bisphosphate (RuBP) and atmospheric CO2 into two molecules
of 3-phosphoglycerate (3-PGA). Salt stress-induced stomatal
closure generally causes a decline in the available CO2; in
this case, Rubisco uses O2 that leads to the formation of 2-
phosphoglycolate, which is a toxic two-carbon compound and
inhibits at least two key enzymes of carbon metabolism, thus
attenuates the net photosynthesis rate (Frukh et al., 2019). In our
study, salt stress upregulated genes-encoding Rubisco; on the
one hand, salt stress promoted the synthesis of 3-PGA, therefore
promoted the energy storage process of photosynthesis at the
substrate level; on the other hand, salt stress might promote
the synthesis of 2-PGA, thereby weakening photosynthesis.
However, the direction of Rubisco regulation depends on the
partial pressure of CO2 and O2 in the environment, which need
to be further analyzed. In the reduction stage, GPD catalyzes the
reduction of 1,3-bisphosphoglycerate by NADPH to produce
3-phosphoglyceraldehyde (G3P) and NADP+; then, PGA can
accept electrons from NADPH to decrease ROS production,
and G3P can be used to synthesize starch in the chloroplast or
can be transported to the cytoplasm for sucrose biosynthesis
(Chintakovid et al., 2017). In this study, salt stress upregulated
the gene-encoding GPD, therefore promoted the energy storage
process of photosynthesis. However, whether the upregulation

Frontiers in Plant Science | www.frontiersin.org 11 January 2022 | Volume 12 | Article 712363590

https://www.frontiersin.org/journals/plant-science
https://www.frontiersin.org/
https://www.frontiersin.org/journals/plant-science#articles


fpls-12-712363 December 29, 2021 Time: 14:43 # 12

Xiao et al. G2 Improved G. uralensis Salt Tolerance

FIGURE 7 | Effects of B. cereus G2 on EMP-TCA-related enzyme activities and intermediate contents in G. uralensis seedlings under control and salt stress
conditions. CK, control group; S, salt stress group; CK + G2, control combined with the G2 group; S + G2, salt stress combined with the G2 group. The different
letters within the different treatments in the same parameter indicate the significant difference at the 0.05 level. Values are means ± SE (n = 3). (A) HK: hexokinase.
(B) PFK: phosphofructokinase. (C) PK: pyruvate kinase. (D) PA: pyruvate. (E) PDH: pyruvate dehydrogenase. (F) ICDH: isocitrate dehydrogenase. (G) MDH: malate
dehydrogenase. (H) SDH: succinate dehydrogenase. (I) CA: citrate.

of the GPD gene under salt stress can help G. uralensis reduce
the production of ROS and promote the synthesis of starch
and sucrose remains to be confirmed by further studies. In the
regeneration stage, RPI not only isomerizes ribose-5-phosphate
into ribulose-5-phosphate but also helps in the regeneration
of the Rubisco substrate (Moigne et al., 2020); therefore, the
upregulation of the gene-encoding RPI could contribute to
providing sufficient Rubisco substrates for G. uralensis seedling
under salt stress. However, our results found that G2 had little

effect on the gene related to carbon fixation in photosynthetic
organisms in G. uralensis under salt stress.

Salt stress generally reduced Chl content (Rabiei et al., 2020);
however, some studies have reported increased Chl content with
increasing salt stress in salt-tolerant plants (Borghesi et al., 2011;
Huang et al., 2015; Qiu et al., 2017). In our study, salt stress
also increased contents of Chl a, b, and a + b in G. uralensis,
and then, maybe, leading to highly efficient photosynthesis in
terms of light reaction, which is further supported by our
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FIGURE 8 | A figure of the mechanism by which B. cereus G2 improves the salt tolerance of G. uralensis by regulating enzymes and intermediates related to
carbohydrate metabolism. CK, control group; S, salt stress group; CK + G2, control combined with the G2 group; S + G2, salt stress combined with the G2 group.
SPS, sucrose-phosphate synthase; SS, sucrose synthase; AGP, ADP-glucose pyrophosphorylase; GBSS, granule-bound starch synthase; HK, hexokinase; PFK,
phosphofructokinase; PK, pyruvate kinase; PA, pyruvate; PDH, pyruvate dehydrogenase; CA, citrate; ICDH, isocitrate dehydrogenase; SDH, succinate
dehydrogenase; MDH, malate dehydrogenase.

observation that G. uralensis leaves under salt stress exhibited
greener compared to that under control conditions (Figure 1A).
Interestingly, G2 further increased Chl a and Car contents
in G. uralensis exposed to salt stress, which possibly helped
improve the photosynthetic rate of G. uralensis and promote
plants to resist oxidative stress caused by salt stress (Gururani
et al., 2015), thus accumulating more photosynthetic products.
Carbohydrates are important substrates of metabolism that helps
the plants in various physiological events by regulating the

import of carbon to the metabolical sink (Aliche et al., 2019).
In this study, salt stress resulted in a significant decrease in
starch and TSS contents, and decreased G. uralensis growth and
yield; in this case, G. uralensis thus could require the enhanced
photosynthetic rate to synthesize more photosynthetic products
to maintain the normal metabolism under salt stress, which
may be the reason for the increase of Chl content under salt
stress. Moreover, G2 significantly increased the starch and TSS
contents in G. uralensis under salt stress, which could attribute
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FIGURE 9 | Correlation analysis among G. uralensis photosynthetic pigment contents, starch and sucrose metabolism, EMP and TCA cycle indexes in the four
treatments (CK, CK + G2, S, and S + G2). CK, control group; S, salt stress group; CKEE + G2, control combined with the G2 group; S + G2, salt stress combined
with the G2 group. Chl a, chlorophyll a; Chl b, chlorophyll b; Car, carotenoids; AGP, ADP-glucose pyrophosphorylase; GBSS, granule-bound starch synthase; SSS,
soluble starch synthase; AM, α-amylase; BM, β-amylase; SPS, sucrose-phosphate synthase; SS, sucrose synthase; AI, acid invertase; NI, neutral invertase; HK,
hexokinase; PFK, phosphofructokinase; PK, pyruvate kinase; PDH, pyruvate dehydrogenase; ICDH, isocitrate dehydrogenase; SDH, succinate dehydrogenase;
MDH, malate dehydrogenase; PA, pyruvate; CA, citrate; TSS, total soluble sugar; Sta, starch; Fru, fructose; Suc, sucrose.

to improve the photosynthetic rate caused by increased Chl a
and Car contents.

It was concluded that the G2 increased carbohydrate contents
mainly by increasing photosynthetic pigments rather than by
regulating the gene related to carbon fixation in photosynthetic
organisms in G. uralensis under salt stress.

Effect of G2 on Carbohydrate
Transformation in Glycyrrhiza uralensis
Under Salt Stress
Carbohydrate contents are not only related to photosynthesis
but also closely related to the key enzymes in its synthesis
and decomposition. Maintenance of the balance among the
production, translocation, partition, and use of carbohydrate
is important for plants’ normal growth. Starch, sucrose, and
fructose are the important components of carbohydrate.

Starch is a major storage form of carbohydrate and an energy
carrier in plant storage organs. In the present study, salt stress
significantly decreased starch content, while G2 significantly

increased starch content in G. uralensis under salt stress
(Figure 2). In starch synthesis, AGP catalyzes the conversion of
glucose 1-phosphase and ATP to produce the precursor for starch
biosynthesis, ADP-glucose (Sun et al., 2021), while GBSS and SSS
catalyze the elongation of a-1,4-glucosidic bonds on amylose and
amylopectin molecules, respectively, by the transfer of glucose
from ADPG (Wu et al., 2020). Transcriptomic analysis showed
that the genes related to starch synthesis had no differential
expression in G. uralensis both in S vs. CK and S + G2 vs. S
comparisons. However, different results were found when the
activities of enzymes related to starch synthesis were measured.
Specifically, salt stress significantly increased AGP activity but
decreased SSS activity, while G2 significantly increased the
activity of SSS in G. uralensis under salt stress (Figure 3), which
could be the result of the combined action of all genes-encoding
AGP and SSS. The results indicating that the decrease of starch
under salt stress were mainly due to the inhibition of amylopectin
synthesis, while the accumulation of starch by G2 under salt stress
was also mainly due to the promotion of amylopectin synthesis.
In starch decomposition, amylase catalyzes the hydrolysis of
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FIGURE 10 | Expression of carbohydrate metabolism-related genes (qRT-PCR) in G. uralensis in four treatments (CK, CK + G2, S, and S + G2). CK, control group;
S, salt stress group; CK + G2, control combined with the G2 group; S + G2, salt stress combined with the G2 group (mean ± SD; *p < 0.05; **p < 0.01;
***p < 0.001). (A) INV: beta-fructofuranosidase. (B) SS: sucrose synthase. (C) HK: hexokinase. (D) PFK: 6-phosphofructokinase 1. (E) α-glucosidase:
alpha-glucosidase. (F,J) β-glucosidase: beta-glucosidase. (G) pdhB: pyruvate dehydrogenase E1 component beta subunit. (H) pdhD: dihydrolipoamide
dehydrogenase (I) BM: beta-amylase.

starch to a mixture of smaller oligosaccharides (Baslam et al.,
2020). Specifically, starch grains are attacked by AM to release
linear and branched oligosaccharides, and then BM catalyzes
branched oligosaccharides to release maltose disaccharides
(Lloyd and Kötting, 2016). G2 had no effect on the genes-
encoding AM and BM by transcriptomic analysis and the gene
Glyur000067s00006388 by qRT-PCR, but G2 increased AM and
BM activities in G. uralensis under salt stress that helped starch
hydrolysis and provided energy for subsequent life activities of
plants, which could be the result of the combined action of all
genes-encoding AM and BM. Furthermore, S + G2 treatment
increased AM and BM activities, and the variation activity of
AM was higher than BM, which was possibly due to excessive
starch content required increased AM activity to decompose and
produce linear and branched oligosaccharides, thus providing
sufficient substrates for subsequent carbohydrate metabolism,
whereas BM only catalyzed branched oligosaccharides. Moreover,
starch content was very positively correlated with SSS and AM
activities and positively correlated with BM activity (Figure 7),
which also indicated that the decrease of starch content in
G. uralensis under salt stress was mainly attributed to the decrease
of SSS activity, while the increase of starch content by G2 in
G. uralensis under salt stress was also mainly due to the increase
of SSS activity firstly, and then the elevated starch required higher
activities of amylase for decomposing, which thus improved the
activities of AM and BM.

Sucrose is the main product of plant photosynthesis, which
not only acts as a carbon and energy source but also plays
a key role as a signaling molecule to regulate the growth
of source and sink tissues and the sugar-mediated feedback
repression of photosynthesis (Gil et al., 2013). In the present
study, salt stress markedly decreased sucrose content, while G2

significantly increased sucrose content in G. uralensis under
salt stress. SPS is responsible for the synthesis of sucrose
from glucose and fructose, and AI, NI, and α-glucosidase
catalyze the sucrose to glucose and fructose (Lombardo et al.,
2011; Bilska-Kos et al., 2020), while SS has a dual role
in the synthesis and hydrolysis of sucrose (Yang et al.,
2020). In sucrose synthesis, salt stress had no significantly
effect on the genes-encoding SPS and SS by transcriptomic
analysis and the gene Glyur001957s00039090 by qRT-PCR,
but salt stress significantly decreased SS and SPS activities
that inhibited the synthesis of sucrose, which could be the
result of the combined action of all genes-encoding SS and
SPS. G2 upregulated the gene Glyur001957s00039090-encoding
SS by transcriptomic analysis, and G2 also increased SS
activity in G. uralensis under salt stress that promoted the
synthesis of sucrose, which suggested that G2 promoted the
synthesis of sucrose, mainly by regulating SS activity resulted
from upregulation of the gene Glyur001957s00039090. The
activity of SS is highly correlated with sucrose content so
that changes in SS activity may largely explain the reduced
sucrose content in G. uralensis under S condition and the
increased sucrose content in G. uralensis under S + G2 condition.
In sucrose decomposition, salt stress downregulated the gene
Glyur000064s00005640-encoding INV by transcriptomic and
qRT-PCR analysis, and salt stress also decreased NI activity
that inhibited the hydrolysis of sucrose, which indicated that
salt stress inhibited the hydrolysis of sucrose mainly by
regulating NI activity resulted from downregulation of the gene
Glyur000064s00005640. However, G2 downregulated the gene
Glyur000064s00005640-encoding INV by qRT-PCR analysis, but
G2 increased NI and AI activities in G. uralensis under salt
stress that promoted the hydrolysis of sucrose, which indicated
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that gene Glyur000064s00005640 is not the key gene that
controlled NI and AI activities. Moreover, G2 upregulated
the gene Glyur000005s00001105-encoding α-glucosidase by
transcriptomic and qRT-PCR analyses, which suggested that G2
promoted the hydrolysis of sucrose under salt stress. Owing
to sucrose accumulation under the S + G2 condition, the cell
osmotic potential decreased. In order to avoid further water
loss of leaves, G2 promoted sucrose hydrolysis and increased
the accumulation of reducing sugar in G. uralensis under salt
stress not only by upregulating invertase but also by upregulating
α-glucosidase, thus could help G. uralensis produce more energy
to cope with salt stress by facilitating sucrose hydrolysis.
Correlation analysis results showed that sucrose content was
positively correlated with NI activity, which indicated that the
overmuch sucrose required higher NI activity for decomposition,
which thus improved the activity of NI.

As for fructose, salt stress resulted in a significant decrease
in fructose content, while G2 resulted in a significant increase
in fructose content in G. uralensis. In fructose synthesis,
invertases and α-glucosidase mentioned above can catalyze the
cleavage of sucrose to glucose and fructose; therefore, these
enzymes not only participate in sucrose hydrolysis but also
contribute to the production of fructose. In the present study,
salt stress downregulated the gene Glyur000064s00005640-
encoding INV by transcriptomic and qRT-PCR analyses,
and salt stress also decreased NI activity that inhibited the
production of fructose, which indicated that salt stress inhibited
the production of fructose mainly by regulating NI activity
caused by downregulation of the gene Glyur000064s00005640.
G2 downregulated the gene Glyur000064s00005640-encoding
INV by qRT-PCR analysis, but G2 increased NI and AI
activities in G. uralensis under salt stress that promoted
the production of fructose, which indicated that gene
Glyur000064s00005640 is not the key gene that regulated
NI and AI activities under the S + G2 condition, and the
potential reason needs further studies. Moreover, G2 upregulated
the gene Glyur000005s00001105-encoding α-glucosidase by
transcriptomic and qRT-PCR analyses, which further verified G2
promoted the production of fructose under salt stress not only
by upregulating invertase but also by upregulating α-glucosidase.
In fructose decomposition, HK, as a key enzyme in EMP, can
phosphorylate glucose and fructose and induce leaf senescence
(Sun et al., 2021). In the present study, salt stress upregulated
gene Glyur000324s00015431-encoding HK by transcriptomic
and qRT-PCR analyses, but salt stress decreased HK activity
that inhibited the phosphorylation of fructose. However, G2
downregulated gene Glyur000324s00015431-encoding HK by
qRT-PCR analysis, but G2 increased HK activity in G. uralensis
under salt stress that promoted the phosphorylation of fructose
and thus provided sufficient substrates for EMP. These results
suggested that the gene Glyur000324s00015431 might not be
the pivotal gene that controlled HK activity, and the reason
needs further studies. The activity of NI is highly correlated
with fructose content so that changes in NI activity may largely
explain the reduced fructose content in G. uralensis under the
S condition and the increased fructose content in G. uralensis
under the S + G2 condition, and then the overmuch fructose

content required higher HK activity to decompose, which thus
improved the HK activity.

In the starch and sucrose metabolism pathway, in addition to
the genes mentioned above, the genes-encoding β-glucosidase
and TPS in G. uralensis were affected by salt or G2. β-Glucosidase
can catalyze the hydrolysis of the β-glycosidic linkage from
the nonreducing end of isoflavone glucosides, disaccharides,
oligosaccharides, aryl-glucosides, and alkyl-glucosides (Maitan-
Alfenas et al., 2014). However, as a major component of the
primary cell wall of many plant tissues, β-glucosidase may be
involved in the production of signaling molecules through
its specific hydrolytic activity, thus improving the plant’s
salt tolerance (Mostek et al., 2016). In our study, salt stress
downregulated the gene Glyur000214s00016036-encoding
β-glucosidase by transcriptomic and qRT-PCR analyses,
but upregulated the gene Glyur000585s00027748-encoding
β-glucosidase by transcriptomic and qRT-PCR analyses and
the gene Glyur000779s00022830-encoding β-glucosidase by
transcriptomic analysis in G. uralensis, which implied that
β-glucosidase could involve in the starch and sucrose metabolism
pathway through affecting hydrolytic activity. G2 downregulated
the gene Glyur000214s00016036-encoding β-glucosidase by qRT-
PCR analysis but had no significant effect on genes-encoding
β-glucosidase by transcriptomic analysis in G. uralensis under
salt stress; thus, the effect of β-glucosidase by G2 on G. uralensis
remains to be further studied. TPS can catalyze UDP-glucose
and glucose-6-phosphate to form trehalose 6-phosphate (Tre6P),
and then trehalose 6-phosphate phosphatase (TPP) can catalyze
trehalose from Tre6P (Wang P. et al., 2020). Overexpression of
the TPS gene in plants can enhance the ability of plant cells to
scavenge ROS, promote the low accumulation of O2 and H2O2,
thereby reducing cell death and enhancing salt tolerance and
permeability of plants (Wang P. et al., 2020). In the present study,
salt stress downregulated the genes (Glyur000018s00003759 and
Glyur000231s00022077)-encoding TPS, while G2 upregulated
the gene Glyur000018s00003759-encoding TPS under salt stress
in G. uralensis that may alleviate the oxidative stress caused by
salt stress, thus improving the salt tolerance of G. uralensis.

Normal carbohydrate metabolism persists when plants grow
unstressed conditions; in such a case, energy is stored in
the form of starch, and the accumulation of TSS usually
remains very limited. TSS concentrations are required for osmo-
protection and carbon storage in plants subjected to salt stress
(Neera and Amrit, 2018).

Effect of G2 on the EMP-Tricarboxylic
Acid Cycle in Glycyrrhiza uralensis Under
Salt Stress
The EMP pathway-TCA cycle plays an important role in the
aerobic respiration of plants, providing ATP, reductants, and
metabolites needed for plant growth and development (Jiang,
2011). Sucrose and starch are sources of the EMP substrate
fructose (Li et al., 2020), and they store chemical energy that can
be released in the form of ATP through the EMP pathway-TCA
cycle (Bandehagh and Taylor, 2020), and our study found that
G2 increased the sucrose, starch, and fructose contents, which
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result in the EMP pathway being promoted from the substrate
and energy level. In plants, HK, PFK, and PK are crucial for
regulating the EMP pathway. HK is supposed to act as a sugar
sensor and/or interact with other enzymes directly in supplying
metabolic pathways (Kim et al., 2013). PFK is the rate-limiting
enzyme in the EMP pathway because of its low catalytic efficiency
and irreversible catalytic reaction (Wen et al., 2020). PK, a
transferase involved in the final step of EMP, catalyzes PEP and
adenosine diphosphate (ADP), resulting in one molecule of PA
and one molecule of ATP. In our study, salt stress upregulated the
geneGlyur000324s00015431-encoding HK by transcriptomic and
qRT-PCR analyses, but decreased HK activity that inhibited the
EMP process at the substrate level. However, G2 downregulated
gene Glyur000324s00015431-encoding HK by qRT-PCR analysis,
but increased HK activity in G. uralensis under salt stress. These
results implied that the gene Glyur000324s00015431 might not
be the pivotal gene that regulates HK activity. The increase of
HK activity by G2 could not only promote the EMP process
at the substrate level but also help to alleviate the oxidative
stress caused by the decrease of HK activity in G. uralensis
under salt stress (Poór et al., 2019). Salt stress upregulated
the gene Glyur000219s00011582-encoding PFK in transcriptomic
and qRT-PCR results and also increased PFK and PK activity
in G. uralensis, resulting in increased respiration in response
to elevated energy requirements of G. uralensis from exposure
to salt (Jacoby et al., 2011), which suggested that salt stress
produced more energy by regulating PK and PFK resulted from
upregulation of the gene Glyur000219s00011582. The increased
PFK and PK activities may contribute to the acceleration of
glucose catabolism, further produce more energy to remedy the
inadequacy of energy caused by insufficient carbon sources, and,
finally, maintain the G. uralensis’s normal life activities under salt
stress, which is supported by the previous studies in tomato (Poór
et al., 2019) and mangrove tree (Suzuki et al., 2005). However, G2
downregulated the gene Glyur000219s00011582-encoding PFK
by qRT-PCR analysis and also decreased PFK and PK activities
in G. uralensis under salt stress, which suggested that the EMP
process was slowed down by regulating PK and PFK resulted
from downregulation of the gene Glyur000219s00011582. In
which case, the decrease of PFK and PK activities may be due to
G. uralensis-elevated energy requirements from exposure to salt
had been alleviated by G2. Additionally, an induced CA content
can enhance the inhibitory effect of ATP and thus inhibit PFK
activity (Sadka et al., 2019), which may help to explain why the
process of EMP was slowed down.

In addition to the genes-encoding HK and PFK mentioned
above, PDC, ADH, and ALDH-related genes in the EMP pathway
were affected by salt or G2 in G. uralensis. There are three
enzymes in the anaerobic metabolic pathway, PDC, ADH, and
lactate dehydrogenase (LDH), in which PDC converted PA
to acetaldehyde that was transformed to ethanol by ADH.
Acetaldehyde and acetaldehyde are harmful to plant cells (Pan
et al., 2019). ALDH further oxidizes acetaldehyde into carboxylic
acids that can help cope with salt stress (Tagnon and Simeon,
2017). In our study, all of the DEGs-encoding PDC, ADH, and
ALDH were upregulated in S vs. CK comparison, indicating
that salt stress could firstly cause to produce more acetaldehyde

and ethanol in G. uralensis by upregulating genes-encoding PDC
and ADH and thus injure plant cells; in such a case, ALDH
was upregulated timely for oxidizing excessive acetaldehyde into
carboxylic acids that help G. uralensis cope with salt stress.
However, only the gene-encoding PDC was downregulated in
S + G2 vs. S comparison in G. uralensis, suggesting that G2
could protect plant cells from the impairment caused by toxic
acetaldehyde and ethanol in G. uralensis under salt stress.

Pyruvate as the final product of the EMP pathway not only
plays an important role in improving the salt tolerance of plants
(Wu et al., 2013) but also links the EMP pathway with the
TCA cycle. In our study, salt stress caused the PA production
enzyme (PK) activity to increase and the PA decomposition
enzyme (PDH) activity to decrease, but salt stress had no
significant effect on PA content. This phenomenon may be due
to the anaplerotic function of phosphoenolpyruvate carboxylase
(PEPC) that replenished the TCA cycle with intermediates by
catalyzing PA to produce oxaloacetate (Figures 4, 8), which
finally ensured the normal progress of the TCA in G. uralensis
under salt stress, which is supported by the results in peanut
(Arachis hypogaea L.) (Pan et al., 2017). However, G2 caused
the PA production enzyme (PK) activity to decrease and the
PA decomposition enzyme (PDH) activity to increase, but had
no significant effect on PA content in G. uralensis under salt
stress, which may be due to G2 alleviated the inhibition to
the TCA cycle from exposure to salt, and the TCA cycle can
proceed normally, and the replenishment mechanism of PEPC
was weakened, thereby reducing the consumption of PA in
G. uralensis under salt stress.

The TCA cycle as the most effective way for an organism to
obtain energy from the oxidation of sugar and other substances
(Yu et al., 2021) can produce the largest amount of energy to
plant and provide ATP and reductants for adaptive processes,
such as ion exclusion, compatible solute synthesis, and ROS
detoxification under salt stress (Che-Othman et al., 2019). Firstly,
PDH as a bridge linking the EMP pathway to the TCA cycle
can catalyze the oxidative decarboxylation of PA into acetyl CoA,
which is the main input of energy in several steps of the TCA
cycle (Saha et al., 2012). PDH complex is a complex consisting
of three components: pdhB, dihydrolipoyl acetyltransferase
(pdhC), and pdhD. In our study, salt stress upregulated
the genes Glyur000278s00017282 and Glyur000082s00007586-
encoding pdhD and pdhB by transcriptomic and qRT-PCR
analyses, but decreased PDH activity in G. uralensis that
possibly inhibits energy production. However, G2 downregulated
the genes Glyur000278s00017282 and Glyur000082s00007586-
encoding pdhD and pdhB by qRT-PCR analysis, but increased
PDH activity in G. uralensis under salt stress that could provide
energy for subsequent life activities of G. uralensis. These
results indicated that the process of oxidative decarboxylation of
pyruvate to acetyl-coA is complex, and the key genes regulating
PDH need to be further identified. CA is the first organic acid
generated in the TCA cycle, and the increase of CA content could
help to resist the ionic stress in the plant (Torre-González et al.,
2017). In our study, salt stress significantly decreased the CA
content, while G2 significantly increased the CA content under
salt stress, which potentially indicates an increased capacity for
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acetyl-CoA-dependent synthesis of organic acid resulted from the
increase of PDH activity in G. uralensis by G2. These results are
supported by Che-Othman et al. (2019) for wheat. Moreover,
CA can inhibit PFK activity by enhancing the inhibitory effect
of ATP under S + G2 treatment, thus slowing down the EMP
process in G. uralensis, which is strongly supported by the results
from Sadka et al. (2019). The next three important steps in
the TCA cycle are conversion of isocitrate to α-ketoglutarate
catalyzed by ICDH, succinate to fumarate catalyzed by SDH with
the generation of energy in the form of FADH2, and malate to
oxaloacetate catalyzed by MDH (Saha et al., 2012). Specifically,
ICDH regulates nitrogen assimilation by maintaining the 2-
oxoglutarate level (Bustamante et al., 2019), thereby linking C
and N metabolism, and relates to plant antioxidants (Liu et al.,
2010). In our study, G2 increased ICDH activity in G. uralensis
under salt stress, which could affect C and N metabolism and
antioxidant system. The accumulated CA under the S + G2
condition resulted from the increase of PDH activity needs higher
ICDH to catalyze, thereby the ICDH activity was increased under
the S + G2 condition. SDH plays a key role in mitochondrial
metabolism both as a member of the electron transport chain
and the TCA cycle (Araújo et al., 2011). Salt stress decreased
SDH activity in G. uralensis, which could attribute to chloride
that has a strong inhibitory effect on SDH activity, which is
supported by Nunes-Nesi et al. (2013). However, G2 decreased
SDH activity in G. uralensis under salt stress, which may attribute
to the mitigation of chlorine toxicity. The TCA cycle is completed
by MDH, which, as a salt-sensitive enzyme, is thought to play
a protective role by counteracting the damaging effect of salt
by increasing the malate through conformational change (Saha
et al., 2012). Salt stress enhanced MDH activity in G. uralensis,
and the more active MDH could offset the damaging effect of
salinity by conformational changes, thus protecting G. uralensis
from salt stress.

It was concluded that the G2 slowed-down EMP pathway
may be attributed to the following reasons. Firstly, G2 alleviated
the elevated energy requirements from exposure to salt, thereby
decreased PFK and PK activities in G. uralensis under salt
stress. Secondly, increased CA content inhibited PFK activity
by enhancing the inhibitory effect of ATP under the S + G2
condition. Moreover, G2 increased HK activity, which may
inhibit the production of ROS and increased ICDH activity,
which may affect the production of plant antioxidants, thus
possibly improving salt tolerance of G. uralensis by affecting the
antioxidant system. PDH, as a key enzyme for major energy
regulation in the TCA cycle, was promoted by G2 under salt
stress in G. uralensis, which activated the TCA cycle, resulting in
the production of large amounts of intermediates and energy to
support G. uralensis growth under salt stress.

CONCLUSION

G2 improved Chl content in G. uralensis under salt stress,
which may lead to highly efficient photosynthesis in terms of
light reaction. Second, it increased carbohydrate contents in
G. uralensis due to balanced regulation of related enzymes, thus

increased G. uralensis growth and yield under salt stress, and the
increase of TSS content induced by G2 plays a protective role in
osmoregulation in G. uralensis seedlings under salt stress. Third,
it alleviated the elevated energy requirements from exposure to
salt, thereby slowing down the EMP process in G. uralensis under
salt stress. Fourth, it provided energy for the subsequent life
activities of G. uralensis under salt stress through regulating the
TCA cycle. Therefore, G2 can effectively regulate and accumulate
carbohydrate, improve salt tolerance, and thereby promote the
growth of G. uralensis seedlings under salt stress.
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Supplementary Figure 1 | A correlation line graph between carbohydrates and
photosynthetic pigment contents, carbohydrates transformation, and EMP
pathway-TCA cycle indexes in G. uralensis seedlings. (A) The causal relationship
between photosynthetic pigment contents and carbohydrates in G. uralensis
seedlings. (B) The causal relationship between starch and sucrose-related
enzymes and carbohydrates in G. uralensis seedlings. (C) The causal relationship
between EMP pathway-TCA cycle-related enzymes and intermediates and
carbohydrates in G. uralensis seedlings. The solid and dotted lines indicate the
positive and negative effects, respectively. CK, control group; S, salt stress group;
CK + G2, control combined with the G2 group; S + G2, salt stress combined with
the G2 group. The different letters within the different treatments in the same
parameter indicate the significant difference at the 0.05 level. Values are
means ± SE (n = 3). Chl a, chlorophyll a; Chl b, chlorophyll b; Car, carotenoids;
AGP, ADP-glucose pyrophosphorylase; GBSS, granule-bound starch synthase;
SSS, soluble starch synthase; AM, α-amylase; BM, β-amylase; SPS,
sucrose-phosphate synthase; SS, sucrose synthase; AI, acid invertase; NI, neutral
invertase; HK, hexokinase; PFK, phosphofructokinase; PK, pyruvate kinase; PDH,
pyruvate dehydrogenase; ICDH, isocitrate dehydrogenase; SDH, succinate
dehydrogenase; MDH, malate dehydrogenase; Sta, starch; Fru,
fructose; Suc, sucrose.
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Supplementary Figure 2 | Principal component analysis of enzyme activity and
gene expression in photosynthesis, starch and sucrose metabolism, and EMP and
TCA cycle indexes of G. uralensis seedlings under four treatments (CK, CK + G2,
S, and S + G2). (A) Ordering distribution and interpretation of the 12 principal
components related to enzyme activity. (B) The contribution of the variables
related to photosynthetic pigments content, starch and sucrose metabolism, and
EMP and TCA cycle indexes to the principal components. (C) Ordering
distribution and interpretation of the 12 principal components related to gene
expression. (D) The contribution of the variables related to carbon fixation in the

photosynthetic organisms pathway, starch and sucrose metabolism, and EMP
and TCA cycle indexes to the principal components. The depth of the color of the
arrow line represents the degree of contribution. The angle of the arrow line
represents correlations. CK, control group; S, salt stress group; CK + G2, control
combined with the G2 group; S + G2, salt stress combined with the G2 group.

Supplementary Figure 3 | Expression of carbohydrate metabolism-related genes
(RT-PCR) in G. uralensis in four treatments (CK, CK + G2, S, and S + G2). CK,
control group; S, salt stress group; CK + G2, control combined with the G2
group; S + G2, salt stress combined with the G2 group.
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Effects of Preharvest Methyl
Jasmonate and Salicylic Acid
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Cheng Wang†, Jing Zhang†, Jianming Xie* , Jihua Yu, Jing Li, Jian Lv, Yanqiang Gao,
Tianhang Niu and Bakpa Emily Patience

College of Horticulture, Gansu Agricultural University, Lanzhou, China

Methyl jasmonate (MeJA) and salicylic acid (SA) regulate the production of
biologically active compounds in plants and stimulate the accumulation of plant
aromatic substances. However, the underlying mechanisms of how MeJA and SA
influence characteristic flavor compounds and the antioxidant activity of vegetables
are poorly understood. Five MeJA and SA concentrations were used to investigate
the dose-dependent effects of these phytohormones on the dry and fresh weight;
chlorophyll abundance; the contents of vitamin C, soluble protein, and sugar, nitrate,
total phenols, flavonoids, volatile components, and enzymatically produced pyruvic
acid; and antioxidant activity in Chinese chive. We found that MeJA and SA at
concentrations of 500 and 150 µM, respectively, significantly increased the levels of total
chlorophyll, phenols and flavonoids, vitamin C, and volatile components and significantly
reduced the accumulation of nitrate. In addition, compared with the control, 500 µM
of MeJA significantly increased the soluble sugar and protein content, and 150 µM
SA significantly increased the dry and fresh weight of Chinese chive. Furthermore,
these concentrations of MeJA and SA significantly increased the enzymatic pyruvate
content and the amount of sulfide and aromatic volatile compounds and improved the
characteristic flavor compounds. The 2,2-diphenyl-1-picrylhydrazyl radical scavenging
capacity, Trolox-equivalent antioxidant capacity, and ferric-reducing antioxidant capacity
were significantly improved after a preharvest treatment with 500 µM MeJA and
150 µM SA, which could improve the antioxidant activity, thus improving the postharvest
quality and preservation characteristics of Chinese chives. Taken together, a preharvest
treatment with 500 µM MeJA and 150 µM SA is optimal to improve the growth, quality,
antioxidant activity, and flavor of Chinese chive, thereby enhancing its commercial value.

Keywords: methyl jasmonate, salicylic acid, antioxidant activity, quality, volatile compositions
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INTRODUCTION

Fruits and vegetables contain a large amount of nutrients
required by the human body, and their minerals, vitamins,
and antioxidants are important for maintaining human
health. As such, plants play a key role in maintaining a
balanced diet and in well-being (Gbska et al., 2020). Phenols,
carotenoids, alkaloids, and organosulfur compounds are the
main phytochemical categories (Liu, 2004). Organosulfur
compounds are the main flavor precursors of Allium plants,
and they endow Allium vegetables with great nutritional and
medicinal value (Jones, 2004; Yabuki et al., 2010). Flavonoids
have antifungal activity in plants and are therefore involved
in pathogen defense (Napal et al., 2009). Phenolics and
flavonoids play an important role as antioxidants in raw
food materials (Nayak et al., 2013; Ahmed and Eun, 2017).
The nutritional value of vegetables is also greatly improved
(Soppelsa et al., 2018).

Chinese chive (Allium tuberosum Rottler ex Spreng.) is a
popular vegetable in China. As a commercial crop, Chinese
chives are cultivated all over China (Mau et al., 2001).
Similar to that of garlic (Allium sativum L.), Chinese chive
has a distinctive odor due to volatile compounds and is
rich in nutrients, such as vitamins, proteins, carbohydrates,
and cellulose (Rose et al., 2005; Gao et al., 2018). Studies
have shown that it is also rich in saponins, alkaloids,
phenylpropanoid glucoside, polysaccharides, phenols, flavonoids,
and sulfur compounds (Zhang et al., 2016; Tang et al.,
2017). This is because Chinese chive can produce sulfur-
containing metabolites-S-alk(alkene) cysteine sulfoxides (CSOs),
which have an extremely high nutritional and medicinal value
(Rabinowitch and Currah, 2002). CSOs are the main flavor
precursors of Allium vegetables (Liu et al., 2021). The flavor
of Allium plants is produced by the hydrolysis of CSOs by
alliinase when the cells are ruptured, and the amount of
pyruvate produced in the hydrolysis reaction is equivalent to
that of CSOs, which can be used to evaluate the flavor of
Chinese chive (Wall and Corgan, 1992). Chinese chive is a
vegetable that has been used for both food and in medicine
(Leelarungrayub et al., 2006; Bernaert et al., 2012). It has
anti-inflammatory, anticancer, antibacterial, and antioxidant
activities, which are mainly related to its sulfur-containing
compounds (Rattanachaikunsopon and Phumkhachorn, 2009;
Hong et al., 2014; Zeng et al., 2017). Additionally, Chinese chives
are considered as a health food that can improve the kidney
function (Masuda and Mihara, 1988; Block et al., 1992), and they
are used for sexual enhancement, nocturnal emission, abdominal
pain, and diarrhea in traditional Chinese medicine (Jiangsu,
1979). Therefore, increasing the nutritional quality, antioxidant
activity, and organosulfur compounds could be a good strategy
to enhance the potential health benefits of Allium vegetables,
including Chinese chives.

Jasmonic acid (JA) and methyl jasmonate (MeJA) and
their derivatives are ubiquitous lipid-based plant hormones
(Sheard et al., 2010). MeJA is a natural plant growth
regulator, which has a wide range of physiological effects
on plant growth, development, and abiotic tolerance, such

as postharvest preservation, quality improvement, secondary
metabolite synthesis, and stress response (Meir et al., 1996;
Delker et al., 2006; Donati et al., 2018). Based on these reports,
MeJA treatment can regulate the antioxidant system, including
phenolic substances and antioxidant-related enzymes, to regulate
postharvest fruit quality and stress responses (Marjorie et al.,
2016; Serna-Escolano et al., 2019; Min et al., 2021). Studies
have also shown that MeJA can affect the biosynthesis of
fruit components, such as carotene, chlorophyll, and vitamins
(Saniewski and Czapski, 1983; Pérez et al., 1993; Wolucka et al.,
2005). In addition, Shi et al. (2021) showed that MeJA induced
the accumulation of tea (Camellia sinensis L.) aroma precursors
and improved the quality of fresh leaves. Moreover, it has been
observed that the application of MeJA significantly enhanced
the flavor quality of fruits and vegetables, such as peaches
(Prunus persica L. Batsch), strawberries (Fragaria × ananassa
Duch.), sweet basil (Ocimum basilicum), and tomatoes (Solanum
lycopersicum L. cv. Messina) (Ziosi et al., 2008; Fernando et al.,
2010; Zhang et al., 2012; Misra et al., 2014). Salicylic acid (SA)
can maintain plant growth and development and respond to
abiotic stress (Miura and Tada, 2014). Studies have reported
that the application of MeJA and SA increased the amounts
of bioactive substances in oil palm seedlings (Elaeis guineensis
Jacq.) and mangosteen (Garcinia mangostana L.) during cold
storage, thereby enhancing their antioxidant activity (Arthy
et al., 2018; Mustafa et al., 2018a). The exogenous application
of SA increased the stomatal conductance of barley (Hordeum
vulgare L.) leaves under drought stress, thereby increasing dry
matter content (Habibi, 2012). Huang et al. (2010) showed
that SA treatment induces the accumulation of flavonoids
and carotenoids, thereby enhancing the antioxidant activity of
preharvest navel oranges (Citrus sinensis Osb.). Li et al. (2019)
found that SA treatment increased the flavonoid content in
tea. Martínez-Esplá et al. (2018) showed that preharvest SA
treatment increases the antioxidant compounds of plums (Prunus
salicina Lindl.).

Previous studies on MeJA and SA have mostly focused on
stress tolerance, postharvest quality, and the preservation of fruits
(Kim et al., 2009; Ibrahim et al., 2018; Se et al., 2020). Despite
being a Chinese characteristic flavor vegetable, few studies have
been conducted on the flavor quality and antioxidant activity
of Chinese chive compared with those on that of tomatoes,
onions, and garlic. As such, there are no data on the effects
of exogenous hormones on the volatile components of Chinese
chives, and there are few reports on the effects of the exogenous
application of MeJA and SA on the growth physiology, quality,
and antioxidant activity of Chinese chives. We hypothesized
that the preharvest application of MeJA and SA promotes the
growth of Chinese chive, improves the quality, volatile content,
and antioxidant activity, thus improving the characteristic
flavor, postharvest quality, preservation characteristics, and its
commercial value. The objective of this study was to determine
the effects of preharvest MeJA and SA treatments on the
growth physiology, quality, volatile content, and antioxidant
activity of Chinese chive and to identify suitable spraying
concentrations of these compounds for this crop for better
Chinese chive cultivation.
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MATERIALS AND METHODS

Plant Materials and Experimental Sites
The seeds of the Chinese chive cultivar “Chive God F1,” cultivated
by the Fugou County Seed and the Seedling Research Institute
of Henan Province, were used as the experimental material for
this study. Seedlings were cultivated in Wushan (N 34◦25′–
34◦57′, E 104◦34′–105◦08′), China, in the core demonstration
area for Chinese chives, in May 2020. Wushan has a temperate
continental semi-humid monsoon climate, with an annual
average temperature of 10◦C and a precipitation of 500 mm. The
soil type at the test site was sandy loam, and the soil fertility was
medium and uniform.

Methods and Treatments
The experiment was set up in a completely randomized design
with 11 treatments and three replicates. The plot size for each
planting area was 2.7 m × 3.3 m (plant, 460 holes). On May
21, 2021, Chinese chive seedlings were transplanted into a plastic
greenhouse (10 m × 30 m) with a row spacing of 20 cm, a
hole spacing of 10 cm, and three seedlings per hole. Each plot
was treated with exogenous hormones: an aqueous solution of
MeJA (containing 0.1% ethanol and 0.1% Tween-20) at five
concentrations: 50, 150, 300, 500, or 800 µM; an aqueous solution
of SA (containing 0.1% ethanol and 0.1% Tween-20) at five
concentrations: 50, 150, 300, 500, or 800 µM; and a control
solution (0 µM; containing 0.1% ethanol and 0.1% Tween-20).
Three liters of the aqueous solution of each treatment was sprayed
on the leaves of the Chinese chive between 7:00 and 8:00 every
morning. All treatments were applied for 3 days in a row (June
16, 2021 to June 18, 2021). After 35 days (June 25, 2021), the
Chinese chive had attained the commercial standard, and plants
from all plots were collected. Fifteen holes (three plants per hole)
were randomly selected from each plot, with five holes for each
of the three biological replicates. All samples were immediately
frozen in liquid nitrogen and stored at−80◦C prior to analysis.

Growth and Photosynthetic Pigments
Analysis
During harvest, 15 holes of Chinese chives (roots and shoots)
were randomly selected from each plot within each treatment to
record the fresh weight, and the dry weight was recorded after
drying the plants at 105◦C for 30 min, followed by 75◦C for
72 h to a constant weight per a previously published method
(Noreen et al., 2020).

The Chinese chive samples were taken using the same
sampling method described above to determine the chlorophyll
content. The photosynthetic pigments in the leaves were
determined according to the method described by Arnon (1949)
using the 80% acetone extraction technique. Briefly, a sample
was obtained using a r puncher (0.5 cm diameter), 0.1 g of
leaves was placed in a 25 ml test tube with a stopper, and 10 ml
of 80% acetone was added, mixed well, sealed with a parafilm,
and then chlorophyll was extracted in the dark for 48 h until
the leaves turned white. The optical density of each extract was
measured at 663 and 645 nm using a UV-1780 spectrophotometer

[Shimadzu Instruments (Suzhou) Co., Ltd., Suzhou, China]. The
Chl.a, Chl.b, and total Chls (Chl.T) were calculated with the
following formulas:

Chl.a (mg g−1 FW) = [12.71× D663− 2.59× D645]

×(V/1000W)

Chl.b (mg g−1 FW) = [22.88× D645− 4.67× D643]

×(V/1000W)

Chl.T (mg g−1 FW) = [20.29× D645 + 8.04× D663]

×(V/1000W)

Where V and W represent the total volume of extract (ml) and
fresh weight of the sample (g), respectively.

Nutritional Parameters Analysis
The vitamin C content was determined using the 2,6-
dichloroindophenol stain method (Arya et al., 2000). The soluble
protein content was determined using the Coomassie Brilliant
Blue method (Bradford, 1976). The soluble sugar content was
determined using the anthrone–sulfuric acid assay method (Wen
et al., 2005). The nitrate content was determined according to
Cataldo et al. (1975) with slight modifications.

Total Phenol and Flavonoid Analysis
The total phenol content was determined using the Folin-
Ciocalteu method with a slight modification (Hand et al., 2017).
Briefly, a crude extract of phenols (0.2 ml) was obtained by
extraction with 50% methanol (0.2 ml), which was mixed with
distilled water (4.8 ml), followed by Folin-Ciocalteu’s phenol
reagent (0.5 ml) and 20% sodium carbonate solution (2.5 ml).
After incubating in water bath at 50◦C for 30 min in the dark,
the absorbance of the extract was measured at 760 nm using
a UV-1780 spectrophotometer (Shimadzu Instruments, Suzhou,
China). The results were compared with the calibration curve of
gallic acid and expressed in milligrams of gallic acid equivalent
(GAE) per gram of sample (mg GAE g−1).

The flavonoid content was determined following the method
of sodium nitrite-aluminum nitrate (Chang et al., 2002) with
a slight modification. A crude extract of phenol (1 ml) was
obtained by extraction with 50% methanol, which was evenly
mixed with 50% methanol (1 ml) and 5% ammonium nitrite
(0.5 ml). After incubating for 5 min, 10% aluminum nitrate
(0.5 ml) was added. After incubation for 6 min, 4% sodium
hydroxide (2 ml) was added. After incubating for 10 min, the
absorbance of the extract was measured at 510 nm using a UV-
1780 spectrophotometer [Shimadzu Instruments (Suzhou) Co.,
Ltd., Suzhou, China]. The results were compared with the rutin
calibration curve and expressed as rutin equivalent (RE) mg
(mg RE g−1) per gram of sample.

Electronic Nose Analysis of Volatile
Content
A portable electronic nose (PEN3) electronic nose (Airsense
Analytics GmbH, Schwerin, Germany) was used to analyze the
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volatile components of the samples. The PEN3 E-nose was
equipped with a sensor array composed of 10 chemical sensing
elements. The signal response of the sensor is expressed as
(G/G0), which is defined as the ratio of the electrical conductivity
of volatile matter to that of pure air (Cai et al., 2020). There
were some differences in the types of sensitive substances, which
could be detected by each sensor. Table 1 lists the substance
types and performance descriptions of the 10 sensors. The
electronic nose analysis of the volatile components of Chinese
chive was performed according to Jia et al. (2020), with a slight
modification. Chinese chives were fully ground (1.5 g) in a
headspace bottle using 0.75 g anhydrous sodium sulfate and
distilled water (2 ml). The bottle was then heated in a magnetic
mixer at 70◦C for 15 min to equilibrate the internal headspace
gas, and then the injection needle was inserted into the headspace
bottle for measurement of volatile compounds. The detection
conditions were as follows: flush time of 60 s, sensor zero-time
of 5 s, presample time of 5 s, injection flow rate of 400 ml min−1,
and a measurement time of 120 s. Based on the data obtained
at each time point, the average value of the stable maximum
response of each sensor of three parallel samples was obtained,
and a characteristic radar map was established.

Enzymatically Produced Pyruvic Acid in
Chinese Chive
The content of enzymatically produced pyruvic acid in Chinese
chive leaves was determined according to the method of Liu
et al. (2021) with a slight modification. Briefly, the sample
was divided into two portions. One part was extracted by
grinding with ultrapure water and quartz sand. Then, 1 ml
of the extract was added to 2 ml 8% trichloroacetic acid
and 1 ml 0.1% 2,4-dinitrophenylhydrazine and mixed well.
The mixture was incubated in a water bath at 37◦C for
10 min, and then 5 ml of 1.5 M NaOH was added. The other
part of the sample was placed in a boiling water bath for
10 min to inactivate alliinase, followed by the same method as
described for the other section to determine the background

TABLE 1 | Substance type and performance description represented by 10
sensors of electronic nose.

Array serial
number

Sensor
name

Substance
types

Sensor performance description

1 W1C Aromatic Aromatic components, benzenes

2 W5S Broadrange High sensitivity, sensitive to nitrogen
oxides

3 W3C Aromatic Sensitive aromatic components,
ammonia

4 W6S Hydrogen Mainly selective to hydride

5 W5C Arom-aliph Aromatic components of
short-chain alkanes

6 W1S Broad-methane Sensitive to methyl groups

7 W1W Sulfur-organic Sensitive to sulfides

8 W2S Broad-alcohol Sensitive to alcohols, aldehydes
and ketones

9 W2W Sulph-chlor Aromatic components, sensitive to
organic sulfides

10 W3S Methane-aliph Sensitive to long-chain alkanes

pyruvate levels. Absorbance was measured at 520 nm using a
spectrophotometer. The enzymatically produced pyruvic acid
was the pyruvic acid content in leaves minus the background
pyruvic acid content. Pyruvate was determined using a standard
sodium pyruvate curve.

Antioxidant Parameters Analysis
The total antioxidant capacity of Chinese chive was determined
according to the kit instructions (Suzhou Keming, Suzhou,
China), including 2,2-diphenyl-1-picrylhydrazyl (DPPH) radical
scavenging activity, ferric-reducing antioxidant power (FRAP),
and 2,2’-azino-bis(3-ethylbenzothiazoline-6-sulfonic acid
(ABTS) radical scavenging activity. Briefly, using a precooled
mortar, the leaf tissue was ground (0.1 g) in 1 ml of precooled
extract. The homogenate was centrifuged at 4◦C at 10,000 × g
for 10 min, and the supernatant was collected for testing.
According to the instructions of the DPPH radical scavenging
activity and FRAP kits, the respective solutions were mixed
and allowed to react at room temperature in the dark for
20 min and at room temperature for 20 min. A microplate
reader (SpectraMax i3, Molecular Devices, Sunnyvale, CA,
United States) was used to measure absorbance at 515 and
593 nm. The same extraction method was used to extract
the supernatant from the sample to determine ABTS radical
scavenging activity. When the tested substance was added to the
ABTS+ solution, antioxidants reacted with ABTS+ and faded
the reaction system. The change in absorbance was measured
at 734 nm. The antioxidant capacity of the Chinese chive was
quantified by the change in absorbance and Trolox was used as
the control system.

Statistical Analysis
All experimental data were analyzed using IBM Statistical
Product and Service Solutions (SPSS) Statistics version 21.0,
and the statistical significance of treatment means was evaluated
using Duncan’s multiple range test (p < 0.05). All data were
presented as mean ± SE. Data figures, correlation analysis,
and principal component analysis (PCA) were generated using
Origin Pro (2019b).

RESULTS

Effect of Methyl Jasmonate and Salicylic
Acid Treatments on Dry and Fresh
Weight of Chinese Chive
The application of SA treatment had a significant effect on the
dry weight and fresh weight of the shoots and roots of Chinese
chives (Figures 1B,D). The fresh weight of roots, shoots, and
plants treated with 150 µM SA increased significantly by 69, 55,
and 58%, respectively, and the dry weight increased by 85, 33,
and 50%, respectively, compared with that of the control (0 µM).
With the increase in the SA concentration, the dry and fresh
weight of Chinese chives exhibited a decreasing trend. However,
the application of MeJA had no significant effect on the dry and
fresh weights of Chinese chives (Figures 1A,C).
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FIGURE 1 | Fresh (A,B) and dry weight (C,D) of Chinese chives affected by methyl jasmonate (MeJA) and salicylic acid (SA) treatments. Data represent the
mean ± SE (n = 3). Different lowercase letters indicate statistical significance by Duncan’s multiple range test (p < 0.05).

Effect of Methyl Jasmonate and Salicylic
Acid Treatments on Photosynthetic
Pigment Contents of Chinese Chive
Compared with the control (0 µM) treatment, 500 µM MeJA
significantly increased Chl.a and Chl.T by 5 and 8%, respectively,
in Chinese chives (Figure 2A); however, 800 µM MeJA
significantly decreased Chl.a and Chl.T content. Treatment with
150 µM SA significantly increased Chl.b and Chl.T content by
23 and 8%, respectively, compared with the control (0 µM)
(Figure 2B). When treated with 300–800 µM SA, the content of
Chl.a, Chl.b, and Chl.T in Chinese chives decreased significantly
compared with the control (0 µM).

Effect of Methyl Jasmonate and Salicylic
Acid Treatments on Vitamin C, Soluble
Sugar, Soluble Protein, and Nitrate
Content of Chinese Chive
The contents of vitamin C, soluble sugar, and soluble protein in
Chinese chives treated with MeJA were significantly higher than
those in the control (0 µM) (Figures 3A–C). The vitamin C,
soluble sugars, and protein contents in Chinese chives treated
with 500 µM MeJA significantly increased by 44, 10, and
72%, respectively, compared with those in the control (0 µM).

However, 50–500 µM SA treatment had no significant effect
on the soluble sugar content. SA at 800 µM significantly
decreased the vitamin C and soluble sugar content of Chinese
chives (Figures 3A,B); however, there was no significant effect
on the soluble protein content (Figure 3C). Compared with
the control (0 µM), treatment with SA (150–800 µM) and
MeJA significantly reduced the nitrate content of Chinese
chive (Figure 3D).

Effect of Methyl Jasmonate and Salicylic
Acid Treatments on Total Phenol and
Flavonoid Content of Chinese Chive
The methyl jasmonate and salicylic acid treatments had
significant effects on the total phenol and flavonoid contents
of Chinese chive (Figure 4). Treatment with different
concentrations of SA significantly increased the total phenol
content (Figure 4A). After 150 µM SA treatment, the total
phenol content significantly increased by 29% compared
with the control (0 µM). However, treatment with different
concentrations of MeJA significantly increased the total phenol
content of Chinese chive (18.2%) at a concentration of 500 µM.
Treatment with different concentrations of MeJA and SA
significantly increased the flavonoid content of Chinese chive
compared with the control (0 µM) (Figure 4B). The flavonoid
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FIGURE 2 | Chlorophyll (Chl) Chl.a, Chl.b, and Chl.T contents of Chinese chives, as affected by MeJA (A) and SA (B) treatments. Data represent the mean ± SE
(n = 3). Different lowercase letters indicate statistical significance by Duncan’s multiple range test (p < 0.05).

content in Chinese chive was significantly increased by 133% and
70 after treatment with 500 µM MeJA and 150 µM SA.

Effect of Methyl Jasmonate and Salicylic
Acid Treatments on Volatile Composition
and Flavor Intensity of Chinese Chive
The 10 sensors of the electronic nose all responded to the
volatile compounds of Chinese chive treated with different
concentrations of MeJA and SA, and the responses of different
sensors were differed (Figures 5A,B). The signal responses to the
sensors were expressed by G/G0, which was defined as the ratio of
the electrical conductivity of volatiles to that of pure air. The radar
chart shows the response of the different sensors of the electronic
nose to volatile substances in Chinese chive. In Figure 5, the
relative resistivity (G/G0) values of the W5S and W2W sensors
were higher than those of the other sensors, indicating that the
volatile components of Chinese chive, such as nitrogen oxides,
aromatics, and organic sulfides, were more sensitive to the sensor.
As can be seen from the radar map, the contours of 500 µM MeJA
and 50 µM SA were the largest. After treatment with different
concentrations of MeJA and SA, the outline of the radar map
gradually changed, indicating that the composition of volatile
compounds in Chinese chives changed. In addition, the heat map
showed an increase or decrease in volatile content after MeJA
and SA treatments compared with the control (0 µM) treatment

(Figures 5C,D). With the exception of W1C and W5S, the relative
resistivity of the other eight sensors treated with 500 µM MeJA
was increased compared with that of the control (0 µM) sensors,
which indicated that treatment with 500 µM MeJA increased the
amounts of most of the volatile components, such as sulfides,
aromatics, and organic sulfides. Moreover, treatment with 50 and
150 µM SA increased the amounts of characteristic aromatic
substances, such as aromatics and sulfides, compared with the
control (0 µM).

The methyl jasmonate and salicylic acid treatments had a
significant effect on the total flavor intensity (sulfur compounds)
of Chinese chive, characterized by the pyruvate produced by
alliinase (Table 2). Treatment with 500 µM MeJA and 50
and 150 µM SA significantly increased the enzymatic pyruvate
content compared with the control (0 µM).

Classification Model of Volatile
Composition of Chinese Chive Using
Principal Component Analysis
The principal component analysis was used to study the
volatile components of Chinese chives treated with MeJA and
SA (Figure 6). The first and second principal components
captured most of the variation within the different MeJA and SA
concentrations. The sum of the first two principal components
treated by MeJA reached 95.2%, of which PC1 and PC2 explained

Frontiers in Plant Science | www.frontiersin.org 6 January 2022 | Volume 12 | Article 767335606

https://www.frontiersin.org/journals/plant-science
https://www.frontiersin.org/
https://www.frontiersin.org/journals/plant-science#articles


fpls-12-767335 January 3, 2022 Time: 12:38 # 7

Wang et al. Hormone, Growth Quality, Chinese Chive

FIGURE 3 | Vitamin C (A), soluble sugar (B), soluble protein (C), and nitrate (D) contents of Chinese chives as affected by MeJA and SA treatments. Data represent
the mean ± SE (n = 3). Different lowercase letters indicate statistical significance by Duncan’s multiple range test (p < 0.05).

56.7 and 38.5% of the total variance, respectively (Figure 6A).
The sum of the first two principal components treated by
SA reached 96.3%, of which PC1 and PC2 explained 83.5
and 12.8% of the total variance, respectively (Figure 6B). In
addition, it can be seen from the loading plot that W1W and
W5C had strong loadings with the first and second principal
component and W3C and W2W had strong loadings with
the first and second principal component and thus were used
as representative factors reflecting the volatile components of
Chinese chives treated with different concentrations of MeJA
and SA, indicating these treatments have considerable effects on
the sulfide, organic sulfides, and aromatic volatile components
of Chinese chive.

Effect of Methyl Jasmonate and Salicylic
Acid Treatments on the Antioxidant
Activities of Chinese Chive
The methyl jasmonate and salicylic acid treatments had a
significant effect on the antioxidant activity of Chinese chives
(Figure 7). All antioxidant activity determination methods,
such as DPPH radical scavenging activity (Figure 7A), FRAP
(Figure 7B), and ABTS radical scavenging activity (Figure 7C),
indicated significantly higher antioxidant activity in MeJA (150–
500 µM) and SA (150 µM)-treated Chinese chives than in the

control (0 µM). The highest scavenging capacity was recorded
in Chinese chives treated with 500 µM MeJA and 150 µM SA.
The scavenging ability of samples treated with 800 µM MeJA and
300–800 µM SA showed a downward trend.

Correlation Analysis and Principal
Component Analysis
The correlation analysis of the parameters observed in this
study showed that Chl.a had a significantly correlated with the
Chl.T at p < 0.01 after MeJA and SA treatment, and Chl.b
had a significantly correlated with soluble sugar and Chl.T at
p < 0.5 (Figures 8A,B). DPPH had a significantly correlated
with vitamin C and W1W after MeJA treatment (p < 0.5), and
it had a significantly correlated with soluble sugar (p < 0.01);
ABTS had a significantly correlated with FRAP and flavonoids
(p < 0.5); soluble protein had a significantly correlated with
flavonoids (p < 0.01); total phenols had a significantly correlated
with flavonoids (p < 0.5) (Figure 8A); however, nitrate had a
significantly negatively correlated with flavonoids and soluble
proteins (p < 0.5). After SA treatment, the DPPH had a
significantly correlated with vitamin C at p < 0.5; FRAP had
a significantly correlated with soluble sugar and protein at
p < 0.5; soluble protein had a significantly correlated with sugar
and flavonoids at p < 0.5 (Figure 8B); however, nitrate had a
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FIGURE 4 | Total phenol (A) and flavonoid (B) content of Chinese chives as affected by MeJA and SA treatments. Data represent the mean ± SE (n = 3). Different
lowercase letters indicate statistical significance by Duncan’s multiple range test (p < 0.05).

negatively correlated with flavonoids (p < 0.5), and negatively
correlated with ABTS (p < 0.01).

The PCA of the parameters observed in this study is shown
in Figures 8C,D. The different concentrations of MeJA and SA
treatments and various parameters constituted the corresponding
groups. The sum of the first two principal components treated
with MeJA reached 68.3% (Figure 8C). PC1 accounted for 50.5%
of the total variance. PC2 accounted for 17.8% of the total
variance. The sum of the first two principal components treated
by SA was 61.3% (Figure 8D). PC1 accounted for 38.6% of the
total variance. PC2 accounted for 23% of the total variance. In
addition, it can be seen from the loading plot that flavonoids
and Chl.a showed strong loadings with the first and second
principal component, soluble sugar and Chl.a showed strong
loadings with the first and second principal component and
thus can be used as representative factors to reflect the effects
of different concentrations of MeJA and SA on the growth
physiology, quality, volatile content, and antioxidant potential of
Chinese chive (Figures 8C,D).

DISCUSSION

Exogenous application of MeJA and SA can induce different
biochemical, morphological, and physiological responses of
plants (Huang et al., 2017). In our study, we found that MeJA

had no significant effect on the fresh and dry weights of Chinese
chives (Figures 1A,C). Our results contradict the findings of
Baek et al. (2021), who reported that MeJA treatment increased
biomass in tomatoes. However, Kurowska et al. (2020) showed
that the application of MeJA significantly reduced the first leaf
sheath and dry leaf weight of barley seedlings. This suggests that
different plants, tissue types, and developmental stages respond
differently to MeJA. SA promoted plant growth by improving
plant photosynthesis and significantly promoted the fresh and
dry weight of shoot and root (Gururani et al., 2013). Our results
showed that SA (150 µM) treatment significantly increased the
fresh and dry weights of root, shoot, and plants (Figures 1B,D).
Since the treatments were applied during the peak growth
period of Chinese chive, the increase in fresh and dry weight
could be attributed to the effect of SA on alleviating biotic and
abiotic stresses in the plant, thus increasing net photosynthetic
rate and productivity (Hasanuzzaman et al., 2017). In addition,
we observed that both 800 µM MeJA and SA inhibited the
growth of Chinese chive. This may be due to the effects of high
concentrations of MeJA and SA on plants similar to abiotic stress,
reducing plant photosynthesis and thus inhibits plant growth
(Kang et al., 2012; Kurowska et al., 2020).

Among studies on the effects of JA on plant photosynthesis,
the most controversial research is the effect on photosynthetic
plant pigments (Shu et al., 2016). Exogenous JA significantly
inhibited photosynthesis in broccoli (Brassica oleracea L.)
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FIGURE 5 | Radar map of volatile components of Chinese chives as affected by MeJA (A) and SA (B). The radar map is represented by the signal response value
(G/G0) of the electronic nose sensor, and G/G0 is defined as the ratio of the electrical conductivity of volatile matter to that of pure air. The data were normalized to
0 mm concentration. The increase or decrease in the amounts of volatile components after each treatment is compared with that in the control (0 µM). The color
code shows that different numbers of volatile components were detected, and the proportion changes are related to the control (0 µM) level (C,D). Data represent
the mean ± SE (n = 3). Different lowercase letters indicate statistical significance by Duncan’s multiple range test (p < 0.05).

and tomato, but promoted photosynthesis and chlorophyll
accumulation in rapeseed (Brassica napus L.) (Rahnamaie-
Tajadod et al., 2017; Ding et al., 2018). In the present study,
we found that the total chlorophyll content after 500 µM MeJA
treatment was significantly higher than that in the control
(Figure 2A), which was similar to that reported by Ji et al.
(2018) on maize seedlings (Zea mays L.). In addition, exogenous
application of JAs increased photosynthetic pigments in a dose-
dependent manner, thereby increasing photosynthetic efficiency
(Sirhindi et al., 2020). The same results were shown in our study,
where chlorophyll increased with increasing MeJA concentration
(50–500 µM). Previous studies have shown that SA application
increased the chlorophyll content of wheat (Triticum aestivum
L.) (Singh and Usha, 2003). Our results showed that treatment
with 150 µM SA significantly increased Chl.b and Chl.T content
(Figure 2B), which was similar to that reported by Zhang et al.
(2021). However, the high concentrations of MeJA (800 µM)
and SA (300–800 µM) significantly reduced the total chlorophyll
content. This may be due to the fact that the high concentrations of
MeJA and SA can activate genes related to chlorophyll catabolism,
which is related to the degradation of chlorophyll (Zhu et al.,
2015). In addition, chlorophyll is the most prominent natural

pigment in green vegetables and has significant antioxidant activity
(Lanfer-Marquez et al., 2005). The chlorophyll can also reflect
the senescence of plants and the maturity, color, quality, and
freshness of fruits and vegetables through changes in its structure
(Wang et al., 2005).

The nutritional properties of vegetables are not only protective
compounds that maintain their quality, but also guarantee
nutritional value (Mustafa et al., 2018b). The preharvest
treatment of exogenous MeJA and SA simulated biological stress
and increased phytochemical compounds in different crops (Ku
and Juvik, 2013; Sariñana-Aldaco et al., 2020). Our results showed
that the contents of vitamin C, soluble sugar, soluble protein,
total phenol, and flavonoid in Chinese chives treated with MeJA
(500 µM) preharvest were significantly higher than those in the
control (Figures 3A–C, 4), which was similar to the results of Min
et al. (2021). The increase of total phenols and flavonoids in MeJA
treatment may be due to the regulation of various physiological
and metabolic processes, thus affecting the nutritional quality of
crops. However, our results contradict the findings of Yamamoto
et al. (2020), who reported that MeJA treatment significantly
reduced flavonoids in citrus, indicating that MeJA has different
regulation of bioactive substances in different crops, which is
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TABLE 2 | Characteristic flavor of Chinese chives as affected by methyl jasmonate (MeJA) and salicylic acid (SA) treatments.

EPY (µg ml−1) 0 mm 50 mm 150 mm 300 mm 500 mm 800 mm

MeJA 16.5 ± 0.3d 29.9 ± 0.8a 23.3 ± 0.5b 24.3 ± 0.7b 32.0 ± 0.9a 20.5 ± 0.6c

SA 16.5 ± 0.3d 66.9 ± 0.4a 67.6 ± 0.5a 50.1 ± 1.7b 23.0 ± 0.5c 8.2 ± 0.3e

Data represent the mean ± SE (n = 3). Different lowercase letters indicate statistical significance by Duncan’s multiple range test (p < 0.05).

FIGURE 6 | Principal component analysis (PCA) of volatile composition of Chinese chives after MeJA (A) and SA (B) treatments for a score scatterplot and a loading
plot. PCA was based on the ratio of the electrical conductivity of volatiles to that of pure air (G/G0) in response to 10 sensors as variables. PCA aims to solve
multicollinearity among multiple covariables, represents the differences between samples, and provides information from electronic nose pattern recognition files.

worthy of further study. SA affects the phenylpropanoid pathway
by inducing its key enzymes phenylalanine ammonia lyase and
chalcone synthase, resulting in the accumulation of phenolic
compounds (Ghasemzadeh et al., 2012). In the present study, we
found that SA (150 µM) treatment significantly increased the
content of vitamin C, total phenols, and flavonoids in Chinese
chive (Figures 3A, 4). Flavonoids are widely found in plants and
play important roles in antioxidant, anticancer, antibacterial, and
antimutagenic effects, and they are also one of the antioxidants
produced by plants for their own survival (Treutter, 2006;
Ghasemzadeh et al., 2010; Sharma et al., 2014). The MeJA and SA
treatments increased the contents of total phenols and flavonoids
in Chinese chives, thus improving the antioxidant activity of
Chinese chives. In addition, we observed that both MeJA and
SA treatments reduced the nitrate content of Chinese chives
(Figure 3D). This may be because the reduction in nitrogen (N)
uptake as an immediate consequence after MeJA treatment and
the concomitant reactivation of endogenous N from leaves to
roots, thereby reducing nitrate accumulation in leaves (Rossato
et al., 2002). In general, preharvest MeJA (500 µM) and SA
(150 µM) treatments improved the nutritional quality and safety
quality of Chinese chives.

The MeJA treatment can trigger biosynthesis of volatile
secondary metabolites and non-volatile secondary metabolites
(Cheong and Choi, 2003). A sensor equipped with an
electronic nose can simulate human olfactory factors and specific
fingerprints of volatile tissues (Schaller et al., 1998; Benedetti
et al., 2008). We detected volatile components of Chinese chives

by electronic nose mainly nitrogen oxides (W5S), aromatics, and
organic sulfides (W2W) (Figures 5A,B), which are more sensitive
to the sensors of electronic nose and are characteristic aromatic
substances of Chinese chives (Abbey et al., 2001). The volatile
components of Chinese chives were dominated by methionine
produced methyl sulfide, followed by Alliin produced allyl sulfide
(Yabuki et al., 2010). The treatment with MeJA (500 µM) and
SA (50 and 150 µM) increased the volatile composition of
sulfur-containing compounds and enhanced the characteristic
aromatic substances of Chinese chives. Meanwhile, we found that
in addition to W1C and W5S, the relative resistivity of the other
eight sensors treated with 500 µM MeJA was increased compared
with that of the control sensors (Figure 5C), which indicated that
treatment with this concentration of MeJA increased the content
of most of the volatile components in Chinese chives, such as
ammonia-based aromatic components (W3C), organic sulfides
(W2W), hydrides (W6S), methyl groups (W1S), sulfides (W1W),
alcohols, aldehydes, and ketones (W2S), short-chain alkane
aromatic components (W5C), and long-chain alkanes (W3S).
This may be because JA, as a lipid-based plant hormone, forms
hydroperoxide through lipoxygenase pathway, and then oxidizes
into short-chain aldehydes and ketones, increasing the hydride
and aldehydes and ketones volatile components of Chinese
chive (Li et al., 2010). Alcohols, aldehydes, and ketones have
obvious odors (Tian et al., 2017), which may contribute greatly
to the aroma of Chinese chive except aromatic hydrocarbons and
sulfides. The aroma intensity of most long-chain alkanes is weak
and contributes little to the aroma of food (Peng et al., 2014).
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FIGURE 7 | The 2,2-diphenyl-1-picrylhydrazyl (DPPH) radical scavenging capacity (A), ferric-reducing antioxidant power (FRAP) (B), and Trolox-equivalent
antioxidant capacity (ABTS) (C) of Chinese chives as affected by MeJA and SA treatments. Data represent the mean ± SE (n = 3). Different lowercase letters indicate
statistical significance by Duncan’s multiple range test (p < 0.05).

However, compared with the control, 500 µM MeJA treatment
increased the content of long-chain alkanes, which requires
further study to determine the contribution of long-chain alkanes
to aroma. The loading plots further indicated that different
concentrations of MeJA and SA treatment had considerable
effects on the volatile components compared with the control,
such as sulfide, aromatic components (ammonia), short-chain
alkane aromatic components, methyls, alcohols, aldehydes and
ketones, organic sulfides (Figure 6). In addition, we found that
500 µM MeJA and 150 µM SA significantly increased the
enzymatic pyruvate content (Table 2), which was consistent with
the results of electronic nose testing that increased the content of
organic sulfur compounds, thereby improving the flavor intensity
of Chinese chives.

Previous studies have shown an increase in plant antioxidant
activity after application of MeJA (Wang et al., 2008;
Szymanowska et al., 2015), and this was similarly observed
for DPPH, FRAP, and ABTS activity of the Chinese chive with
MeJA application in this study (Figure 7). The improvement
of antioxidant capacity of plants is related to the increase of
phenols and other bioactive substances (Flores et al., 2015). In
this study, the increase in the content of bioactive substances
such as total phenols and flavonoids may be responsible for the
improved scavenging and reducing abilities of Chinese chives

after MeJA (500 µM) and SA (150 µM) treatments. However,
this contradicts the study that Mustafa et al. (2016) reduced
the content of antioxidants by applying MeJA in carambola
(Averrhoa carambola). This result indicates that the JA signal
is involved in the balance of the redox reaction (Dong et al.,
2010), which is worthy of further study. The antioxidant
activities (DPPH, ABTS, and FRAP) after MeJA treatment
had a significant correlation with organic sulfur compounds,
vitamin C, flavonoids, and soluble sugars (Figures 8A,B).
SA processing showed similar results. This further indicated
that the improvement of antioxidant capacity of Chinese
chive could be closely related to the increase in the content of
bioactive substances. JA, MeJA, and SA are the most widely
used elicitors that promote the production of more bioactive
compounds in plants, which in turn improve the nutritional
quality and antioxidant activity of plants (Baenas et al., 2014).
PCA analysis showed that MeJA (500 µM) and SA (150 µM)
positively regulate Chl.a, Chl.T, Chl.b, sulfides, total phenols,
FRAP, DPPH, soluble sugar, ABTS, flavonoids, vitamin C,
and soluble protein. In general, MeJA and SA enhance the
bioactive substances content and antioxidant activity, thereby
improving the medicinal value, postharvest quality, and
preservation characteristics, thus increasing the commercial
value of Chinese chives.
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FIGURE 8 | The heat map shows the correlation analysis between the observed parameters processed by MeJA (A) and SA (B). The score plot and loading plot
show the PCA analysis of the observation parameters processed by MeJA (C) and SA (D). Pearson correlation analysis and PCA was carried out with chlorophyll,
soluble protein, soluble sugar, total phenols, flavonoids, antioxidant activity, and volatile components as variables. ** and ** denote correlation coefficients that are
significant at p < 0.05 and 0.01 level, respectively.

CONCLUSION

Our results suggest that preharvest treatments with 500 µM
MeJA and 150 µM SA significantly increased the content of
total chlorophyll, soluble sugar, total phenols and flavonoids,
volatile components, and antioxidant activity of Chinese chive.
In addition, 500 µM MeJA and 150 µM SA significantly
increased the soluble protein content, and the dry and fresh
weight, respectively. Simultaneously, 500 µM MeJA and 150 µM
SA significantly increased the enzymatic pyruvate content,
effectively increased the amounts of sulfide and aromatic
volatile components, and improved the characteristic flavor
compounds of Chinese chive. In addition, the antioxidant
activity was improved after preharvest treatment with
500 µM MeJA and 150 µM SA, which could improve the
postharvest quality and preservation characteristics, and
therefore enhance the commercial value. In conclusion,
preharvest treatment with 500 µM MeJA and 150 µM
SA could be the best option for improving the growth

physiology, quality, antioxidant activity, and the flavor
of Chinese chive.
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of Tuscia, Viterbo, Italy

Plant phenomics is becoming a common tool employed to characterize the mode of
action of biostimulants. A combination of this technique with other omics such as
metabolomics can offer a deeper understanding of a biostimulant effect in planta.
However, the most challenging part then is the data analysis and the interpretation
of the omics datasets. In this work, we present an example of how different tools,
based on multivariate statistical analysis, can help to simplify the omics data and
extract the relevant information. We demonstrate this by studying the effect of protein
hydrolysate (PH)-based biostimulants derived from different natural sources in lettuce
and tomato plants grown in controlled conditions and under salinity. The biostimulants
induced different phenotypic and metabolomic responses in both crops. In general,
they improved growth and photosynthesis performance under control and salt stress
conditions, with better performance in lettuce. To identify the most significant traits for
each treatment, a random forest classifier was used. Using this approach, we found out
that, in lettuce, biomass-related parameters were the most relevant traits to evaluate
the biostimulant mode of action, with a better response mainly connected to plant
hormone regulation. However, in tomatoes, the relevant traits were related to chlorophyll
fluorescence parameters in combination with certain antistress metabolites that benefit
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the electron transport chain, such as 4-hydroxycoumarin and vitamin K1 (phylloquinone).
Altogether, we show that to go further in the understanding of the use of biostimulants
as plant growth promotors and/or stress alleviators, it is highly beneficial to integrate
more advanced statistical tools to deal with the huge datasets obtained from the -omics
to extract the relevant information.

Keywords: vegetal-based protein hydrolysates, multivariate statistical analysis, metabolomics, secondary
metabolism, salt stress, Lactuca sativa L., Solanum lycopersicum L., high-throughput phenotyping

INTRODUCTION

Changes in climate patterns are dramatically influencing some
agricultural areas with special impact in arid, semi-arid, and
coastal agricultural areas (Corwin, 2020). Soil salinity already
covers 20% of total cultivated and 33% of the irrigated agricultural
lands worldwide, and is expected to increase at a faster rate than
now by the year 2050 (Mukhopadhyay et al., 2021). The high
salt concentration in the soil reduces plant growth and, hence,
yield in two ways: increasing the osmotic potential of the soil
solution, making it harder for the plant to extract water, and
accumulating into the root and shoot tissue at a concentration
that can be toxic for the plant (Munns and Tester, 2008). The
extent of salinity damage to the fitness and final yield of the
crop can change according to the species. For example, lettuce
(Lactuca sativa L.) reduces plant growth and yield under salt
stress conditions (Moncada et al., 2020). However, tomatoes
(Solanum lycopersicum L.) can maintain the fruit yield and
increase their quality under moderate stress (Meza et al., 2020),
whereas severe salt stress reduced tomato growth and provoked
severe damages, especially in young seedlings (Ali et al., 2021).

To reduce the yield loss connected to salinity, scientists are
moving toward the selection of more tolerant genotypes through
breeding, genetic engineering, and marker-assisted selection
(MAS) (Munns and James, 2000; Yamaguchi and Blumwald,
2005). However, these methods are expensive, time-consuming,
and, in the case of genetic engineering, received with suspicion
by the general public (Yamaguchi and Blumwald, 2005; Halford
and Shewry, 2000). A more sustainable alternative is represented
by the use of protein hydrolysates (PHs), a class of non-microbial
plant biostimulants obtained from the partial hydrolysis of
protein sources of plant or animal origin (Colla and Rouphael,
2015). Many works from the last years have enlightened the
effects of PHs as stress alleviators on different crops growing in
saline conditions (Van Oosten et al., 2017; Dell’Aversana et al.,
2020; Di Mola et al., 2021). Nonetheless, it is important to
remember that the effects of the PHs on crops can vary with the
plant species or varieties, the time of the application, and the dose
(Lisiecka et al., 2011).

Before a new potential PH-based biostimulant is put on the
market, it is essential to test its effects in multiple conditions
and on different crops. High-throughput automated platforms
for plant phenotyping have proven to improve and speed up the
biostimulant testing process (Rouphael et al., 2018). Different
sensors can be implemented in high-throughput phenotyping
platforms, allowing the user to monitor the effects of the PH
applications on many morpho-physiological traits throughout

the entire crop life cycle (Paul et al., 2019a,b). As a result,
we can define in which crop, developmental stage, and dosage
the application is recommended. Besides, a deeper physiological
study allows the characterisation of their mode of action. This
information can be used for further possible applications.

The use of other -omic approaches, such as metabolomics,
allows studying the biostimulant effect in a more complex
manner, supporting, and integrating the phenomics data to better
understand the biochemical processes activated in the plants by
the biostimulants application. However, the data analysis and
interpretation of the complex omics datasets can become another
challenging bottleneck. Here, we investigated the mechanism of
action of a set of 7 PHs in lettuce and tomato subjected to
early and late salinity stress. We hypothesise that salinity will
reduce plant growth and change the physiology of the plant in
tomato and lettuce. However, the PH application will ameliorate
the salt negative effect in both plant species. Besides, a deep
data analysis using advanced statistical tools will allow us (i)
to understand better the effect of the PHs on two species,
lettuce and tomato, selected for their economic importance, their
distinct architecture, and purpose, and their different sensitivity
to salinity stress, (ii) to evaluate the biological translation from
the results obtained in PH-primed Arabidopsis grown under
salt stress (Sorrentino et al., 2021) to other crops under similar
growing conditions, and (iii) to demonstrate the necessity of the
use of statistical approaches to simplify complex omic datasets
allowing identification of the traits relevant for the understanding
of a biostimulant mechanism of action.

MATERIALS AND METHODS

Plant Material and Growing Conditions
Seeds of Lactuca sativa L. var. capitata (Salanova cv Aquino)
and Solanum lycopersicum L. cv MicroTom were sown in 250 ml
pots filled with 235 g of a mixture of sieved peat (Substrate 2,
Klasmann-Deilmann GmbH, Geeste, Germany) and river sand
in 1:1 proportion. All the pots were watered up to 55% of the
soil relative water content (SRWC). The water holding capacity
of the substrate was calculated as described by Junker et al.
(2015). The covered pots were stratified at 4◦C in the dark for
two days. After that, the pots were moved to a climate-controlled
growth chamber (FS-WI, Photon Systems Instruments, Czechia)
under long-day conditions (16 h light/8 h dark). The climate
conditions in the growth chamber were set at 21/19◦C for
day/night temperature with 60% relative humidity (RH) and
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120 µmol m−2 s−1 cool-white LED (6,500 K) and 5.5 µmol m−2

s−1 far-red LED (735 nm) lighting. These conditions were kept
constant throughout the entire experiment. The pots were kept
covered with a plastic lid for the first 24 h to maintain the soil
moisture before it was removed.

Selection of the Plants
Eight days after lettuce stratification and ten days after tomato
stratification, when most of the germinated seedlings had reached
the 2-true-leaf stage, a top view RGB picture of all plantlets was
taken using the top view RGB2 camera in the PlantScreenTM

Compact system (Photon Systems Instruments, Brno, Czechia).
The plants with areas between the 1st and the 4th quartile of
the normal distribution of the population were used for the
experiment. In the tomato experiment, each variant counted 6
plantlets as biological replicates, with a total of 96 plants. For the
lettuce experiment, each variant counted 8 plantlets as biological
replicates, with a total of 128 plants.

High-Throughput Phenotyping
To investigate the effects of PHs application on the morpho-
physiological parameters of lettuce and tomato grown under salt
stress conditions, trays containing two pots with one plantlet each
were automatically transported within PlantScreenTM Compact
System on conveyor belts between the light-isolated imaging
cabinets, weighing and watering station, and the dark/light
acclimation chamber. The trays were measured thrice a week,
ending with 10 phenotyping rounds distributed in 21 days for
lettuce and 24 days for tomato (Figure 1), with the starting point
before the first salt application (Day of Phenotyping 1, henceforth
defined as DoP 1). The phenotyping protocol used was the
same for both crops. Physiological measurements [Chlorophyll
Fluorescence (ChlF) and Thermal Imaging (IR)], being sensitive
to circadian rhythm regulation mechanisms (Cano-Ramirez and
Dodd, 2018), were always performed in the morning. A single
round measuring protocol consisted of an initial 15 min light-
adaptation period inside the acclimation chamber, followed by
IR, and red-green-blue (RGB) top view imaging (RGB2). Next,
15 min dark-adaptation was applied, followed by chlorophyll
fluorescence kinetic imaging, RGB side view imaging (RGB1),
and weighing and watering (Figure 1A). Due to the limited
capacity of the phenotyping system for the lettuce experiment,
the trays were divided into 3 blocks with 16 trays each. The
measuring round for one block lasted for 2 h and 45 min. The
PlantScreenTM Analyser software (PSI, Czechia) was used to
automatically process, re-analyse, and export the data.

Biostimulants Selection and Application
Seven PHs obtained by enzymatic hydrolysis of vegetal-derived
proteins were selected from a batch of eleven PHs that were
previously screened for their mode of action (Sorrentino et al.,
2021) and used for the experiment. They included PHs from
different plant sources belonging to the botanical families of
Fabaceae (O), Malvaceae (C), Brassicaceae (F), Solanaceae (B),
and Graminaceae (P), and two commercial products [Trainer R©

(D) and Vegamin R© (H)], commercialised by Hello Nature Inc.
(former Italpollina) (Anderson, IN, United States) and used

as positive controls. The PH was obtained through enzymatic
hydrolysis of the dry biomass and was then analysed for their
total nitrogen and carbon content. For a detailed description of
the procedure, see Sorrentino et al. (2021) and Ceccarelli et al.
(2021).

Biostimulants were applied to leaves through spraying once a
week, using only distilled water for the controls or the given PH
in a concentration of 3 mL/L for the treated plants. A total of 4
foliar applications of PHs were done throughout the experiment
(Figure 1B). The first spraying (priming) was performed one
day before the first salt application. Two hours before and after
the spraying of the plants, the relative humidity in the growing
chamber (FS-WI) was increased up to 80% to promote the
stomata opening.

Due to the limited capacity of the phenotyping platform, the
lettuce experiment was divided into two rounds, each consisting
of 64 plants. The substances B, C, and F were tested in the first
round, while D, H, O, and P in the second round.

Watering and Salt Treatment
All the pots were watered after each phenotyping round at up
to 55% SRWC with a modified Hoagland solution [0.36 g/L Ca
(NO3)2, 0.1 g/L KH2PO4, 0.80 g/L KNO3, 0.04 g/L NH4NO3,
0.13 g/L MgSO4, and 0.01 mg/L of MIKROM fertilizer (Cifo Srl,
S.Giorgio di Piano (BO), Italy)] using the Weighing and Watering
station in the PlantScreenTM Compact. The solution was freshly
prepared before each watering round and the pH was adjusted
to a value of 5.7.

Starting from 2 weeks after stratification, the plants belonging
to the stress group were subjected twice a week to salt application,
ending with 6 applications for both crops (Figure 1B). In the
lettuce assay, our objective was to reach a concentration of
40 mM NaCl in the soil, corresponding to moderate stress
(Freitas et al., 2019). To avoid osmotic shock to the plants and
NaCl accumulation in the soil, all the pots were first watered
up to 55% of SRWC with plain nutrient solution. The plants
belonging to the stress group were then given 40 ml each of
an 80 mM NaCl solution (8.7 mS/cm). In the end, after a
couple of hours from the salt application, all the plants were
watered again of up to 100% of their SRWC to create drainage
of the solution from the pot. The same setup was used with
tomato, but in this case, the salt solution increased to 120 mM
NaCl (14 mS/cm) to reach a concentration of around 60 mM
NaCl in the pot, corresponding to moderate salt stress (Meza
et al., 2020; Figure 1B). The two NaCl concentrations used
in the experiments were the result of several preliminary tests
conducted on both crops (data not shown).

Imaging Protocol and Data Analysis
Red-Green-Blue Imaging
Red green blue imaging using high-resolution top-view and
side-view RGB cameras and an optimised image segmentation
algorithm for automated analysis were used to calculate
the number of plant-specific pixels throughout the whole
experiment. The RGB images were processed as described by
Awlia et al. (2016) and Paul et al. (2019a,b).
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FIGURE 1 | Scheme of plant cultivation and phenotyping protocol. Plants were manually transferred from the cultivation chamber to PlantScreenTM Compact
System for imaging using four different sensors (thermal camera, chlorophyll fluorescence, and top and side RGB). The resulting false-color, segmented images, and
list of extracted parameters obtained from the sensors are shown (A). Timeline of plant cultivation (yellow bar) and phenotyping protocol (blue bar). Green dots show
four-time points of the foliar application for the selected biostimulants and the orange dots show six timepoints for the salt treatment (B).

Projected shoot area (PSA) from the top (PSAtop) and the side
view (PSAside) was used to calculate the Digital Biomass (DM) of
each plant (Rahaman et al., 2017):√

PSA2
side × PSAtop

Digital Biomass, corresponding to the approximate volume,
was then used to calculate the Relative Growth Rate (RGR),

whereT1 and T2 indicate the time interval (days), while DM1 and
DM2 indicate the corresponding digital biomass:

(ln DM2 − ln DM1)/(T2 − T1)

Relative growth rate (RGR) was calculated twice during the
experiment: from DoP 0 to DoP 12 (Early Phase) for both crops,
and from DoP 12 to DoP 21 for lettuce plants, or to DoP 24 for
tomato plants (Late Phase).
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Chlorophyll Fluorescence Imaging
To assess the effects of salt stress and biostimulants application
on the photosynthetic performance of the plants, ChlF
measurements were acquired using an enhanced version of
the FluorCam FC-800MF pulse amplitude modulated (PAM)
chlorophyll fluorometer incorporated into the PlantScreenTM

Compact System (for more details, see Henley, 1993). After
15 min of dark adaptation, the light curve protocol, as
described in Awlia et al. (2016), was used to quantify the
rate of photosynthesis at different photon irradiances (Rascher
et al., 2000). Four actinic light irradiances [Lss (Light steady-
state) 1: 180 µmol m−2 s−1; Lss2: 480 µmol m−2 s−1; Lss3; 780
µmol m−2 s−1 and Lss4: 1,080 µmol m−2 s−1] with a duration
of 60 s were used to quantify the rate of photosynthesis. The
raw data were automatically processed using the PlantScreenTM

Analyser software (PSI, Brno, Czechia). From the measured
fluorescence transient states, the basic ChlF parameters were
derived (i.e., F0, Fm, Ft, and Fv), which were used to calculate
a range of parameters characterizing the plant photosynthetic
performance (i.e., Fv/Fm, Fv′/Fm′, NPQ, and 8PSII). We chose
to evaluate the parameters obtained after the exposure of the
plants to the light of intensity 480 µmol m−2 s−1 (Lss2) since
they provide the highest discriminative power between control
and stress plants.

Thermal Imaging
To determine the leaf temperature of the plants, we used
the thermal imaging unit implemented into the PlantScreenTM

Compact system, which allows assessing the canopy temperature
from the top view. The thermal imaging unit incorporated in
the PlantScreenTM Compact System consists of a light-isolated
box with one top view camera mounted on a static frame
and a temperature sensor to increase contrast for the image-
processing step. The imaged area is 440 mm × 340 mm
(height × width). To assess the Spatio-temporal variations in
temperature over plant surface, we used an FLIR A615 thermal
camera with 45◦ lenses and a resolution of 640 × 480 pixels
and high-speed infrared windowing option and<50 mK thermal
sensitivity (FLIR Systems Inc., Boston, MA, United States). The
canopy temperature of each plant was automatically extracted
with PlantScreenTM Analyser software (PSI, Brno, Czechia) by
mask application, background subtraction, and pixel-by-pixel
integration of values across the entire plant surface area.

To minimize the influence of the differences in environmental
conditions and image acquisition timing among individual
plants, the average canopy temperature of each plant (Tavg)
was normalised with the actual temperature inside the Thermal
Imaging box and expressed as canopy temperature depression or
δT (◦C) (Hou et al., 2019).

Untargeted Metabolomic Analysis
At the end of the experiment, at DoP 21 and 24 in lettuce
and tomato, respectively, the third true leaf of each plant was
harvested and freeze-dried. The material from control plants and
plants treated with the 7 PHs was used for the metabolomic
analysis. Lyophilised plant material (50 mg for lettuce and
250 mg for tomato) was extracted in twenty volumes (w/v)

of methanol/water solution (70:30, v/v), acidified with 0.1%
formic acid by Ultra-Turrax (Polytron PT, City, Switzerland),
centrifuged, and then filtered through a 0.22 µm membrane
as previously reported (Paul et al., 2019a,b). Untargeted
metabolomics was performed using a 6,550 iFunnel quadrupole-
time-of-flight mass spectrometer and a 1,200 series ultra-high-
pressure liquid chromatographic system (UHPLC-ESI/QTOF-
MS) from Agilent Technologies (Santa Clara, CA, United States)
as previously described (Miras-Moreno et al., 2021). Briefly,
6 µL were injected and a reverse-phase chromatography was
applied under a water-acetonitrile gradient elution (6 to 94%
acetonitrile in 33 min). The mass spectrometer worked in positive
ionisation (ESI+) and in SCAN mode for the acquisition of
accurate masses ranging from 100 to 1,200 m/z. Four replicates
were analysed for each treatment and samples were randomly
sequenced. Quality Controls (QCs) were prepared by pooling all
the extracts and were analysed throughout the chromatographic
sequence using the same chromatographic conditions as samples
but were acquired in data-dependent MS/MS mode (1Hz, 50–
1,200m/z, 12 precursors per cycle) at different collision energies
(10, 20, and 40eV).

Agilent Profinder B.07 (Agilent Technologies) software was
used for mass (5-ppm tolerance), retention time (0.05min
maximum shift) alignment, and for processing all the
mass features from UHPLC-ESI/QTOF-MS raw data. The
combination of monoisotopic mass, isotopes accurate spacing,
and isotope ratio was used for annotation using the PlantCyc
12.6 database (Plant Metabolic Network)1, as previously reported
(Pretali et al., 2016; Schläpfer et al., 2017). Only those compounds
identified in 75% of the replications within at least one treatment
were retained. Thereafter, MS/MS confirmations from QCs were
carried out using the software MS-DIAL 4.24 (Tsugawa et al.,
2015), formerly using MS/MS experimental spectra available
in the software (Mass Bank of North America), and then using
MS-Finder in silico fragmentation (Tsugawa et al., 2016). The
annotation process corresponded to level 2 of confidence as
set out in the COSMOS Metabolomics Standards Initiative
(Salek et al., 2015).

Statistical Analysis
For the phenotyping data, statistical differences between
treatments and time points were determined by Mixed model
analysis (McCulloch and Searle, 2000; Boisgontier and Cheval,
2016) and multiple pairwise comparisons using post hoc Tukey’s
test (P-value <0.05). The statistical analysis was implemented
in R studio (R GUI 4.0.3) using the “lmer” and “emmeans”
packages (R Core Team, 2014; Bates et al., 2015; Russell, 2020).
Then, to define the specificities of each crop and their response
to the foliar application with PHs, and to go further in the
mode of action, hierarchical clustering was applied with the
use of “Ward’s” linkage method to find similarities between
crops, growth conditions, and the best and worse performed
biostimulant and to identify clusters (Saxena et al., 2017). Finally,
random forest classification was also applied to identify the
significant variables for the treatment classification (Qi, 2012).

1http://www.plantcyc.org
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Concerning metabolomics, the software Agilent Mass Profiler
Professional B.12.06 (from Agilent Technologies, Santa Clara,
CA, United States) was used for data normalisation and
baselining (Mimmo et al., 2017). Then, unsupervised hierarchical
cluster analysis (HCA) based on fold-change heatmaps (Squared
Euclidean distance) was used to naively describe patterns across
treatments. Thereafter, supervised multivariate statistics were
performed in SIMCA 13 (Umetrics, Malmo, Sweden), where
orthogonal projection to latent structures discriminant analysis
(OPLS-DA) was carried out. Each supervised model (separate
models for tomato and lettuce, and then a comprehensive
model for salt-stressed versus control plants), was validated
by CV-ANOVA, checked for overfitting by permutation testing
(N = 200), and then inspected for goodness-of-fit (R2Y)
and prediction ability (Q2Y). After that, variable importance
in projection (VIP) ranking was used to identify the most
discriminant compounds in each OPLS-DA model. Finally,
ANOVA (P-value <0.01, Bonferroni multiple testing correction)
and fold-change (FC) analysis (FC ≥ 1.3) were combined into
Volcano Plots, and differential compounds were imported into
the Omic Viewer Pathway Tool of PlantCyc (Stanford, CA,
United States) software (Caspi et al., 2013) for biochemical
interpretations.

RESULTS

Development of the Experimental
Protocol for Salt and Biostimulants
Applications
To effectively characterise the outcome of biostimulants
applications on lettuce and tomato performance in the early
vegetative growth phase, we first optimised the experimental

protocol for plant cultivation, mild-salt stress application, and
the stress response quantification. The crops were analysed
in independent experiments as they are very diverse in their
tolerance to salinity, and two different concentrations of NaCl in
the nutrient solution were used to water the plants as described
in Materials and Methods (Figure 1). Lettuce and tomato plants
were grown for 35 and 39 days, respectively, and this period
corresponded to the complete head maturation in lettuce and the
beginning of the flowering stage in tomatoes.

The PHs were applied via foliar spraying with solutions of
3 mL/L each (Figure 1; Di Mola et al., 2019a,b). The morpho-
physiological traits of the plants were quantified dynamically
throughout the trial to monitor their growth performance and
physiological status. As a result, we could clearly distinguish two
periods in the experiment, an early and late phase, in which the
response of the plants to the salt stress and to the interaction with
the biostimulants applications were diverse. It is well-known that
plants respond to salt stress in two phases (Ugena et al., 2018):
a rapid and osmotic phase, described here as the early phase
(DoP 0-12), and a slower ionic phase due to the ion toxicity,
referred to as the late phase (DoP 12-21 in lettuce or DoP 12-24
in tomato) (Figure 2).

Lettuce and Tomato Plants Have
Different Physiological Responses to
Mild Salinity
In lettuce, salt stress reduced plant growth in the later phase
of the experiment after 4 salt applications (after DoP 14)
(Figures 2A1,A2), and the reduction was similar in the lettuce
plants from the first and second trials with 35 and 29%
lower digital biomass (DB) than their correspondent controls,
respectively (Supplementary Figures 1A1,B1). We further
assessed other morphological parameters, such as roundness,

FIGURE 2 | Salinity response in tomato and lettuce plants. The RGB top view colour-segmented images of lettuce (A1) and tomato (B1) control and
salinity-stressed plants over the time-course of the experiment. Digital biomass (DB) of the lettuce (A2) and tomato (B2) plants. The maximum quantum efficiency of
photosystem II in the light-adapted state (Fl′/Fm′) for lettuce [full line, (A3)] and tomato [dashed line, (B3)] plants. Values represent the average of 8 (lettuce) and 6
(tomato) biological replicates per treatment, error bars represent standard deviation. The significant differences between control and salt treatment are indicated with
∗, ∗∗, and ∗∗∗ for p-values below 0.05, 0.01, and 0.001, respectively. Data and images shown are from the 1st round of the lettuce experiment.
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compactness, and slenderness of the leaves (SOL), showing that
they did not differ between the rounds, but differed between
the controls and salt-stressed plants in the late phase, with
the less compact, round, and more SOL in the stressed lettuce
(Figure 2A1 and Supplementary Figures 1A,B).

The photosynthetic performance of the plants during the
development and with the progression of the salt stress was also
affected (Figure 2A3 and Supplementary Figures 1C,D). In the
two rounds that were analysed, the most significant differences
were observed in the late phase between the controls and the
NaCl-treated lettuce plants. We showed that the maximum
quantum yield of PSII photochemistry for the light-adapted
(Fv′/Fm′) state and PSII operating efficiency (8PSII) were
significantly reduced in the stressed plants, whereas the non-
photochemical quenching (NPQ) was increased compared to
the controls (Figure 2A3 and Supplementary Figures 1C,D).
Altogether, our data demonstrate that in lettuce, only the late
phase of salt stress imposition (after DoP12) was important
to detect the differences in growth and in fluorescence-related
parameters between treatments.

In tomato plants, the growth of the plant was not affected
by the mild salt stress (Figures 2B1,B2). The remaining
morphological parameters did not show differences between
control and salt stress, except for the higher slenderness of the
leaves (SOL) in salt-stressed plants during the transition from the
early to late phase (Supplementary Figures 2A1–A4). Regarding
the physiology, however, there were significant differences
in several fluorescence-related parameters at the end of the
early phase and late phase of the salt stress (Figure 2B3
and Supplementary Figure 2B). In salt-stressed tomatoes, we
observed a significant reduction in Fv′/Fm′ and 8PSII, and
increased NPQ values compared to the controls.

Protein Hydrolysates Specifically
Improve Growth Performance of Lettuce
Plants
In the following step, we analysed how the foliar application
of selected PHs could modify the responses observed in
salt-stressed and non-stressed plants. In lettuce plants, the
substance P increased the DB at the late phase of stress
after 3 foliar applications under both growth conditions
(DoP13) (Figures 3A1,A2, Supplementary Figure 3B1,
and Supplementary Tables 1A,B). The substances D and
H also improved the DB, but only when plants were grown
under salt stress conditions. Other morphological traits,
such as roundness, compactness, or SOL, did not change
(Supplementary Figures 3A2–A4,B1–B4 and Supplementary
Tables 1A,B). Similarly, the foliar application with substance
P increased the RGR of the plants in the early phase under
control conditions (Figures 3A1,A2 and Supplementary
Figures 6A1,A2). Other PHs did not modify the RGR of the
plants compared to their respective controls (salt or control) in
both the early and late phases. Interestingly, application of the
PHs increased the final biomass (Supplementary Figures 6B,C),
especially the dry weight of the aerial part of the plants when the
substances B, C, F, and P were applied to plants grown under

control and salt stress conditions, or when the substance O was
applied under control conditions.

The application of biostimulants had a mild impact on the
photosynthetic performance of the lettuce plants both under
control and salt stress conditions. We showed that the plants
treated with the substances P and H increased Fv′/Fm′ and
8PSII values both under control and stress conditions, while
we observed reduced NPQ levels along with the experiment
(Figures 3A1,A2, Supplementary Figures 3C,D, 4C,D, and
Supplementary Table 2A).

In tomato plants, the application of PHs did not have any
effect on the morphological traits; the differences in DB, RGR,
and fresh and dry weight were only due to the growth conditions.
Digital biomass (DB), along with the fresh weights of the plants,
were similar in PH-treated plants and control plants during
both phases of the experiment (Figures 3B1,B2, Supplementary
Figures 5A,B, 7, and Supplementary Table 1C). Similarly,
no significant improvement of the photosynthetic efficiency of
the plants was observed in tomato plants sprayed with PHs
in any growth conditions (Figures 3B1,B2, Supplementary
Figures 5C,D, and Supplementary Table 2C).

We have further analysed the impact of PHs applications
on the leaf surface temperature profile of both crops using
thermal image analysis. The salt stress significantly increased
the temperature of the leaf surface in lettuce but not in tomato
plants (Supplementary Figure 8). Similarly, the changes of
the temperature by the application with biostimulants were
more visible in lettuce than in tomato plants. We showed
that the lettuce plants treated with the substances C and F
had a significantly reduced surface temperature when grown
both under control and stress conditions (Figures 3A1,A2,
Supplementary Figures 8A,B, and Supplementary Table 3A).
In tomatoes, the biostimulants reduced the temperature of
the leaf surface after the first application in plants that were
under control and salt stress conditions. However, in the
late phase, they increased the temperature over the respective
control in almost all the cases (Supplementary Figure 8C and
Supplementary Table 3A).

Investigating the Mode of Action of the
Protein Hydrolysates Through the Plant
Biostimulant Characterisation Index
To simplify the results and to identify the specific mode of action
of the 7 PHs, we used the Plant Biostimulant Characterisation
(PBC) index as described previously (Ugena et al., 2018;
Sorrentino et al., 2021). For the calculation of the PBC indexes, we
selected the five traits (DB, RGR, Fv′/Fm′, 8PSII, and 1T) that
provided the highest discriminative power between the different
treatments (Supplementary Tables 1–3). The PBC indexes for
the Early Phase (from DoP 0 to 12) and the Late Phase (from
DoP 12 to 21 in lettuce or from DoP 12 to 24 in tomato)
were calculated independently since we could observe different
responses of the plants treated with the 7 PHs in the two phases.
To determine the index value, the log2 of the ratio between the
biostimulant treated plants and untreated ones was determined
for each crop and growth conditions, and then represented
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FIGURE 3 | Characterisation of the effect of biostimulants on the performance of tomato and lettuce plants grown under control and salinity conditions. Parallel
coordinate plots of the 5 main morpho-physiological parameters (Digital Biomass, RGR, Fv′/Fm′, 8PSII and 4T) are shown for lettuce plants grown in control [full
lines, (A1)] and salt stress conditions [dotted lines, (A2)], for tomato plants grown in control [dashed lines, (B1)], and salt stress conditions [dotted and dashed lines,
(B2)]. The values represent the log2 of the ratio between the plants treated with the 7 protein hydrolysates (PHs) and their respective controls, the sum of the
resulting 5 values corresponds to the Plant Biostimulant Characterisation (PBC) index, used for the characterisation of the PHs. Data are shown for the early (0–12
Days of Phenotyping) and the late phase (12–21 Days of Phenotyping) of the plant growth.

in parallel plots (Figure 3). Then, the five obtained values
represented in each parallel plot were summed to end with a
unique number that represents the PBC index (for further detail
see Sorrentino et al., 2021) which was included in Table 1. The
calculated PBC index for each compound, growing condition,
and phase of the trial could be negative (red) or positive (blue),
providing information about the mode of action of that specific
combination (Table 1). More in detail, the substances with
positive PBC indexes (darker blue) in control conditions are
characterised as plant growth promoters, whereas the negative
(darker red) are plant growth inhibitors. Overall, our data clearly
showed that in lettuce plants, the substance P was both the
best growth promotor and stress alleviator, improving the fitness
of the plants in all growing conditions and both stages of the
trial. The second best was H, while the absolute worst was B
(Table 1A). Some of the other PHs proved to be beneficial to
the crop only in a specific growing condition and/or phase of
the trial. For example, F showed an effect as a growth promotor,
but only in the late phase of the experiment, while O acted as
a stress alleviator in the early phase, but its effect fainted in the
Later Phase (Table 1A).

For tomato, the absolute best performer was the substance
O, followed by D, F, and H, all acting as growth promotors
and stress alleviators. Contrarily, the plants treated with the
substance B showed the worst performances, especially in salt
stress conditions (Table 1B).

The results obtained from the PBC index were also
corroborated by a cluster analysis performed with the complete
phenotyping data set (Figure 4). In lettuce, the plants treated with
H and P were located in an independent cluster that was divided
into two subclusters due to the growth conditions (control or
salt) but independent of the stress and unstressed control plants

(Figure 4A). Contrarily, the rest of the substances were located
with their respective controls that were only separated by the
stress effect (Figures 4A,B). In tomato plants, except for the
substances B and C, all PHs were beneficial for the plant fitness,
especially when they were grown under salt stress conditions
(Figure 4C). Altogether, we could conclude that H and P were
the best growth promotors and stress alleviators, whereas B was a
plant growth inhibitor.

The Applications of Protein Hydrolysates
Activate Different Metabolic Pathways in
Lettuce and Tomato Plants
An untargeted metabolomic analysis (UHPLC/QTOF-MS) was
performed to understand the molecular mechanisms triggered
by PH treatments in tomato and lettuce plants grown under
either control or salinity conditions. The untargeted profiling
allowed to putatively annotate more than 2,000 compounds;
the whole list of metabolites, together with the composite
mass spectra and individual abundances are provided as
Supplementary Material (Supplementary Table 5A for lettuce,
Supplementary Table 5B for tomato). The metabolomics dataset
included a broad biochemical diversity, including metabolites
from a large range of metabolic processes of primary and
secondary metabolism. Multivariate statistics were applied
to the metabolomic dataset highlighting the similarities or
dissimilarities among the metabolomic profiles across treatments.
At first, the unsupervised and supervised statistics were carried
out separately, while considering the metabolomics datasets from
lettuce and tomato. These statistics served as the first step
of interpretation to point out the similarities or dissimilarities
among all treatments.
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TABLE 1 | Classification of 7 protein hydrolysates (PHs) using Plant Biostimulant Characterisation (PBC) index.

(A) Lettuce (B) Tomato

Control NaCl Control NaCl

Early phase Late phase Early phase Late phase Early phase Late phase Early phase Late phase

B −0.38 −0.21 −1.04 −0.78 0.35 0.18 0.09 0.10

C −0.54 −0.07 −1.73 1.01 0.17 −0.32 0.84 1.00

D 0.12 −0.10 −1.18 −0.42 1.27 1.14 1.14 1.33

F −0.73 1.23 −1.77 0.15 1.21 1.24 0.92 1.00

H 0.63 0.30 0.53 1.00 0.73 0.63 1.36 0.77

O 0.15 −0.02 0.38 0.19 1.96 1.45 1.49 1.23

P 1.37 1.32 0.84 1.29 0.60 0.64 0.34 0.36

The PBC index values for each substance, in Early (0-12 Days of Phenotyping for both crops) and in Late Phase of the experiment (21-21 or 12-24 Days of Phenotyping
for lettuce or tomato, respectively). The PBC index of the 7 studied PHs in lettuce (A) and tomato (B) plants under control and salinity conditions. White corresponds to
0, positive values are highlighted in blue and negative values are highlighted in red, the farther the value from 0, the darker is the corresponding hue.

FIGURE 4 | Cluster Dendrograms for all phenotypical data. Cluster analysis of the lettuce [(A) 1st round and (B) 2nd round] or tomato (C) plants treated with 7
different PHs and grown under control and salt stress conditions.

When the lettuce plants were analysed, the unsupervised
fold-change-based hierarchical clustering output (Figure 5A)
naively evidenced that within each trial (first for PHs B, C,
F, and second for D, H, O, P), the salinity application was
the main clustering factor. Nevertheless, the score plot from
the supervised OPLS-DA multivariate modelling (Figure 5B)

allowed to efficiently discriminate among the different groups
of treatments, whereas control samples from the two different
trials merged into the score-plot. The model was validated
(P-value < 0.001), parameters of the OPLS-DA were excellent
(R2Y = 0.983, Q2Y = 0.935), and overfitting was avoided through
permutation testing. Therefore, discriminant compounds (VIP
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score > 1.2 − Supplementary Table 6A) were exported and
were considered. Overall, primary and secondary metabolites
were equally represented among the VIP discriminants.
In more detail, the most represented primary metabolites
included carbohydrates, membrane lipids, hormones (mainly
brassinosteroids, a cytokinin, and two gibberellins), and electron-
carriers (quinol and quinones). Among secondary metabolites,
the most represented compounds were phenylpropanoids,
alkaloids, and isoprenoids. Exploring the OPLS-DA score
plot (Figure 5B), the variants showed a clear distribution
through all score spaces with a clear separation between stressed
and non-stressed plants treated with the same PHs. Under
non-saline conditions, the plants treated with B, C, and F
presented metabolomic signatures similar to the untreated
control, depicting a separated group of responses. However, a
second group formed by the plants treated with H, O, and P,
corresponding to the best performing biostimulants according
to the phenotyping data, formed an independent group under
control and salt stress conditions (Figure 5B).

Different results were obtained in tomato plants. As a
preliminary approach, unsupervised HCA (Figure 6A) suggests
that salinity did not have a primary effect on metabolic signatures.
Tomato samples clustered in two main groups, distinguishing
PH treatments, with a cluster including O, P, F, and H, and a
second group containing those plants treated with the substance
B and C, more similar to untreated controls. These results were
further confirmed by the OPLS-DA supervised statistics which
allowed separating better the samples in the score space according
to the combined treatments (Figure 6B). The model parameters
of the OPLS-DA were excellent (R2Y = 0.981, Q2Y = 0.941),
validation was adequate (P-value <0.001), and overfitting could
be excluded by permutation testing. Discriminant compounds
(VIP score > 1.1 – Supplementary Table 6B) are mainly related
to secondary metabolism (phenylpropanoids and to a lesser
extent terpenoids and alkaloids), cofactors/electron carriers, and
phytohormones (gibberellins, brassinosteroids, jasmonate, and
IAA-conjugates). Primary metabolites range from carbohydrates,
lipids, organic acids, and nucleic acid components. OPLS-DA
evidenced that some PHs (O, P, H, D) were better able to
minimize the differences between stressed and non-stressed
plants, so the plants were grouped independently of the plant
growth conditions. This feature might imply a hierarchically
stronger effect of the biostimulant above salt stress, and thus,
the ability of these PHs to well-play as stress alleviator on plant
metabolism (Figure 6B).

Biochemical Insights on the
Metabolomic Reprogramming Triggered
by the Best and the Worst Performers
Protein Hydrolysates
To further understand the differences between the mode of
action of good and bad performing biostimulants, we analysed
the plants treated with the best substance, H, as plant growth
promotor and stress alleviator and with the worst, B, as
growth inhibitor [according to the PBC indexes and the cluster
analysis (Figures 3, 4 and Table 1)]. The two corresponding

sub-datasets were then considered, including 669 compounds
for lettuce and 1,090 for tomato. The HCA confirmed the
strongest effect of salinity above the PH-treatments in lettuce,
whereas PHs had a hierarchically stronger effect on tomatoes
(Supplementary Figures 9A,B). Indeed, for lettuce, the two
main clusters divided stressed from non-stressed plants, even
though the metabolic profiles of control plants were more
similar to B-treated plants. On the other hand, the metabolic
signatures of tomato samples merged in two main clusters,
one including H-treated plants and a second cluster grouped
controls and B-treated. Consistent results were obtained by
OPLS-DA where the separation of treatments could be observed
in the score plot hyperspace (Supplementary Figures 9A,B).
The OPLS-DA model was robust, being R2Y = 0.996 and
Q2Y = 0.987 in lettuce (P-value < 0.001) and R2Y = 0.996
and Q2Y = 0.977 in tomato (P-value < 0.001). Thereafter, the
Volcano plot analysis (P-value < 0.01, FC ≥ 1.3) was applied to
identify differential compounds. Overall, we evidenced that 414
(in lettuce, Supplementary Table 7A) and 261 compounds (in
tomato, Supplementary Table 7B) were significantly modulated
by treatments compared to control. The Pathway Tool analysis
from PlantCyc was applied to simplify the interpretation
in terms of plant metabolism. Figures 7A, 8A show the
biosynthetic processes modulated by treatments, along with
cumulate FC values. Overall, biosynthesis processes related
to secondary metabolism were generally decreased in both
crops (Figures 7B, 8B), except for tomato plants treated
with PH B under non-stress conditions. In both species,
N-containing compounds (mostly alkaloids), phenylpropanoids,
and terpenes underwent the most evident modulation. In
lettuce, several membrane lipids were impaired, such as
long-chain fatty acid (also in the epoxy form) and sterols.
Phytohormones were broadly affected by the treatments in
lettuce, whereas in tomato, we evidenced a weaker impact
(Figures 7C, 8C). The main modulations concerned gibberellins,
which decreased in both crops. In treated lettuce, a reduction
of brassinosteroids, auxin-conjugates (IAA-Ile, IAA-Leu, IAA-
Asp), and N-glycosylated cytokinins were observed. The ethylene
precursor (1-aminocyclopropane-1-carboxylate, ACC) down-
accumulated only in control plants of lettuce treated with
H-substance. In tomatoes, changes in cytokinin content with the
main accumulation of trans-zeatin-O-glucoside-7-N-glucoside
in response to PH B (either under control conditions or salt stress
and to H in control conditions).

Similar results were obtained when the effect of the two
PHs (B and H) was investigated with respect of their ability
as growth improvers and stress alleviators by independently
exploring non-stressed and salt-stressed plants. Two different
OPLS-DA models were validated regardless of the plant species,
one considering metabolomics data from salt-stressed plants
and the other including non-stressed plants (Supplementary
Figures 10A,B). Validation parameters were excellent in both
models, showing a R2Y = 0.992 and Q2Y = 0.964 (P-
value = 1.57 e-17) for non-stressed samples and R2Y = 0.996
and Q2Y = 0.949 (P-value = 6.41 e-15) for samples grown
under salt stress. The strongest discriminant compounds
were selected from each model through the VIP method
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FIGURE 5 | Metabolomic analysis of lettuce plants. Unsupervised hierarchical cluster analysis carried out from ultra-high-pressure liquid chromatographic system
(UHPLC-ESI/QTOF-MS) metabolomics analysis of lettuce plants treated with 7 PHs under control and salt stress (NaCl) conditions. The fold-change-based heat
map was used to build hierarchical clusters (linkage rule: Ward, distance: Euclidean) (A). Score plot of orthogonal projection to latent structures discriminant analysis
(OPLS-DA) supervised modelling carried out on untargeted metabolomics profiles of lettuce plants after 7 PHs application, under control and salt stress (NaCl)
conditions (R2Y = 0.98, Q2Y = 0.93) (B).

FIGURE 6 | Metabolomic analysis of tomato plants. Unsupervised hierarchical cluster analysis carried out from UHPLC-ESI/QTOF-MS metabolomics analysis of
tomatoes treated with 7 PHs under control and salt stress (NaCl) conditions. The fold-change-based heat map was used to build hierarchical clusters (linkage rule:
Ward, distance: Euclidean) (A). Score plot of orthogonal projection to latent structures discriminant analysis (OPLS-DA) supervised modelling carried out on
untargeted metabolomics profiles of lettuce plants after 7 PHs application, under control and salt stress (NaCl) conditions (R2Y = 0.98, Q2Y = 0.94) (B).

(VIP score > 1.20). A total of 310 (salinity, Supplementary
Table 8A) and 333 (control, Supplementary Table 8B)
metabolites were considered and exported along with their FC
values into the Omic Viewer Pathway Tool of PlantCyc for
interpretations (Supplementary Figures 11A–C, 12A–C). Half of
the total discriminant compounds were classified as secondary
metabolites. However, whereas B substance downregulated
the accumulation of secondary metabolites (phenylpropanoids,
terpenes, and N-containing compounds), H increased them along
with the levels of others such as fatty acid/lipids, cofactors, and
electron carriers.

Regarding phytohormones, several discriminant compounds
were differentially modulated by the two PHs. Under non-
stress conditions, brassinosteroids [3-dehydroteasterone and
(22S,24R)-22-hydroxy-5α-ergostan-3-one] strongly down-
accumulated in response to PH B but not to PH H, which, on the
other hand, remarkably induced a strong accumulation of methyl
(indol-3-yl) acetate (MeIAA), a storage form of IAA. Among
cytokinins, two glycosylated forms of trans-zeatin accumulated
by H applications, whereas only one (trans-zeatin-7-N-glucoside)
in response to B. The PH-treated plants caused a depletion in the
ethylene precursor [1-aminocyclipropane-1-carboxylate (ACC)],
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FIGURE 7 | Metabolic changes in lettuce plants. Metabolic processes (A), secondary metabolism (B), and (C) hormone biosynthesis were impaired by treatments in
lettuce plants compared to control samples. Differential metabolites from the Volcano analysis (P-value <0.01, FC ≥ 1.3) were elaborated using the Omics Viewer
Dashboard of the Plant Cyc pathway Tool software (www.pmn.plantcyc.com). The large dots represent the average (mean) of all log Fold-change (FC) for
metabolites, and the small dots represent the individual log FC for each metabolite. The x-axis represents each set of subcategories, while the y-axis corresponds to
the cumulative log FC. FA/Lipid: fatty acids and lipids, Amine: amines and polyamines, Cofactor: cofactors, prosthetic groups, electron carriers, and vitamins, FA
Derives: fatty acid derivatives, N-containing: Nitrogen-containing secondary metabolites, S-containing: Sulfur-containing secondary metabolites, Sugar Derives:
sugar derivatives.

but PH H had the strongest effect. Under salinity conditions,
MeIAA showed the same modulations recorded in control
plants. The only cytokinin found as discriminant (cis-zeatin)
accumulated in response to the substance H.

Integrative Analysis of Phenomic and
Metabolomics Datasets
The multivariate generalisation of the squared Pearson
correlation coefficient was investigated through co-inertia (CIA)
in terms of global similarity between the integrated phenotyping
and metabolomic datasets (Supplementary Figure 13). The
overall correlation between the two datasets was expressed as the
RV coefficient. This is a measure of global similarity between the
datasets and assumes values between 0 and 1. The closer to 1, the
higher the similarity between the datasets (Robert and Escoufier,
1976). The overall similarity in structure between phenotyping
and metabolomics data was higher in lettuce than in tomato with
an RV coefficient equal to 0.37 and 0.29, respectively. However,
the obtained RV for both crops reflected the lack of joint
structure in these two datasets (phenomics and metabolomics).
Altogether, we could say that according to the low synchrony
obtained between the phenotypical and metabolomics data after
CIA analysis, the changes in the metabolic content do not define
the phenotype of the plants.

To deal with this low concordance between the two datasets,
we decided to work with the phenotypical and metabolomic

data obtained from the plants treated with the substance H
as plant growth promotor and stress alleviator, and with the
substance B that worked as a growth inhibitor in both lettuce
and tomato plants. As the first step, we used the random forest
classification method to identify the most important phenotyping
traits for each species. As a result, in lettuce, the importance
was mainly focused on morphological traits, whereas in tomato
the physiology was most relevant (Supplementary Tables 4A,B).
Concretely, the volume represented as DB was the parameter with
the highest discriminative power between treatments, followed by
the physiological parameter, water use efficiency (WUE), related
to water balance. However, in tomatoes, the most important
parameters were related to the photosynthetic performance of
the plant, with QY_max and QY_Lss4 as the main ones. The
two crops respond in a different way to the changes in the
growth conditions, where not only the growth conditions but
also whatever treatment applied is included. Once defined, the
main phenotypical traits, the correlated metabolites (p < 0.05)
were identified performing a correlation matrix (Supplementary
Tables 9A,B). For lettuce, many secondary metabolites, including
alkaloids, terpenoids, and phenols or certain metabolites involved
in amino acid metabolism (mainly degradation compounds)
were negatively correlated with the volume of lettuce plants.
However, this phenotyping trait was positively correlated with
IAA, IAA-Asp, and L-arginine-succinate, among others. In
tomato, however, QY_max was positively correlated to certain
secondary metabolites, such as the phenol 4-hydroxycoumarin,

Frontiers in Plant Science | www.frontiersin.org 12 February 2022 | Volume 12 | Article 808711627

https://www.pmn.plantcyc.com
https://www.frontiersin.org/journals/plant-science
https://www.frontiersin.org/
https://www.frontiersin.org/journals/plant-science#articles


fpls-12-808711 February 2, 2022 Time: 12:8 # 13

Sorrentino et al. Mode of Action of PHs

FIGURE 8 | Metabolic changes in tomato plants. Metabolic processes (A), secondary metabolism (B), and (C) hormone biosynthesis were impaired by treatments in
tomato plants compared to control samples. Differential metabolites from the Volcano analysis (P-value <0.01, FC ≥ 1.3) were elaborated using the Omics Viewer
Dashboard of the Plant Cyc pathway Tool software (www.pmn.plantcyc.com). The large dots represent the average (mean) of all log Fold-change (FC) for
metabolites, and the small dots represent the individual log FC for each metabolite. The x-axis represents each set of subcategories, while the y-axis corresponds to
the cumulative log FC. FA/Lipid: fatty acids and lipids, Amine: amines and polyamines, Cofactor: cofactors, prosthetic groups, electron carriers, and vitamins, FA
Derives: fatty acid derivatives, N-containing: Nitrogen-containing secondary metabolites, S-containing: Sulfur-containing secondary metabolites, and Sugar Derives:
sugar derivatives.

and the vitamin K1 (phylloquinone), among others, and the
carbohydrate D-erythrose 4-phosphate.

DISCUSSION

In the last years, the use of plant phenotyping approaches is
becoming an efficient tool for characterizing the mode of action
of biostimulants obtained from many different sources and in
many plant species (Briglia et al., 2019; Danzi et al., 2019; Akhtar
et al., 2020; Mutale-joan et al., 2020). Non-invasive approaches
allow the simultaneous study of the crops grown under different
growth conditions treated with biostimulant substances for a
better understanding of their mode of action. To this end, our
study could be another example of this type of study. We show
that two distance crops, such as lettuce and tomato, differ in
the response to salt stress alone or the interaction between the
stress and the application of PHs based biostimulants. The PH
application modified the kinetics of the curves for the different
phenotyping traits, including plant growth, fluorescence-related
parameters, and thermal imaging. This separated the plant
response in the early and late phases, with it being more evident
for lettuce than for tomato plants (Supplementary Figures 1–8).
However, the effect was different for both crops and from

the one obtained in previous studies performed in Arabidopsis
(Sorrentino et al., 2021). Whereas in lettuce, the biostimulant
application induced changes during the early phase and after a
low number of applications, in the case of tomato the changes
were mainly visible at the late phase.

To go further in the understanding of the biostimulant
mode of action, we probed the combination of phenotyping
experiments with other omics, especially metabolomics, which
can give additional information. In this context, the most difficult
part is the data management, as both –omics approaches are
ending with a huge amount of data to process and interpret.
Thanks to the fast evolution of the data analysis based on
multivariate statistical analysis, this is possible, and this aims to
be a good example of such approaches. For that, the first step
done was the clustering of the variants analysed independently
for both lettuce and tomato using phenomic data (Figure 4).
The high dimensionality of the data is a characteristic that
creates many challenges in clustering and data analysis in general.
The clustering tree is defined by the analysis of the LK norm
distances that depend on the value of K (Euclidean, Manhattan,
Minkowski, etc.). The most often Lk norm used is Euclidean
distance. In this regard, Aggarwal et al. (2001) showed some
interesting results comparing different LK norm distances. More
specifically, they stress that the meaningfulness of LK norm
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(K = 1 for Manhattan, K = 2 for Euclidean, etc.) is worse on
high dimensions. This means that the Manhattan distance is
preferred in situations where the number of traits (metabolomics
or phenomics) is considerably large. That is the reason why
Euclidean and Manhattan distances were both examined in this
study. However, in this case, the results were not significantly
different for both lettuce and tomato. One of the reasons for this
result could be that there was a clear different response of the
plant when the H or B substance was applied.

As the second step, after the performance of the metabolic
analysis and data processing, the concordance between both
datasets (phenomics+metabolomics) was performed using CIA
analysis. This tool is becoming a particularly attractive method
for the identification of relationships between large datasets, but it
is mainly used in ecology or genetics (Bady et al., 2004; Genitsaris
et al., 2016; Devarajan et al., 2021). However, there are not any
case studies using this tool for integrating phenotyping data with
other omics. In our study, we observed low values of the RV
coefficient between both datasets (phenomics + metabolomics)
(Supplementary Figure 13). This would mean that the metabolic
profiling cannot explain the phenotypes of the plants, making
the integration of both data more difficult. One of the reasons
for this could be that the most of modulated metabolites were
secondary metabolites, including alkaloids, phenylpropanoids,
and terpenes (Figures 7, 8 and Supplementary Table 7). On the
contrary, relevant molecules, such as plant growth regulators, are
not so abundant and mainly appeared in lettuce. For example,
in lettuce plants, there was a clear reduction of the conjugated
forms of IAA, most probably to maintain the pool of IAA and
thus allow the plant growth (reviewed by Ludwig-Müller, 2011).
Besides, the precursor of ethylene, ACC, was also reduced in
lettuce plants treated with the H substance when plants were
grown under control conditions. It could mean that the H
application can reduce the ethylene synthesis and with that, its
negative effects (i.e., growth inhibition). However, recent studies
also showed that ACC itself is enough to reduce the plant growth
(Vanderstraeten et al., 2019).

To solve the low concordance between the phenotyping and
metabolomic data, we decided to identify the most significant
traits for each treatment (or treatment + biostimulant) among
the phenotyping traits identified. For that, we used a random
forest classifier. Such a tool is mainly used in plant science
for machine learning approaches applied in image analysis
(Barradas et al., 2021; Singh et al., 2016), but it has never
been used for characterizing the biostimulant mode of action.
Apart from a powerful classification method, the random forest
has the advantage of revealing the significance of the traits
used for identifying (classifying) treatments. This is done using
the decrease in classification accuracy if a specific variable –
trait is removed. The random forest classifiers applied for
lettuce and tomato have high accuracy percentages (>95%),
which makes them valid for the interpretation of the significant
traits. The significant traits found for lettuce were the volume
(based on the DB) and WUE. The most relevant result was
the volume that positively correlated with the IAA levels
(Supplementary Table 9). Higher IAA levels in leaves can
improve cell extensibility and consequently induce leaf growth

(Veselov et al., 2002). Additionally, under stress conditions,
the IAA accumulation can be a stress tolerance mechanism
that permits the plant to keep growing (De Diego et al.,
2012). Besides, this result could also explain the aforementioned
reduction of the conjugation of IAA with certain amino acids
observed in the plants treated with the H substance, and hence,
their better growth under both control and stress conditions.
The amide-linked IAA-amino acid conjugates are considered
reversible storage forms with no or low biological activity (Mellor
et al., 2016), with the Gretchen Hagen3 (GH3) family of auxin-
inducible acyl amido synthetases as the enzymes converting IAA
to IAA-amino acids. Thus, we could think that the application of
the substance H in lettuce has downregulated the activity of GH3
to reduce auxin-conjugates and maintain the IAA levels as a stress
response strategy.

In tomato, the most important trait was the QY_max,
which was positively correlated to D-erythrose 4-phosphate
(Supplementary Table 9), an intermediate in the pentose
phosphate pathway, and the Calvin cycle that serves as a
precursor in the shikimate pathway (Billakurthi and Schreier,
2020). This result could also explain the positive correlation
with other metabolites product of this pathway, such as
4-hydroxycoumarin and vitamin K1 (phylloquinone). The
hydroxycoumarins have been described as efficient antibacterial
compounds that can improve plant stress resistance (Yang et al.,
2018). Vitamin K1 has been detected inside thylakoid membranes
as an electron carrier and is a key element within the photosystem
I redox chain (reviewed by Lüthje et al., 2013). Thus, it serves
as a mobile carrier transferring the electrons across the plasma
membrane and contributes to the maintenance of a suitable
redox state of some important proteins embedded in the plasma
membrane with protective functions against stress. The better
performance in tomato plants can, thus, be related to the use
of D-erythrose 4-phosphate as a precursor for the synthesis of
antistress compounds from the shikimate pathway.

CONCLUSION

We assume that PH-based biostimulants improve the plant
growth and salt stress response in crops, such as lettuce
and tomato, through different mechanisms. For a better
understanding of the mechanism of action, it was necessary
to use powerful statistical tools which helped to simplify the
results and, hence, their interpretation. Thus, we observed that
for lettuce, the most interesting traits to study the PHs based
biostimulants are those representing the aerial biomass (i.e.,
volume). These were correlated with altered levels of certain
phytohormones, such as auxin and ethylene, and consequently
with plant growth. However, in tomatoes, the chlorophyll
fluorescence-related parameters were the most relevant defining
the plant growth capacity and salt stress tolerance affecting
also the stress-related metabolites from the shikimate pathway.
We believe that these results corroborated the relevant role of
the multivariate statistical analysis as a further step to uncover
key traits and metabolites for a deeper understanding of the
biostimulant mode of action.
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Supplementary Figure 1 | Morphological and physiological parameters of lettuce
plants under control and stress conditions. Digital biomass [DM, (A1–B1)],
roundness (A2–B2), compactness (A3–B3), and slenderness of leaves [SOL,
(A4–B4)] in lettuce plants grown under control or salt stress conditions for 21 days
of phenotyping (DoP). Variations of maximum quantum yield of PSII
photochemistry for the light-adapted state [Fv′/Fm′, (C1–D1)], PSII operating
efficiency [8PSII, (C2–C3)] and non-photochemical quenching [NPQ, (C3–D3)].
The values were obtained after the exposure of the plants to a light intensity of

480 µmol m−2 s−1 (Lss2). Morphological and physiological values shown
represent the average of 8 biological replicates per variant. Error bars represent
standard deviation. The significant differences between control and salt treatment
are indicated with ∗, ∗∗, and ∗∗∗ for p-values below 0.05, 0.01, and
0.001, respectively.

Supplementary Figure 2 | Morphological and physiological parameters of
tomato plants under control and stress conditions. Digital biomass [DB, (A1)],
roundness (A2), compactness (A3), and slenderness of leaves [SOL, (A4)] in
tomato plants grown under control or salt stress conditions for 24 days of
phenotyping (DoP). The maximum quantum yield of PSII photochemistry for the
light-adapted state [Fv′/Fm′, (C1)], PSII operating efficiency [8PSII, (C2)], and
non-photochemical quenching [NPQ, (C3)]. The values were obtained after the
exposure of the plants to a light intensity of 480 µmol m−2 s−1 (Lss2).
Morphological and physiological values shown represent the average of 6
biological replicates per variant. Error bars represent standard deviation. The
significant differences between control and salt treatment are indicated with ∗, ∗∗,
and ∗∗∗ for p-values below 0.05, 0.01, and 0.001, respectively.

Supplementary Figure 3 | Morphological and physiological parameters of lettuce
plants treated with 7 different under control conditions. Digital biomass [DB,
(A1–B1)], roundness (A2–B2), compactness (A3–B3), and slenderness of leaves
[SOL, (A4–B4)] of lettuce plants treated with 7 PHs and grown under control
conditions for 21 days of phenotyping (DoP). The maximum quantum yield of PSII
photochemistry for the light-adapted state [Fv′/Fm′, (C1–D1)], PSII operating
efficiency [8PSII, (C2–C3)] and non-photochemical quenching [NPQ, (C3–D3)].
The values were obtained after the exposure of the plants to a light intensity of 480
µmol m−2 s−1 (Lss2). Morphological and physiological values shown represent
the average of 8 biological replicates per variant. Error bars represent
standard deviation.

Supplementary Figure 4 | Morphological and physiological parameters of lettuce
plants treated with 7 different under salt stress conditions. Digital biomass [DM,
(A1–B1)], roundness (A2–B2), compactness (A3–B3), and slenderness of leaves
[SOL, (A4–B4)] of lettuce plants treated with 7 PHs and grown under salt stress
conditions for 21 days of phenotyping (DoP). The maximum quantum yield of PSII
photochemistry for the light-adapted state [Fv′/Fm′, (C1–D1)], PSII operating
efficiency [8PSII, (C2–C3)] and non-photochemical quenching [NPQ, (C3–D3)].
The values were obtained after the exposure of the plants to a light intensity of 480
µmol m−2 s−1 (Lss2). Morphological and physiological values shown represent
the average of 8 biological replicates per variant. Error bars represent
standard deviation.

Supplementary Figure 5 | Morphological and physiological parameters of tomato
plants grown in control and salt stress conditions: PHs treated and untreated
lettuce plants. Digital biomass [DM, (A1–B1)], roundness (A2–B2), compactness
(A3–B3), and slenderness of leaves [SOL, (A4–B4)] of tomato plants treated with
7 PHs and grown under control and salt stress conditions for 24 days of
phenotyping (DoP). The maximum quantum yield of PSII photochemistry for the
light-adapted state [Fv′/Fm′, (C1–D1)], PSII operating efficiency [8PSII, (C2–C3)]
and non-photochemical quenching [NPQ, (C3–D3)]. Values were obtained after
the exposure of the plants to the light of intensity 480 µmol m−2 s−1 (Lss2).
Morphological and physiological values shown represent the average of 6
biological replicates per variant. Error bars represent standard deviation. The
significant differences between control and salt treatment are indicated with ∗, ∗∗,
and ∗∗∗ for p-values below 0.05, 0.01, and 0.001, respectively.

Supplementary Figure 6 | Relative Growth Rate and final biomass of lettuce
plants treated with PHs. Relative Growth Rate [RGR, (A1–A2)] of the different
treatments over time, calculated for the early phase (from DoP 0 to DoP 12) and
for the late Phase (from DoP 12 to DoP 21) in lettuce plants treated with 7 PHs
grown under control or salt stress conditions. Total fresh (B1–B2) and dry
(C1–C2) weight of the final aboveground biomass per variant. Values represent
the average of the 8 biological replicates per variant. Error bars represent standard
deviation. Different letters indicate significant differences according to the one-way
ANOVA post hoc Tukey’s test (p < 0.05).

Supplementary Figure 7 | Relative Growth Rate and final biomass of tomato
plants treated with PHs. Relative Growth Rate [RGR, (A1–A2)] of the different
treatments over time, calculated for the early phase (from DoP 0 to DoP 12) and
for the late Phase (from DoP 12 to DoP 24) in tomato plants sprayed with 7 PHs,
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grown under control conditions or salt stress. Total fresh (B1–B2) and dry
(C1–C2) weight of the final aboveground biomass per variant. Values represent
the average of the 6 biological replicates per variant. Error bars represent standard
deviation. Different letters indicate significant differences according to the one-way
ANOVA post hoc Tukey’s test (p < 0.05).

Supplementary Figure 8 | Temperature of the leaves for lettuce and tomato
plants under control and salt stress conditions. Canopy temperature depression
measured on lettuce [(A1–A3, B1–B3), full and dotted lines] and tomato [(C1–C3),
dashed and dotted + dashed lines] plants, untreated or treated with the
biostimulant substances, grown under control or salt stress conditions. Values
represent the average of the 8 biological replicates per treatment in lettuce and 6
biological replicates in tomato, error bars represent standard deviation. The
significant differences between control and salt treatment are indicated with ∗, ∗∗,
and ∗∗∗ for p-values below 0.05, 0.01, and 0.001, respectively.

Supplementary Figure 9 | Metabolomic analysis for the best (H) and worst (B)
performing biostimulants. Unsupervised hierarchical cluster analysis carried out
from UHPLC-ESI/QTOF-MS metabolomics analysis of lettuce (A) and tomato (B)
plants treated with PH B or H, grown under control or salt stress conditions. The
fold-change-based heat map was used to build hierarchical clusters (linkage rule:
Ward, distance: Euclidean). Score plot of orthogonal projection to latent structures
discriminant analysis (OPLS-DA) supervised modelling carried out on untargeted
metabolomics profiles of lettuce (C) and tomato (D) plants after B and H
application grown under control and salt stress (NaCl) condition.

Supplementary Figure 10 | Score plot of metabolomics profiles. Score plot
orthogonal projection to latent structures discriminant analysis (OPLS-DA)
supervised modelling carried out on untargeted metabolomics profiles of tomato
and lettuce plants after B and H application grown under control (A) or salt stress
(B) conditions.

Supplementary Figure 11 | Identified metabolites in control conditions.
Metabolic processes (A), secondary metabolism (B), and hormone biosynthesis
(C) were impaired by treatments in lettuce and tomato plants grown under control
conditions. Differential metabolites (VIP score > 1.20) along with their fold-change
(FC) values were elaborated using the Omic Viewer Dashboard of the PlantCyc
pathway Tool software (www.pmn.plantcyc.com). The large dots represent the
average (mean) of all log FC for metabolites, and the small dots represent the
individual log FC for each metabolite. The x-axis represents each set of
subcategories, while the y-axis corresponds to the cumulative log FC. FA/Lipid:
fatty acids and lipids, Amine: amines and polyamines, Cofactor: cofactors,
prosthetic groups, electron carriers, and vitamins, N-containing:
Nitrogen-containing secondary metabolites, S-containing: Sulphur-containing
secondary metabolites, Sugar Derives: sugar derivatives.

Supplementary Figure 12 | Identified metabolites in plant under salt stress
conditions. Metabolic processes (A), secondary metabolism (B), and hormone
biosynthesis (C) were impaired by treatments in lettuce and tomato plants grown
under salt stress conditions. Differential metabolites (VIP score > 1.20) along
with their fold-change (FC) values were elaborated using the Omic Viewer
Dashboard of the PlantCyc pathway Tool software (https://plantcyc.org/). The
large dots represent the average (mean) of all log FC for metabolites, and the
small dots represent the individual log FC for each metabolite. The x-axis
represents each set of subcategories, while the y-axis corresponds to the
cumulative log FC. FA/Lipid: fatty acids and lipids, Amine: amines and polyamines,
Cofactor: cofactors, prosthetic groups, electron carriers, and vitamins,
N-containing: Nitrogen-containing secondary metabolites, S-containing:
Sulphur-containing secondary metabolites, and Sugar Derivs: sugar derivatives.

Supplementary Figure 13 | Graphical output of co-Inertia analysis (CIA). Scatter
plot of tomato (A) and lettuce (B) samples. Each sample is represented by an
arrow whose length is proportional to the divergence between the phenomic and
the metabolomic datasets. Eigenvalues of the co-inertia analysis for tomato (C)
and lettuce (D). Correlation circles (E,F) showing the projections of the PCA axes
(from the phenomic datasets) onto the axes of the co-inertia analysis (x axes) and
projections of the PCA axes (from the metabolomic datasets) onto the axes of the
co-inertia analysis (y axes). These four circles represent a view of the rotations
needed to associate the two datasets for tomato (E) and the two datasets for
lettuce (F).

Supplementary Table 1 | Pairwise comparisons test using mixed models for
determining the significant differences between the means of the
morphological parameters in lettuce (1st round, A, 2nd round, B) and tomato (C)
plants treated with 7 PHs grown under control or salt stress conditions at
different time points. The p-values below 0.05 are highlighted
in green.

Supplementary Table 2 | Pairwise comparisons test using mixed models for
determining the significant differences between the means of the photosynthetic
parameters in lettuce (1st round, A, 2nd round, B) and tomato (C) plants treated
with 7 PHs grown under control or salt stress conditions at different time points.
The p-values below 0.05 are highlighted in green.

Supplementary Table 3 | Pairwise comparisons test using mixed models for
determining the significant differences between the means of the difference
between the canopy and air temperature in lettuce (1st round, A, 2nd round, B)
and tomato (C) plants treated with 7 PHs grown under control or salt stress
conditions at different time points. The p-values below 0.05 are
highlighted in green.

Supplementary Table 4 | Importance of variables for lettuce (A) and tomato (B)
plants based on the random forest classifier used for treatment classification
based on a mean decrease in classification accuracy measure.

Supplementary Table 5 | Whole dataset produced from untargeted
metabolomics carried out in lettuce (A) and tomato (B) plants treated with 7 PHs
grown under control or salt stress conditions. Compounds are presented with
individual intensities and composite mass spectra.

Supplementary Table 6 | Discriminant metabolites identified by the variable
importance in projection (VIP) analysis following OPLS-DA modelling of the
metabolome in lettuce (A) and tomato (B) plants treated with 7 PHs grown under
control or salt stress condition. Compounds were selected as discriminant by
possessing a VIP score > 1.20.

Supplementary Table 7 | Differential metabolites derived from Volcano analysis
(p < 0.01, FC ≥ 1.3) in lettuce (A) and tomato (B) plants treated with PH B, and
PH H grown under control or salt stress conditions.

Supplementary Table 8 | Discriminant metabolites identified by the variable
importance in projection (VIP) analysis following OPLS-DA modelling of the
metabolome of lettuce and tomato plants treated with PH H and PH B grown
under control (A) or salt stress (B) conditions along with their LogFC values in
comparison to control samples. Compounds were selected as discriminant by
possessing a VIP score > 1.20.

Supplementary Table 9 | Correlation matrix between the most important
phenotyping traits (according to the random forest analysis) and the metabolites
for lettuce (A) and tomato plants (B).
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Arbuscular mycorrhizal fungi are promoted as biofertilizers due to potential benefits in
crop productivity, and macro- and microelement uptake. However, crop response to
arbuscular mycorrhizal fungi (AMF) inoculation is context-dependent, and AMF diversity
and field establishment and persistence of inoculants can greatly contribute to variation
in outcomes. This study was designed to test the hypotheses that multiple and local
AMF inoculants could enhance alfalfa yield and fatty acids (FA) compared to exotic
isolates either single or in the mixture. We aimed also to verify the persistence of
inoculated AMF, and which component of the AMF communities was the major driver
of plant traits. Therefore, a field experiment of AMF inoculation of alfalfa (Medicago
sativa L.) with three single foreign isolates, a mixture of the foreign isolates (FMix),
and a highly diverse mixture of local AMF (LMix) was set up. We showed that AMF
improved alfalfa yield (+ 68%), nutrient (+ 147% N content and + 182% P content
in forage), and FA content (+ 105%). These positive effects persisted for at least
2 years post-inoculation and were associated with enhanced AMF abundance in roots.
Consortia of AMF strains acted in synergy, and the mixture of foreign AMF isolates
provided greater benefits compared to local consortia (+ 20% forage yield, + 36%
forage N content, + 18% forage P content, + 20% total FA in forage). Foreign strains
of Funneliformis mosseae and Rhizophagus irregularis persisted in the roots of alfalfa
2 years following inoculation, either as single inoculum or as a component of the mixture.
Among inoculants, F. mosseae BEG12 and AZ225C and the FMix exerted a higher
impact on the local AMF community compared with LMix and R. irregularis BEG141.
Finally, the stimulation of the proliferation of a single-taxa (R. irregularis cluster1) induced
by all inoculants was the main determinant of the host benefits. Crop productivity and
quality as well as field persistence of inoculated AMF support the use of mixtures of
foreign AMF. On the other hand, local mixtures showed a lower impact on native AMF.
These results pave the way for extending the study on the effect of AMF mixtures for the
production of high-quality forage for the animal diet.

Keywords: biofertilization, Funneliformis mosseae, Rhizophagus irregularis, microbial consortia, crop yield and
quality, local and foreign AM fungal inocula, fatty acids (FAs)
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INTRODUCTION

The management of soil biota is considered a key strategy to
maintain and improve ecological services in agro-ecosystems
(De Vries et al., 2013; Toju et al., 2018). The plant symbiotic
arbuscular mycorrhizal fungi (AMF) support plant growth,
productivity, and soil fertility (e.g., Smith and Read, 2008;
Gianinazzi et al., 2010). However, the evidence of crop benefits
following field application of fungal inoculum suggests that
intensive agricultural practices, such as frequent and deep
tillage, high P or N fertilizer rate, long fallow, and continuous
cropping, have a negative impact on AMF abundance in soil
(e.g., Jasper et al., 1989; Lekberg and Koide, 2005; Roldan
et al., 2007; Duan et al., 2010; Higo et al., 2013; Sheng et al.,
2013; van der Heyde et al., 2017). In the European Union
(EU), AMF are cataloged as plant biostimulants according to
the new Regulation (EU) 2019/1009, based on the functions of
stimulating plant nutrition processes and tolerance to abiotic
stresses and improving the quality of the agricultural product
(EU, 2019). AMF represent an important segment of the global
biostimulant market, estimated in 2018 at about $ 2.0 billion
(Rouphael and Colla, 2018). Despite the huge commercial interest
in microbial and non-microbial plant biostimulants, associated
with a growing body of research, the detailed molecular, cellular,
and physiological mechanisms underlying plant-biostimulant
interactions under different environments and management
strategies remain largely unknown. Therefore, there is an urgent
need to better elucidate the causal/functional mechanisms of
biostimulants and their potential side-effects on the environment
(e.g., invasiveness and threat to soil and plant biodiversity and
ecosystem functioning, Hart et al., 2017).

In addition to the enhanced crop productivity (Lekberg
and Koide, 2005; Pellegrino et al., 2011, 2015a; Pellegrino and
Bedini, 2014), arbuscular mycorrhizal (AM) fungal addition
through field inoculation can increase macro- and microelement
content (Karandashov and Bucher, 2005; Veresoglou et al.,
2012; Lehmann et al., 2014; Lehmann and Rillig, 2015; Ercoli
et al., 2017a; Coccina et al., 2019; Pellegrino et al., 2020a) and
nutraceuticals (Baslam et al., 2013; Saleh et al., 2020). Lekberg and
Koide (2005), applying a meta-analysis approach on experimental
results from field and glasshouse trials, demonstrated a large
increase of mycorrhizal colonization in inoculation trials,
suggesting that low inoculum potential can limit mycorrhizal
colonization. Furthermore, they also showed that yield or
biomass positive response to increased mycorrhizal colonization
is non-linear, as management practices, site and climate,
inherent inoculum potential, available soil P concentrations, and
interactions between plant and fungal species modulate the plant
response to increased mycorrhizal colonization.

In addition to abundance, AM fungal diversity can also limit
AM fungal-derived benefits if different AM fungal species or
isolates provide complementary benefits to the host plant (van
der Heijden et al., 1998a,b; Verbruggen et al., 2010, 2013).
Some pot studies with sterilized soil inoculated by a common
bacterial community and AMF inocula have shown that plant
growth and nutrient uptake were more promoted by diverse
inocula, composed of a mixture of AM fungal taxa belonging

to different species of the same family (Edathil et al., 1996;
van der Heijden et al., 1998a,b) or to different families (Thonar
et al., 2014; Crossay et al., 2019; Parvin et al., 2020), than
single-species inocula. These results are supported by a meta-
analysis of Hoeksema et al. (2010) in which AM fungal inoculum
complexity (multispecies and whole soil inocula vs. single species
inocula) was positively related to plant benefits. Conversely,
other studies showed that pot inoculation with multiple AM
fungal species could not outweigh single inoculants in terms of
plant biomass response, while plant diversity and nutrient uptake
[e.g., phosphorus (P) and nitrogen (N)] were even decreased
(van der Heijden et al., 2003; Jansa et al., 2008). However,
due to the different functional traits among AMF (Munkvold
et al., 2004; Thonar et al., 2011; Treseder et al., 2018), and
because the interactions among AMF are not always synergistic
(Koide, 2000; Jansa et al., 2008), the effectiveness of AM fungal
mixed inocula have to be evaluated in the field, where a local
microbial community (including AMF and many other microbial
groups) is present. However, when a crude inoculum is applied
(composed of AM fungal spores, roots, and soil), the method
utilized for the production of different isolates may include their
associated microbial communities and metabolites that are likely
to have an effect on the inoculation outcomes, thus representing
a confounding effect (Bianciotto and Bonfante, 2002).

However, the effectiveness of AM fungal inocula should be
confirmed by pieces of evidence of their establishment and
persistence in the field. Attempts to directly track inoculants in
the field are few due to the fact that morphological methods
(i.e., staining and counting at the microscope) cannot be applied
because many AM fungal species colonizing the same root
are morphologically indistinguishable, while current molecular
markers can hardly distinguish among closely related taxa and the
detection of specific fungal species isolates remains challenging
in the field (Hart et al., 2015). An earlier study, based on the
amplification of ca. 2,200-bp-long central stretch of the nuclear
rDNA cistron and the barcoding of SSU-ITS2-LSU sequences
(550, 200, and 580 bp, respectively), successfully tracked the
establishment and persistence of two isolates of F. mosseae
(IMA1 = BEG12 and AZ22C) in alfalfa up to 2 years (Pellegrino
et al., 2012). Similarly, other studies using different molecular
targets and approaches [e.g., the LSU of ribosomal RNA gene
or the mitochondrial LSU DNA (mtLSU) and cloning and
sequencing; a fragment of the RNA polymerase II gene (RPB1)
and qPCR; mt cox3-rnl intergenic mtDNA region, and droplet
digital PCR] could detect root establishment and persistence of
some AM fungal isolates in field-inoculated crops up to 3 years
(Farmer et al., 2007; Sýkorová et al., 2012; Thioye et al., 2019).

Alfalfa (Medicago sativa L.) is a perennial herbaceous legume
and one of the most important forage crops in the world
due to its high feeding value and yield potential (Radović
et al., 2009). Moreover, alfalfa supports important functions in
sustaining agricultural systems, such as diversification of crop
rotations, conserving soil water, improving soil structure by the
development of a large root system, and increasing soil fertility
through biological N fixation (Carlsson and Huss-Danell, 2003;
Hakl et al., 2017; Sun and Li, 2019). Alfalfa’s global cultivation
area exceeds 35 million ha (Radović et al., 2009) with an
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estimated world production of around 436 million tons in 2006
(FAO, 2006). Alfalfa contains a high quantity of macro- and
microelements, and a high amount of fatty acids (FA), such as
linoleic acid (C18:2) and the α-linolenic acid (C18:3) (Boufaïed
et al., 2003) that are fundamental for animal health (Radović
et al., 2009). The composition of fats from food animals is a
major human health concern, and particularly important is the
content of total polyunsaturated FA (6PUFA), α-linolenic acid
(ALA, 18:3), and linoleic acid (LA, 18:2), ALA, and LA belonging
to the n-3 (omega-3) and n-6 (omega-6) fatty acid family,
respectively (Calviello and Serini, 2010). An increase of PUFAs
and conjugated linoleic acids (CLA), such as ALA and LA in the
human diet, has been shown to reduce the risk of cardiovascular
disease, diabetes, cancers, and obesity (Pariza et al., 2001). Since
animals cannot synthesize ALA or LA de novo, their content in
forage plants, among which alfalfa is one of the main sources, is of
primary importance in producing beef and milk with high levels
of omega-3 FA and CLA (Dhiman et al., 1999; French et al., 2000;
Scollan et al., 2001; Pintus et al., 2013).

To our knowledge, no information is available about the role
played by AMF in plant FA synthesis, despite the fact that C in
the mycorrhizal roots, received by the host plant in the form of
monosaccharides, is stored primarily as lipids and many of the
genes induced in mycorrhizal roots are predicted to function in
lipid metabolism (Rich et al., 2017; Roth and Paszkowski, 2017).
This study was designed to test the following multiple hypotheses:
(i) alfalfa yield and quality is limited by AM fungal diversity
and multiple AM fungal inoculants could act in synergy to
promote crop growth and FA concentration; (ii) environmental
pressure could select for highly efficient AM fungi and therefore
a mixture of native AM fungal isolates could provide greater
benefits compared to an exotic mixture. Finally, we aimed to
verify the persistence of inoculated AMF in the field, and which
component of the AM fungal communities found in the plots was
the major driver of plant traits. To these aims, a field experiment
of AM fungal inoculation of alfalfa with single foreign isolates, a
mixture of the foreign isolates, and a highly diverse mixture of
local AMF was set up and plants and fungal traits were assessed
for 2 years, together with the molecular assessment of inoculum
persistence and native AM fungal communities.

MATERIALS AND METHODS

Fungal Material
The experiment compared five AM fungal inoculum treatments:
(1) Funneliformis mosseae BEG 12, (2) Funneliformis mosseae
AZ225C, (3) Rhizophagus irregularis BEG141, (4) a mixture of the
above foreign isolates (Fmix) and (5) a mixture of local strains of
AMF (Lmix). The Lmix was isolated from an alfalfa soil located
in Manciano and was composed by Funneliformis coronatum,
Funneliformis geosporum, Funneliformis mosseae, Rhizophagus
clarus, Rhizophagus irregularis, Glomus sp., septoglomus viscosum,
Claroideoglomus etunicatum, Diversispora spurca, Acaulospora
rugosa, Acaulospora cavernata, Acaulospora spinosa, Scutellospora
aurigloba and Scutellospora calospora (14 AM fungal species
belonging to five families) (Pellegrino et al., 2020b). The

foreign AMF isolates were obtained from the collection of the
Scuola Superiore Sant’Anna, Italy. Details about the geographical
origin, collector, and original inoculum supplier are given in
Supplementary Table 1.

The inocula of single foreign AM fungal isolates (BEG12,
AZ225C, BEG141) were produced in 15 L pots (four pots for
treatment). Each pot was filled with sandy soil and Terragreen
(1:1 by volume) and 1.5 L of starting crude inoculum. The
substrate was previously steam-sterilized (121◦C for 25 min, on
two consecutive days) to kill native AMF. The Fmix was obtained
at the end of inoculum production, by mixing equal quantities
of the foreign AMF isolates. The Lmix was produced in 15 L
pots (four pots), by adding 1.5 L soil of the experimental site to
13.5 L of the substrate. Additional four 15 L-pots were set up
for the inoculation of control plots, by mixing equal quantities
of sterilized single foreign AM fungal inocula and soil from the
experimental site (a total of 1.5 L) to 13.5 L of the substrate
(mock inoculum). Sudan grass (Sorghum sudanense L.) was used
as a host plant (10 plants per pot). All pots received 1.5 L of
a deionized water filtrate from the single foreign AM fungal
inocula, and from the soil of the experimental site. Although the
amount of microbial filtrate used at the start of the propagation
was very large to minimize the differences among AM fungal
inoculants, we cannot exclude that the differences in socialization
among AM fungal isolates and microbes could lead to the end
of the production phase to distinct microbial communities in the
inoculants. Pots were irrigated with tap water and supplied with
half-strength Hoagland’s solution every month (1.5 L per pot).
After the 3-month growth, Sudan grass was harvested, and soil
and roots were removed from the pots and air-dried. Then, the
roots were cut, mixed with the soil, and stored in polyethylene
bags at 4◦C, until field inoculation. The AM fungal treatments
were thus composed of AMF, microbes, soil, and roots, while the
control was only composed of microbes, soil, and roots.

Experimental Site and Climatic Data
The experiment was carried out at Manciano (Grosseto), Italy
(47◦ 16′ 36.5′′ N–70◦ 14′ 53′′ E; 447 m above sea level). Main
soil physical and chemical properties were: 322.9 g kg−1 sand,
308.5 g kg−1 silt, 368.6 g kg−1 clay (hydrometric method,
Gee and Bauder, 1986); 7.1 pH (deionized H2O 1:2.5 w/v);
28.7 g kg−1 organic matter (Walkley–Black wet combustion
method; Nelson and Sommers, 1982); 1.47 g kg−1 total N
(Kjeldahl digestion; Bremner and Mulvaney, 1982);0.84 g kg−1

total P (colorimetry using perchloric acid digestion; Olsen and
Sommers, 1982); 8.3 mg kg−1 available P (colorimetry using
a solution of sodium bicarbonate; Olsen and Sommers, 1982);
163.2 mg kg−1 exchangeable K (Thomas, 1982); 30.1 meq
100 g−1 Cation Exchange Capacity (displacement with 0.1 M
BaCl2 triethanolamine, Hendershot and Duquette, 1986). The
soil of the area is a Haplic Calcisol, according to the FAO
classification system (IUSS, 2015), and an Inceptisol, according
to the USDA classification (Soil Survey Staff, 1999). The climate
of the site is cold, humid Mediterranean (Csa) according
to the Köppen-Geiger climate classification (Kottek et al.,
2006). Mean annual maximum and minimum air temperatures
averaged over 1996–2015 are 20.2 and 9.3◦C, respectively, and
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annual precipitation was 769 mm (Vallebona et al., 2015).
During the field experiment (November 2011–August 2013),
maximum and minimum temperatures were 19.3 and 9◦C,
respectively, while total precipitation was 1,730 mm and had
a peak of 207 mm during the 3rd decade of November 2012
(Supplementary Figure 1).

Field Experiment Setup
A 2-year field AMF inoculation experiment was set up with alfalfa
(Medicago sativa L., var. Giulia) as the host crop. Conventional
tillage was performed at the beginning of September 2011 and
consisted of moldboard plowing (30 cm depth), disking twice
(15 cm depth), and harrowing (20 cm depth) (Ercoli et al., 2017b).
Plots of 25 m2 size (5 m × 5 m) were designed within the field
and hand inoculated with 0.4 kg m−2 of inoculum, incorporated
into the soil by hand hoeing at ca. 10 cm depth (19 October 2011).
The mean number of spores/sporocarps per g of inoculum ranged
from 10 to 25, corresponding to 4,000–10,000 spores/sporocarps
per m2. The plots were hand-seeded on 20 October 2011 with
5 g m−2 of alfalfa seeds. The preceding crop was barley. Neither
chemical fertilization nor chemical nor mechanical weed control
was applied. Alfalfa was cut when regrowth at the crown was
initiated, on June 20 and August 6, 2012 and on 17 June and
18 August 2013. The experiment design was a nested split-
plot with three replicates. The main plot factor was the age of
cultivation (first and second year), the sub-plot factor was the
AMF inoculation (BEG12, AZ225C, BEG141, Fmix, Lmix, and
mock inoculum as control), and the cut was a nested factor within
the year of cultivation.

Sampling and Measurements
One month after crop emergence (December 2011), and at
the beginning of spring growth in the two following years
(2012 and 2013), six alfalfa plants from each replicated plot
were sampled and AMF root colonization was assessed under
a stereomicroscope (Olympus SZX 9, Olympus Optics, Tokyo,
Japan), after clearing and staining with lactic acid instead of
phenol (Phillips and Hayman, 1970), following the gridline
intersect method (McGonigle et al., 1990). In both years and
for both cuts, alfalfa shoots were harvested from one square
meter for each replicated plot. A subsample of shoots was
partitioned into stems and leaves, and dry weight was determined
after oven drying at 75◦C. Shoot N and P concentrations were
determined by the Kjeldahl method and by the ammonium-
molybdophosphoric blue color method, respectively (Jones et al.,
1991). Protein concentration was calculated by multiplying the
shoot N concentration× 6.25 (Lynch and Barbano, 1999). At the
first cut of each year of cultivation, a root sample was extracted
from the soil (about 100 g fresh weight) and assessed for AMF
colonization applying the previously described procedure.

Fatty acids of alfalfa shoots from both cuts in the 2 years
were extracted and methylated by a one-step procedure using
toluene as solvent (Sukhija and Palmquist, 1988). Methyl non-
adecanoate was used as an internal standard. Fatty acid methyl
esters were quantified by gas chromatography using an HP
5890 chromatography (Hewlett Packard Co., Palo Alto, CA,
United States), under the following conditions: 60-m× 0.32-mm

DB-23 capillary column, 0.25 µm film thickness, H2 as a carrier
gas, 2.8 cm3 min−1 volumetric flow rate, injector split 1/100
at 240◦C, septum purge vent at 2 ml min−1, flame ionization
detector at 250◦C, and 15 kPa of heat pressure. The initial
temperature was 150◦C, which was increased by 5◦C min−1

up to 200◦C. Fatty acid methyl esters in toluene were directly
injected through the split injection port. The peak area of Fas
was measured using a Turbochrom 3 analytical system (version
3.3; PE Nelson, Cupertino, CA, United States). Each peak was
identified and quantified using pure methyl ester standards
(Alltech, Deerfield, IL, United States). Total volatile fatty acids
were calculated.

Extraction of Genomic DNA, PCR
Amplification, Cloning, and Sequencing
of Arbuscular Mycorrhizal Fungi
Inoculants
In a further experiment, DNA was extracted from 50 spores of the
foreign F. mosseae isolates BEG12 and AZ225C, from 20 spore
clusters (ca. 25 spores each) of the foreign R. irregularis isolate
BEG141 and from the roots of Sudan grass host plants grown in
pots for the production of Lmix inoculum. Spores were crushed
in microtubes on ice and the DNA was extracted using 50 µl
of extraction buffer (100 mM Tris–HCl, 100 mM NaCl, 2 mM
MgCl2, and 2% Triton-X100, pH 8). Genomic DNA was extracted
from a subsample of 100-mg fresh weight of roots collected from
the Sudan grass pots (four replicates), using the Dneasy R©Plant
Mini Kit (Qiagen, Germantown, MD, United States). PCR
amplification was performed using the primer pair NS31 and
LSUGlom1, targeting a portion of the small subunit ribosomal
RNA (SSU rRNA 18S) gene, the internal transcribed spacer
(ITS1), the 5.8S, the ITS2, and a portion of the LSU rRNA gene
(Pellegrino et al., 2012). The NS31/LSUGlom1 PCR amplicons
were generated in volumes of 20 µl with 0.5 U of HotStarTaq
DNA Polymerase (Qiagen, Germantown, MD, United States),
10 µM of each primer (NS31 /LSUGlom1), 0.2 mM of each
dNTP, 1 mM of MgCl2, and 1 × reaction buffer, using a
touchdown thermal cycling on an S1000 Thermal CyclerTM
(BIORAD, Hercules, CA, United States). The temperature profile
was as follows: denaturation and enzyme activation at 95◦C for
15 min, 20 cycles with denaturation at 95◦C for 30 s, primer
annealing for 1 min starting at 62◦C and decreasing by 0.5◦C
per cycle to 52◦C, extension at 72◦C for 135 s and 20 cycles
with denaturation at 95◦C for 30 s, primer annealing at 52◦C
for 1 min, extension at 72◦C for 135 s, and a final extension
at 72◦C for 10 min. The QIAquick (Qiagen, Germantown,
MD, United States) purified PCR amplicons of DNA from
the spore samples and the Wizard R©SV (Promega Corporation,
Madison, WA, United States) gel-purified amplicons of DNA
from the root samples were ligated into the pGem R©-T Easy
vector (Promega, Corporation, Madison, WA, United States)
to transform XL10-Gold R©Ultracompetent Escherichia coli cells
(Agilent Technologies, Milano, Italy). On average, sixty-five
recombinant clones per amplicon library were screened for the
ca. 2,200-bp-long NS31-Glom1 fragment on agarose gels [2%
ultrapure agarose (VWR) stained with 0.5 µg ml−1 ethidium
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bromide]. The variable SSU, ITS2, and LSU fragments of the
vector inserts (2.2 kb long) were sequenced from plasmids,
using the GenEluteTM Plasmid Miniprep Kit (Sigma-Aldrich, St
Louis, MO, United States). Sequencing reactions were set up
with the vector primers SP6 and T7 using the 3730XL Genetic
Analyser automated sequencer (Life Technologies, Carlsbad, CA,
United States) at the DNA Services of the University of Illinois in
Chicago, United States.

Molecular Tracing of Arbuscular
Mycorrhizal Fungi Inoculants in Roots of
M. sativa Plants
At the onset of spring growth in 2013 (on the 2-year crop),
100 mg of fresh roots were collected from each replicate
plot, and genomic DNA was extracted and amplified using
NS31/LSUGlom1 primers, as described above. After screening on
agarose, on average seventy recombinant clones were sequenced
as described above. Plasmids (1184) were sequenced and
phylogenetically identified targeting F. mosseae and R. irregularis,
and other Glomeromycota taxa.

Statistical Analysis
All results except for AM fungal root colonization were analyzed
by a three-way ANOVA using a general mixed model including
crop age (Age), AM fungal inoculant (Inoc), and cut (Cut) as fixed
factors. Given our experimental design, the effect of the year of
growth is completely confounded with the crop age and thus it
was not possible to discriminate the effect of climatic conditions
from the effect of crop age. Plots-within-replicates were included
as a random factor to account for grouping factors and repeated
measures in the same plots (Onofri et al., 2016). AM fungal root
colonization was analyzed by a two-way ANOVA using a general
mixed model and including Inoc and crop stage (1 month, 1st
year, and 2nd year) as fixed factors and plots-within-replicates
as a random factor. The relative abundances of AM fungal
phylotypes (native F. mosseae and R. irregularis, and other
Glomeromycota) in roots were analyzed by a one-way ANOVA
to test the effect of Inoc. Data were ln or arcsine-transformed
when needed to fulfill the assumptions of the ANOVA. Post
hoc Tukey-B significant difference test was used for comparison
among treatments. Finally, one-way ANOVA was performed to
test the effect of inoculants on plant growth, N and P content
of forage, and on single and total fatty acid content accumulated
over cuts and years (data were transformed, when necessary, as
described above). Differences between means were determined
using orthogonal contrasts: inoculated (+Myc) vs. control, single
AM fungal isolates vs. mixture inoculants (Single vs. Mixture),
and foreign vs. local AM fungal mixtures (Fmix vs. Lmix).
The means given in tables and figures are for untransformed
data. Analyses were performed using the SPSS software package
version 21 (SPSS Inc., Chicago, IL, United States).

To understand the functional relationship between AM fungal
community within the roots of alfalfa and plant performance, and
which were the phylotypes mainly responsible for the measured
plant traits, a two-step approach was utilized: (i) a multivariate
descriptive analysis of the AM fungal community within the roots

of the 2-year crop, and a multivariate descriptive analysis of the
corresponding plant traits; (2) a test of the relationships between
the biological community (AMF) and plant traits matrices. Thus,
firstly, a non-metric multidimensional scaling analysis (nMDS)
was done on the Bray-Curtis similarity matrix calculated on
the fourth-root AM fungal relative abundances of phylotypes
retrieved within the roots of inoculated and not-inoculated 2-
year alfalfa (Kruskal, 1964). Moreover, the principal component
analysis (PCA) was performed on the Euclidian distance matrix
calculated on the square root of the plant traits (plant growth,
N and P concentration of forage, and fatty acid composition)
(Abdi and Williams, 2010). Then, a RELATE analysis, based
on Spearman rank and 999 permutations, allowed to test the
significance of the relationship between the two matrices (ρ = 1
perfect relationship) (Clarke and Warwick, 2001), while the BEST
analysis, based on BioEnv methods (all combinations), Spearman
rank and 999 permutations. Allowed to find the best descriptor
of such relationship (Clarke et al., 2008). Finally, the Distance-
based linear method (DistLM) analysis using a stepwise selection
and the Akaike’s information criterion (AICc) was applied to
measure the significance and the variance explained by the
best descriptor/s (Knorr et al., 2000), and the Distance-based
redundancy analysis was used to plot the first and second axes
of the DistLM (Legendre and Anderson, 1999). Analyses were
performed using PRIMER 7 and PERMANOVA + software
(Primer-e, Auckland, New Zealand) (Anderson et al., 2008;
Clarke and Gorley, 2015).

Phylogenetic Analysis
The Glomeromycota affiliation of the sequences was verified
in similarity searches using the Basic Local Alignment Search
Tool (BLAST) in the National Center for Biotechnology
Information (NCBI) database. No chimeric sequences were
detected among the newly generated AM fungal SSU and
ITS2-LSU sequences (1,324 sequences for each fragment).
Here, 20 and 24 newly generated partial SSU (ca. 550 bp), ITS2
(ca. 165 bp) and LSU (ca. 400 bp) sequences of the isolates
F. mosseae BEG12 and AZ225C, and 39 sequences of the native
F. mosseae were aligned together with 17 public sequences
of isolate BEG12 of F. mosseae, one sequence of the isolate
Funneliformis caledonium BEG20, and one sequence of the
isolate Funneliformis geosporum BEG11 using MAFFT online
service (MAFFT version 71; Kuraku et al., 2013; Katoh et al.,
2019). Moreover, 17 newly generated partial SSU (ca. 720 bp),
5.8S and ITS2 (ca. 430 bp), and LSU (ca. 365 bp) sequences
of the isolate R. irregularis BEG141, and 40 sequences of the
native R. irregularis were aligned together with five sequences of
the isolate R. irregularis DAOM181602, three sequences of the
isolate R. irregularis MUCL43194/DAOM197198, four sequences
of the isolate R. irregularis DAOM229456, and two sequences
of the isolate R. irregularis MUCL41833, and one sequence of
the isolate R. intraradices FL208. The multiple alignments were
separately computed for the SSU and ITS2-LSU fragments and
then concatenated using SEAVIEW2 (Gouy et al., 2010). Two

1https://mafft.cbrc.jp/alignment/server/large.html
2http://doua.prabi.fr/software/seaview
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phylogenetic trees (F. mosseae and R. irregularis trees) were
built by neighbor-joining (NJ) analysis using built-in MEGA113

(Tamura et al., 2021) and the Kimura 2-parameter model
(Kimura, 1980). Branch support values correspond to 1,000
bootstrap replicates. The phylograms were drawn by MEGA
11 and edited by Adobe Illustrator 2021. Then, after having
validated the DNA marker for the molecular discrimination
among the foreign isolates of F. mosseae (12 and AZ225C) and
R. irregularis (BEG141) and the native phylotypes of F. mosseae
and R. irregularis, two further multiple sequence alignments were
derived, including 478 and 332 newly generated sequences of
F. mosseae and R. irregularis, respectively, derived from the roots
sampled in the 2-year crop. Phylogenetic discrimination of non-
native AM fungal strains relied on branch support of≥ 70%. This
approach of sequence analysis enabled to discriminate native
from inoculated non-native strains through molecular barcoding
and the phylogenetic divergence. The relative abundances of AM
fungal intraradical communities (F. mosseae BEG12, AZ225C,
BE141, native F. mosseae, native R. irregularis, and other
Glomeromycota taxa) were calculated based on the ratio between
the number of sequences affiliated to each phylotype and the total
number of sequences of the clone library of each sample, and
one-way ANOVA was performed to test the effect of inoculants
and the Post hoc Tukey-B test was used for comparison among
treatments. Cluster/Similarity Profile (SIMPROF) analyses
were used to group the different samples into clusters based
on their similarity/homogeneity of AM fungal intraradical
communities (relative abundances of phylotypes) and to group
the different phylotypes based on their similarity of occurrence.
Relative abundance data were initially log(X + 1) transformed
(Clarke and Warwick, 2001) and the Bray-Curtis similarity was
calculated. The SIMPROF cluster analysis was performed to
objectively define the groups within the dendrogram. Moreover,
the relative abundances of the AM fungal phylotypes were
represented by a shaded plot. The analyses were performed
using PRIMER 7 and PERMANOVA + software (Primer-e,
Auckland, New Zealand) (Anderson et al., 2008; Clarke and
Gorley, 2015). All new sequences were uploaded in NCBI4 and
are available under the submission numbers SUB10633042
(OL412293-OL412393) and SUB10648656 (OL441688-
OL441757) for the SSU of F. mosseae and R. irregularis,
respectively; SUB10638254 (OL435161-OL435261) for the ITS2
of F. mosseae; SUB10649136 (OL449343-OL449412) for the
5.8S-ITS2 of R. irregularis; SUB10638603 (OL422707-OL422807)
and SUB10649570 (OL442685-OL442754) for the LSU of F.
mosseae and R. irregularis, respectively.

RESULTS

Arbuscular Mycorrhizal Fungal Root
Colonization
Arbuscular mycorrhizal (AM) fungal root colonization was
influenced by the interaction of AM fungal inoculant and crop

3https://www.megasoftware.net
4https://submit.ncbi.nlm.nih.gov

FIGURE 1 | Arbuscular mycorrhizal (AM) fungal root colonization of alfalfa
(Medicago sativa L.) as influenced by the interaction AM fungal inoculant
[Funneliformis mosseae BEG12, F. mosseae AZ225C, Rhizophagus irregularis
BEG141, foreign mixture (FMix) (BEG12, AZ225C, and BEG141), local mixture
(LMix) of 14 AM fungal species belonging to five families, and
mock-inoculated control] and crop stage (1 month, 1-year and 2-year). Data
are mean ± SE (n = 3). Different letters indicate significant differences at
P ≤ 0.001 (Supplementary Table 2).

stage (Supplementary Table 2). Over time and with crop aging,
root colonization increased with all treatments, but the rate of
increase differed among control and inoculants (Figure 1). One
month after seeding, AM fungal root colonization was higher
with all inoculants compared with uninoculated control, ranging
from 22% for BEG141 to 34% for Fmix. However, differences
among inoculants were statistically not significant. Functional
root nodules were observed in all plant samples without
differences among treatments (data not shown). Similarly, at the
beginning of the spring growth of the first year, root colonization
was higher with all inoculants compared with the uninoculated
control, and the range of variation among inoculants was small
(from 37% for BEG141 to 41% for Fmix). At the onset of the
spring growth of the second year, root colonization increased
in the uninoculated control compared with the previous year,
although the difference was statistically not significant. AM
fungal root colonization in the 2-year plants did not further
increase with all inoculants. At this crop stage, differences in root
colonization among inoculation treatments were small (36–41%)
and statistically not significant. Averaged over inoculants, root
colonization was 30, 39, and 39% 1 month after seeding, at the
onset of the spring growth of the first year and of the second year,
respectively.

Plant Growth, Forage Yield, and N and P
Content
Leaf DW accumulated over years and cuts was increased by 64%
by inoculation and was 99% higher with inoculum mixture (Fmix
and Lmix) compared with single inoculants (BEG12, AZ225C,
BEG141), and 19% higher with Fmix than Lmix (Figure 2A).
Calculating the quantity of stem DW accumulated over years and
cuts, it is evident that it was increased by 75% by inoculation, and
it was 15% higher with inoculum mixture compared with single
inoculants, and 21% higher with Fmix than Lmix (Figure 2B).
Forage DW accumulated over years and cuts was increased by
68% by inoculation, it was 12% higher with inoculum mixtures
compared with single inoculants and was 20% higher with
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FIGURE 2 | Leaf, stem, and forage dry weight (A–C) of alfalfa (M. sativa), and
forage nitrogen (N) and phosphorus (P) content (D,E) accumulated over years
and cuts as affected by AM fungal inoculation. Results of orthogonal contrasts
used for discriminating the differences between means: inoculated (+ Myc) vs.
control, single fungal isolates vs. mixture inoculants (Single vs. Mixture), and
foreign vs. local AM fungal mixtures (FMix vs. LMix) [Inoculants: F. mosseae
BEG12, F. mosseae AZ225C, R. irregularis BEG141, foreign mixture-FMix
(BEG12, AZ225C, and BEG141), local mixture-LMix of 14 AM fungal species
belonging to five families, and mock-inoculated control]. Data are mean ± SE
(three plot replicates per inoculum treatment).

Fmix than Lmix (Figure 2C). Forage N content accumulated
over years and cuts was increased by 147% by inoculation, was
unchanged when treated with inoculum mixture compared with
single inoculants, and was 36% higher with Fmix than with Lmix

(Figure 2D). Forage P content accumulated over years and cuts
was increased by 182% by inoculation, was 10% higher with
inoculum mixture compared with single inoculants, and 18%
higher with Fmix than with Lmix (Figure 2E). Details about
plant growth, forage yield, and N and P content across years and
cuts are given in Supplementary Results and Supplementary
Figures 2–4.

Fatty Acid Profile
Arbuscular mycorrhizal (AM) fungal inoculation significantly
influenced the forage FA profile of alfalfa (Supplementary
Table 4). While nearly all FA examined had significant
interactions between inoculation and age and between
inoculation and cut, these interactions tended to be small
compared with the sources of variation of inoculation.
Therefore, these interactions are only reported in Supplementary
Tables 5, 6, while the effect of inoculation, being of primary
interest, is here illustrated. Fatty acids 18:3 (α-linolenic acid,
omega-3) and 18:2 (linoleic acid, omega-6) were the predominant
ones, comprising from 44 to 47% and 29 to 31%, respectively,
of the total FA concentration in all treatment combinations
(Supplementary Table 5). Fatty acids 16:0 and 18:1 were
similar to each other in concentration, i.e., comprising from
11 to 15% and from 7 to 12% of the total FA, respectively, in
all treatment combinations. Finally, FA18:0 had the smallest
fraction, accounting for 2–3% of the total FA analyzed.

Arbuscular mycorrhizal (AM) fungal inoculation increased
the concentration of all FA in forage compared with control,
except for 18:0, and the increases were fairly similar across
crop ages and cuts (Supplementary Table 5). Moreover, TFA,
averaged over crop age and cut, were increased by 24% compared
with uninoculated control. When significant differences occurred
among inoculants, Fmix was the most effective in increasing FA
concentration in alfalfa forage.

Fatty acids content in forage of all FA accumulated over years
and cuts was increased by AM fungal inoculation, and increases
ranged from 74 to 189% in 16:0 and 18:1, respectively (Figure 3).
Moreover, the content of all FA, except 18:0, was higher with
inoculum mixture compared with single inoculants, and the
increase ranged from 10 to 19% in 18:0 and 18:2, respectively.
Finally, the content of all FA was higher when plants were
inoculated with Fmix than with Lmix, and the increase ranged
from 18 to 28% in 18:3 and 18:0, respectively. Similarly, TFA
content was increased by 105% following inoculation and was
17% greater when inoculation was performed with an inoculum
mixture than with a single inoculant and 20% greater when a
mixture of foreign inoculants was applied, compared with a local
one.

Molecular Discrimination Among
Non-native and Native F. mosseae and
R. irregularis
The c. 2,200-bp-long central stretch of the nuclear rDNA cistron,
obtained using the PCR primers NS31 and LSUGlom1, provided
sufficient phylogenetic resolution to discriminate the inoculated
isolates from native strains of F. mosseae and R. irregularis.
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FIGURE 3 | The single (A–E) and total fatty acid (F) content of alfalfa (Medicago sativa L.) accumulated over cuts and years as affected by AM fungal inoculation.
Results of orthogonal contrasts used for discriminating the differences between means: inoculated (+ Myc) vs. control, single arbuscular mycorrhizal (AM) fungal
isolates vs. mixture inoculants (Single vs. Mixture), and foreign vs. local AM fungal mixtures (FMix vs. LMix) [Inoculants: F. mosseae BEG12, F. mosseae AZ225C,
R. irregularis BEG141, foreign mixture-FMix (BEG12, AZ225C, and BEG141), local mixture-LMix of 14 AM fungal species belonging to five families, and
mock-inoculated control]. Data are mean ± SE (three plot replicates per inoculum treatment).

However, similarly to Pellegrino et al. (2012), in the case of
F. mosseae BEG12 and AZ225C, the discrimination was possible
using the concatenated sequences of the variable 3′ end of the SSU
rRNA gene (ca. 550 bp), ITS2 (ca. 165 bp), and the variable 5′
end of the LSU (400) rRNA gene (Figure 4A and Supplementary
Figure 5). In the case of R. irregularis BEG141, the discrimination
was possible using longer concatenated sequences of the variable
3′ end of the SSU rRNA gene (ca. 720), the 5.8S and ITS2 (ca.
430 bp), and LSU (ca. 365 bp) (Figure 4B and Supplementary
Figure 6). The sequences (obtained from spores) of the
inoculated F. mosseae BEG12 and AZ225C, and R. irregularis
BEG141 clustered distinctly from those of the native strains of
both AM fungal species, amplified from the roots of Sudan grass
grown in pots for the production of the Lmix inoculum (Figure 4
and Supplementary Figures 5, 6). The partial sequences of the
nuclear rDNA cistron of the F. mosseae BEG12 isolate clustered
into two phylogenetic subclusters, whereas those of F. mosseae
AZ225C and R. irregularis BEG141 both grouped into only one
cluster.

Reference sequences of F. mosseae BEG12 from NCBI
clustered together with the sequences two phylogenetic
subclusters of the inoculated F. mosseae BEG12 maintained in
cultivation since 2010 at the AM fungal bank of the Institute of

Life Science (Scuola Superiore Sant’Anna, Pisa, Italy) (Figure 4A
and Supplementary Figure 5). Since no reference sequences
of SSU and ITS2 were available for R. irregularis, BEG141
and only three sequences available for LSU were included in
the alignment as input for the tree building of four different
isolates of R. irregularis and one of R. intraradices (Figure 4B
and Supplementary Figure 6). The sequences of R. irregularis
MUCL43194/DAOM197198 grouped into a unique, well-
supported cluster, as well as the sequences of R. irregularis
MUCL41833. Conversely, the sequences of R. irregularis
DAOM181602 were grouped into two distinct clusters, as well
as those of DAOM229456. The sequences of the local strain
of F. mosseae were grouped into one cluster, whereas those of
R. irregularis were more divergent and grouped into nine distinct
clusters (Figure 4 and Supplementary Figures 5, 6).

Tracing Non-native and Native Strains of
F. mosseae and R. irregularis in the Field
Using the validated molecular markers, foreign and local strains
of F. mosseae and R. irregularis were successfully traced within
the roots of the polyannual forage crop alfalfa 2 years following
inoculation. However, AZ225C was the most persistent both as
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FIGURE 4 | Neighbor-joining (NJ) collapsed tree of the nuclear ribosomal rDNA sequences of F. mosseae, originating from local strains and the non-native inoculated
isolates BEG12and AZ225C (A). The tree is composed of 20 and 24 newly generated sequences of BEG12 and AZ225C, respectively, 39 native F. mosseae
sequences, plus 17 sequences of BEG12 as reference. NJ collapsed tree of the nuclear ribosomal rDNA sequences of R. irregularis, originating from local strains and
the non-native inoculated isolates BEG141 (B). The tree is composed of 17 newly generated sequences of BEG141 and 40 native R. irregularis sequences, plus 14
sequences of R. irregularis isolates as reference (DAOM181602, MUCL43194/DAOM197198, DAOM229456, and MUCL41833) The NJ F. mosseae tree is based

(Continued)
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FIGURE 4 | on concatenated sequences of the small subunit ribosomal RNA gene (SSU; ca. 550 bp), the internal transcribed spacer 2 (ITS2; ca. 165 bp) and the
large subunit ribosomal RNA gene (LSU; ca. 400 bp). The NJ R. irregularis tree is based on concatenated sequences of the small subunit ribosomal RNA gene SSU
(ca. 720 bp), 5.8S, and ITS2 (ca. 430 bp), and LSU (ca. 365 bp). Bootstrap values (based on 1,000 replicates) are shown at the nodes. The scale bar indicates
substitutions per site. Clades formed by sequences of native and inoculated F. mosseae and R. irregularis strains are shown by colored branches and triangles. The
concatenated sequences AJ245637-AJ239122-AJ5110241 of the isolate BEG11 of Funneliformis geosporum were used as an outgroup to root the F. mosseae
tree, while the concatenated sequences FR750209-FM865565 of the isolate of R. intraradices FL208 were used as an outgroup to root the R. irregularis tree. The
F. mosseae tree is outgroup-truncated. The newly generated sequences are highlighted in boldface, and their accession numbers are indicated in Supplementary
Figure 3.

single inoculum or mixture, followed by BEG12 and BEG141
(Supplementary Table 7). This is also evidenced by the cluster
analysis and the associated shade plot based on the AM fungal
community found in the inoculated and control plots (Figure 5).
Control replicates clustered together and separately from the
inoculated plots, which were separated according to inoculation
treatment, except for BEG141. Overall, local F. mosseae were
similarly abundant to the other Glomeromycota taxa, but they
were differently retrieved in the treated plots. In the BEG12 and
AZ225C plots over 60% of the retrieved sequences were assigned
to F. mosseae either inoculated or local, whereas in the BEG141
plots local F. mosseae accounted only for 7.4% (Supplementary
Table 7). Comparing control and Lmix, local F. mosseae and
other Glomeromycota taxa accounted for 44 and 37% of the total
retrieved taxa in the control plots, while they accounted for 39
and 45%, respectively, in the Lmix plots. Finally, clusters 1–9
of local R. irregularis formed a unique group across the treated
replicates, although clusters 5 and 6 were more abundant in the
control, BEG12, and BEG141 plots.

These results are also supported by the NJ trees built focusing
on F. mosseae and R. irregularis and by the relative abundance
pie charts based on inoculum treatments (Supplementary
Figures 7, 8). In detail, the NJ tree of F. mosseae clearly showed
that the sequences retrieved in the alfalfa roots collected from
the plots inoculated by BEG12, AZ225C, and Fmix clustered
into three groups, phylogenetically affiliated to BEG12, AZ225C,
and the local sequences of F. mosseae. Among these, 86% of
the sequences affiliated to BEG12 were retrieved in the plots
originally inoculated with this isolate, while the remaining were
retrieved in the Fmix plots (14%) and no sequences were found
in the other treatments. Similarly, 81% of the sequences affiliated
to AZ225C were retrieved in the plots inoculated with AZ225C
and 19% in the Fmix plots. Finally, the sequences phylogenetically
affiliated to the native F. mosseae were retrieved in all the
inoculated plots but were more abundant in the control plots,
and their occurrence decreased progressively from Lmix (30%) to
BEG141 (7%) (Supplementary Figure 7). As regard R. irregularis,
the NJ tree showed that the sequences retrieved in the alfalfa
roots collected from the treated plots were grouped into 10
clusters (Supplementary Figure 8), one cluster composed of
sequences phylogenetically affiliated to BEG141 and the others
composed by the sequences affiliated to the nine clusters of local
R. irregularis strains initially found (Figure 4B). About 88% of
the sequences affiliated to BEG141 were retrieved in the plots
originally inoculated with this isolate, while the remaining were
retrieved in the Fmix plots (12%) and no sequences were found
in the other treatments. Regarding local R. irregularis clusters,
the relative abundance of clusters 1, 4, and 6 differed among

treatments, while the abundances of the others did not change
(Supplementary Figure 8).

Exploring the Relationship Between the
Components of Arbuscular Mycorrhizal
Fungal Communities in Alfalfa Roots and
Plant Traits
In the nMDS plot, representing the AM fungal communities
within the roots of the 2-year alfalfa, the inoculum treatments
were well separated along a first and second axis (Figure 6A),
and the nMDS stress (0.09) supported this representation of
the dissimilarity among samples. Moreover, the PCA, based on
the corresponding plant traits, well separated the non-inoculated
plots from the inoculated ones along the first axis, as well as the
different inoculants along the second axis (Figure 6B). Overall,
local R. irregularis clusters 1–4, and 7–9, and F. mosseae AZ225C
and BEG12 were positively and strongly correlated with all plant
traits. The relationship of the two matrices was also shown to
be significant by the RELATE analysis, for which the ρ was
equal to 0.46 and the significance level of sample statistic after
999 permutations were equal to 0.4% (Figure 6C). Nevertheless,
the BEST analysis allowed us to highlight that together local
R. irregularis cluster1 and cluster6 were the best predictors of
the plant traits (correlation:0.656). Finally, although the marginal
test of the DistLM analysis highlighted that many phylotypes
were significantly correlated with the plant traits and explained
a relevant part of the total variation (Supplementary Table 8),
the local R. irregularis cluster1 alone was sufficient to describe the
majority of the diversity inside the plant traits (49.2% of the total
variance explained; P = 0.003). This is also detectable from the
plot of the dbRDA of the DistLM axes (Figure 6D) showing that
the increase in the abundance of the local R. irregularis cluster1
well explains the distribution of the samples in the multivariate
space based on plant traits (Figure 6B).

DISCUSSION

Arbuscular Mycorrhizal Fungal
Inoculation Enhances Alfalfa Yield and
Fatty Acid Concentration in Forage
Overall, AM fungal field inoculation enhanced crop yield and
FA concentration in both years of cultivation. AM fungal root
colonization was greatly increased by inoculation and the effect
was the highest at the beginning of crop growth. Indeed,
already 1 month following inoculation, all inoculants reached the
saturation (ca. 40%) within the roots of alfalfa, compared with
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FIGURE 5 | Dendrogram of Similarity Profile (SIMPROF) cluster analysis (horizontal dendrogram) grouping the different samples collected at the beginning of spring
growth (roots of 2-year alfalfa, M. sativa) [three fields replicate plots treated by mock-inoculated control (Control), F. mosseae isolates BEG12 and AZ225C,
R. irregularis isolate BEG141, foreign mixture-FMix (BEG12, AZ225C, and BEG141), local mixture-LMix of 14 AM fungal species belonging to five families] into
clusters based on their similarity/homogeneity of AM fungal intraradical communities [relative abundances of phylotypes of non-native/inoculated F. mosseae BEG12
and AZ225C, non-native/inoculated R. irregularis BEG141, native F. mosseae (Local Fmos) and native R. irregularis (Local Rirr_cluster1-9) and other Glomeromycota
taxa (others)]. Vertical dendrogram groups the different phylotypes based on their similarity of occurrence. Red clusters are supported by the SIMPROF analysis.
Relative abundance input data were log(X + 1) transformed and Bray-Curtis similarity was calculated and shown as a shaded plot.

control having less than 10% of colonization. This suggests a high
infectivity of the AM fungal inoculants under field conditions.
This is in agreement with the root colonization pattern reported
in a previous study on alfalfa field-inoculated with two single
isolates of F. mosseae (IMA1 = BEG12 and AZ225C) (Pellegrino
et al., 2012). In the study of Pellegrino et al. (2012), already
3 months after crop emergence, AM fungal colonization in the
inoculated plants reached 30%, while in the control plots were
low (3%), and the rate of colonization did not change with crop
aging, supporting the high infectivity of the inoculants on alfalfa
and a saturation level similar to the one in our research. Our
data evidenced that native AMF occurring into control plots
were less infective, because up to 2 years from crop seeding their
presence in plant roots was still lower compared with inoculated

plots. Thus, these results support the high infectivity (54%–80%)
found in a pot experiment with a 4-month-old alfalfa inoculated
by F. mosseae IMA1 and AZ225C, and by R. irregularis IMA6
(= BEG141) (Avio et al., 2006). Other studies carried in pots with
isolates of F. mosseae and Rhizophagus intraradices, reported in
8-month-old alfalfa plants root colonization up to 60% (Wang
et al., 2020; Li et al., 2021). Thus, our results confirm the high
mycotrophic behavior of this important forage crop previously
described in controlled conditions.

In the first year of growth, the higher AM fungal
root colonization detected in inoculated alfalfa compared
with uninoculated controls was associated with a general
improvement of plant growth, due to an increase of the growth
of stems and leaves and consequently of forage. However, this
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FIGURE 6 | Non-metric multidimensional scaling analysis (nMDS) plot based on the Bray-Curtis similarity matrix calculated on the fourth-root AM fungal relative
abundances of phylotypes retrieved within the roots of inoculated and not-inoculated 2-year alfalfa (A). A principal component analysis (PCA) plot was performed on
the Euclidian distance matrix calculated on the square root of the plant traits (plant growth, N and P concentration of forage, and fatty acid composition) (B). RELATE
analysis based on Spearman rank and 999 permutations for testing the significance of the relationship between the two matrices (C). Distance-based redundancy
analysis plot used to visualize the first and second axes of the Distance-based linear method (DistLM) analysis applied to measure the significance and the variance
explained by the best descriptor (D).

fungal trait could not fully explain the variability in plant growth,
since inoculants colonizing the roots of alfalfa at a similar rate
differently influenced plant growth. In this regard, Lekberg and
Koide (2005) found a significant but weak relationship between
a change in mycorrhizal colonization and a change in yield.
Therefore, while an increase in mycorrhizal colonization appears
to be associated with an increase in yield, the mycorrhizal
colonization cannot be the sole predictor of an increase in yield,
and the characterization of the AM fungal components of the
root community assemblages became essential for dissecting
functionality (Vályi et al., 2016). Indeed, AMF taxa can greatly
differ in the spread of external mycelium or hyphae architecture,
thus affecting yield and nutrient uptake (Munkvold et al., 2004;
Avio et al., 2006).

The positive effect of field AM fungal inoculation on N and
P concentration in forage irrespective of inoculants is consistent
with the results on Egyptian clover (Trifolium alexandrinum L.)
and alfalfa (Pellegrino et al., 2011, 2012). A generalized positive
effect of AM fungal inoculation on plant P concentration was
reported by Lekberg and Koide (2005) taking into consideration
25 field trials. About the effect of AM fungal inoculation
on plant N concentration, while a generalized increase was
reported by Delavaux et al. (2017) looking only to greenhouse
trials, the effect in the field is less clear and poorly studied

(Pellegrino et al., 2015a). However, in Pellegrino et al. (2011) a
strong variability among AM fungal inoculants was reported
on forage nutrient concentrations in pots where no other AMF
occur. This suggests that the interactions of AM fungal inoculants
with the native AM fungal community are likely to be responsible
for the lack of differences in fungal physiological traits (van
der Heijden and Scheublin, 2007). In addition, in the field, the
outcome of the inoculation is influenced also by the disturbance
history (i.e., reduced disturbance and shorter fallow) (Lekberg
and Koide, 2005), and/or by soil nutrient availability (i.e., N and
P) and soil pH (Han et al., 2020).

So far, a unique study in a field-grown crop analyzed the effect
of AMF on fatty acid content and composition (Igiehon et al.,
2021). In contrast with our results highlighting an increase in
the amount of fatty acids, Igiehon et al. (2021) found a lower
amount of fatty acids in seeds of soybean when plants were
inoculated with AMF and no changes of fatty acids when soybean
was inoculated with AMF plus strain of Rhizobium sp. However,
similar to our results, the composition of polyunsaturated FA
(PUFA), monounsaturated FA (MUFA), and saturated FA (SFA)
was greatly modified by AMF and Rhizobium in comparison with
the uninoculated control. Moreover, drought stress was shown
to enhance the fatty acid contents in seeds of some inoculated
soybean plants through upregulation and downregulation of
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specific fatty acids (Hou et al., 2006; Igiehon et al., 2021). Under
water-deficit conditions, plants colonized by mycorrhizal fungi
have better growth than those that are not, and the response
is more evident in perennial plants (Jayne and Quigley, 2014).
Therefore, our results largely confirm the hypothesis that AM
fungal inoculation supports plant growth and total fatty acid
content in drought conditions, likely to occur in the area where
our trial was run. A higher concentration of oleic acid (C18:1),
linoleic acids (C18:2), and α-linolenic acid (C18:3), we found
in all inoculated alfalfa plots, is a desirable quality in forage for
animal nutrition, since these components are associated with
several health and nutritional benefits (Radović et al., 2009;
González-Fernández et al., 2020). The fatty acid auxotrophy
of AMF is supported by recent studies showing that lipids
synthesized by the host plants (e.g., palmitic, oleic, and myristic
acids) are transferred to the fungi, lacking genes encoding fatty
acid synthases (Stumpe et al., 2005; Trépanier et al., 2005; Sugiura
et al., 2020). However, our results suggested that AMF, in addition
to using fatty acids as C and energy source, can stimulate their
synthesis in the aboveground part of the plant. This is in line with
recent results reporting that AMF is involved in the stimulation
of the synthesis of secondary metabolites plant (Baslam and
Goicoechea, 2012; Zouari et al., 2014; Kaur and Suseela, 2020).
Moreover, the use of AM fungi in pasture management could
provide benefits for animals, derived products, and humans.
In this regard, cows grazing in AM fungal inoculated pasture
produced high-quality milk (Masoero et al., 2021).

Multiple Arbuscular Mycorrhizal Fungal
Inoculants Act in Synergy to Promote
Alfalfa Yield and Fatty Acids
Concentration in Forage
In this study, mixed AM fungal inocula performed better than
single inocula both in terms of plant growth, P uptake, and FA
content and composition. However, no difference in AM fungal
root colonization was reported. Several studies carried out in pot
conditions with sterilized substrate showed that AM fungal mixed
inocula promoted markedly plant performance (e.g., Edathil
et al., 1996; Maherali and Klironomos, 2007; Thonar et al., 2014;
Martignoni et al., 2021), whereas the few studies performed in
the field do not allow to reach conclusive assessments (e.g.,
Powell, 1977, 1979; Clarke and Mosse, 1981; Pellegrino et al.,
2011; Pellegrino and Bedini, 2014). Recently, some meta-analyses
synthesized the literature on this topic, but merging the data
obtained from lab experiments with the few obtained from the
field (e.g., Rúa et al., 2016; Yang et al., 2017; Zhang et al., 2019).
Significant differences were found in cereal yield (i.e., wheat,
rice, and corn) if mixed inocula were compared with single
inocula and substrate sterilization was not applied, whereas no
differences were found if the substrate sterilization was applied
with or without application of a microbial supplement (Zhang
et al., 2019). These results may derive from complementarity
among AM fungal species, which can provide a greater crop
benefit (Koide, 2000; Thonar et al., 2014). A mixed and more
complex inoculum can be more efficient across a range of
soil parameters, climatic conditions, and host plants (species

or even varieties/genotypes) increasing plant nutrient uptake,
decreasing nutrient losses, and improving soil aggregation. The
greater efficiency of mixed inocula can be the result of a large
variability among AM fungal taxa in foraging strategies and
extraradical mycelium development (spread of the mycelium,
hyphal architecture, or anastomosis frequency). This variability
may enhance the ability of the inoculum to adapt and thus be
more efficient and/or more persistent in many environments.
Indeed, the structure of the AM fungal extraradical mycelium
(ERM) that is largely variable among AM fungal species or
even isolates among species was linked to specific functions
(Munkvold et al., 2004; Avio et al., 2006; Thonar et al., 2011;
Treseder et al., 2018). For example, a high positive correlation
was highlighted between ERM interconnectedness (anastomosis
frequency and number) and plant growth variables (total shoot
biomass), or between anastomosis frequency and root P content
(Avio et al., 2006). Moreover, a crop genotype inoculated with an
AM fungal mixture may have a great probability to find among
the AMF components the taxa with a higher host preference
and a life history strategy adapted to local agricultural soil. In
this regard, Wagg et al. (2015) using a model plant-mycorrhizal
system, suggested that the fungal composition rather than the
diversity of species may be more important in determining how
plant species function within a community.

Multiple Arbuscular Mycorrhizal Fungal
Inoculants Composed of Foreign
Arbuscular Mycorrhizal Fungi Provide
Greater Benefits to Alfalfa Compared to
a Mixture of Local Arbuscular
Mycorrhizal Fungi
Foreign isolates combined in the mixture performed better than
the local-isolate mixture composed of 14 AM fungal species
belonging to seven genera and five families. This is in agreement
with the results recorded in the field by Pellegrino et al. (2011)
On the contrary, Pellegrino and Bedini (2014) reported that the
locally sourced AM fungal mixed inoculum was more effective
than a foreign mixture inoculum. The greater effectiveness of
foreign mixtures is in accordance with the results of the meta-
analysis of Rúa et al. (2016) concluding that the geographic
origin of plants relative to the origin of AMF and soil is
important for describing the effect of inoculation on plant
biomass. Indeed, if plants and soil are sympatric (i.e., locally
sourced), but allopatric to the fungus (i.e., foreign origin), the
positive effect of inoculation is greater than when all three
components are allopatric. In agreement, Klironomos (2003)
reported positive responses using local plants and fungi, and
parasitic or no responses using foreign plant or fungal genotypes.
Kiers et al. (2011) explained this concept by the bidirectionality of
mutualism and the reward for individuals showing the best rate
of exchange. Indeed, plants and fungi are able to detect variation
in the resources supplied by their partners, allowing them to
adjust their own resource allocation accordingly. In addition to
this concept, the taxonomic resolution of the AM fungal diversity
in the inocula is the main factor of plant functionality, as the
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functional benefit was found at AM fungal family level, and not
at species scale (Yang et al., 2017). Thus, an inoculum composed
of many AM fungal families would allow maintaining a full
complement of ecosystem functions, rather than an inoculum
composed of many species belonging to the same o few families.
Therefore, our hypothesis of greater host benefits from local AM
fungal isolates than foreign isolates has to be rejected, probably
due to the legacy of the agricultural practices (tillage, fertilization,
pesticides, etc.) potentially selecting for less advantageous AM
fungal strains. Finally, we would like to highlight, as previously
mentioned, that in this study inoculants were composed of
spores, roots, and soil (crude inoculum). Thus, during the process
of production of the different AM fungal isolates and mixtures,
AMF may have had socialized differently with the microbial
community. This means that, although a significant microbial
filtrate was applied at the start of the process of production to
minimize microbial differences, at the end of the production
phase the variabilities in crop response might be due not only
to the AM fungal species identity but also to differences in
microbial associated groups. Indeed, from the mycorrhizosphere
and the spores of different AM fungal isolates many different
bacterial taxa were detected (Bharadwaj et al., 2008). The multiple
services provided by AMF were shown to be the result of the
synergistic activity of the diverse bacterial communities living
in the mycorrhizosphere, strictly associated with the spores
and with the extraradical mycelium, which played many plant
growth-promoting roles (e.g., nitrogen fixation, P solubilization,
production of indole acetic acid, siderophores, and antibiotics)
(Frey-Klett et al., 2007).

Molecular Discrimination of Foreign
Inoculants and Native F. mosseae and
R. irregularis
In this work, consistently with Pellegrino et al. (2012), the
phylogenetic information contained in the polymorphic 3′ end
of the nuclear SSU rRNA gene, ITS2, and the 5′ end of
the LSU rRNA gene were sufficient for discriminating among
foreign inoculants and local strains of F. mosseae. Moreover, the
phylogenetic information contained in the 5.8S in addition to
that contained in the partial SSU, complete ITS2, and partial
LSU, allowed also to discriminate foreign inoculants and local
isolates of R. irregularis. Thus, in our field site, these regions
gave sufficient variation to reach a good resolution among
closely related AM fungal isolates for both AM fungal species.
Molecular discrimination of foreign inoculants might have been
facilitated by the fact that both F. mosseae isolates BEG12 and
AZ225C, and R. irregularis BEG141 have a distant origin. Indeed,
F. mosseae isolates BEG12 and AZ225C are originated from
United Kingdom and Arizona (United States), and R. irregularis
BEG141 from France. Despite the fact that a high rDNA sequence
polymorphism was proved within individuals (e.g., Hijri et al.,
1999; Lanfranco et al., 1999; Jansa et al., 2002; Thiéry et al., 2012),
other researchers (Krüger et al., 2009, 2012; Stockinger et al.,
2010), similarly to our findings, proved that the combination
of the highly polymorphic ITS region with variable SSU and
LSU regions can be used to achieve phylogenetic species- and

strain-level resolution in AMF. In this regard, Farmer et al.
(2007) could discriminate isolates of R. irregularis BEG141 and
C. etunicatum BEG168, using only the variable domains of
the LSU of ribosomal RNA gene, whereas more recent studies
proved that other molecular markers (i.e., mtLSU, RPB1, and
mt cox3-rnl intergenic mtDNA region) are even more efficient
in the discrimination of foreign AM fungal isolates in the field
(Sýkorová et al., 2012; Buysens et al., 2017; Kokkoris et al., 2019;
Thioye et al., 2019). Very recently, to overcome the difficulties
of the lack of consensus barcoding region for the determination
of AM fungal taxa, Kolaříková et al. (2021) developed a fine and
promising approach to sequence an AM fungal marker within
the ribosome-encoding operon (rDNA) which covers all the three
widely applied variable molecular markers (SSU, ITS, and LSU).
In detail, they amplified a ca. 2.5 kb of the rDNA, spanning the
majority of the SSU gene, the complete ITS region, and a part
of LSU rRNA gene, and sequenced the PCR products using a
PacBio platform and the Single-Molecule Real-Time sequencing.
This approach proved to be able to obtain a robust phylogenetic
assignment of several Glomeromycota lineages occurring in
complex AM fungal assemblages, could overcome the site- and
inoculation-specificity of the molecular approach we proposed.

Persistence of Inoculated Arbuscular
Mycorrhizal Fungi in the Field and Effects
on Native Arbuscular Mycorrhizal Fungi
Using the validated molecular approach, foreign strains of
F. mosseae and R. irregularis were found to persist in the
roots of the poliannual forage crop alfalfa 2 years following
inoculation with single-foreign isolate inoculum or the mixture of
those isolates. Similarly, in potatoes, the inoculated R. irregularis
BEG141 and R. etunicatum BEG168 were found to persist in
roots 6 weeks following inoculation (Farmer et al., 2007). In
this study, a nested PCR using taxon-specific primers, targeting
the variables domains of the LSU of ribosomal RNA gene, and
a cloning-sequencing approach was applied. Moreover, using
other molecular markers, such as the mtLSU (cloning and
sequencing approach) and a fragment of RPB1 (qPCR approach),
Sýkorová et al. (2012) and Thioye et al. (2019) successfully
traced two haplotypes of R. irregularis BEG140 in roots of
field-inoculated Phalaris arundinacea and R. irregularis IR27 in
roots of jujube (Ziziphus mauritiana), respectively. Rhizophagus
irregularis BEG140 was reported to survive and proliferate up
to 3 years in the field and was found more often in the
inoculated than in control plots (Sýkorová et al., 2012), while
R. irregularis IR27 was reported to persist in jujube tree roots
up to 18 months. More recently, Buysens et al. (2017), using a
qPCR approach and amplifying the mtLSU RNA gene, performed
for the first time the absolute quantification in the field of
the isolate R. irregularis MUCL 41833, and found a significant
correlation between mtLSU_MUCL41833 and total, arbuscular
and vesicular colonization of roots of three varieties of potatoes
at three growing stages (i.e., flowering, before defoliation and
harvest). Finally, Kokkoris et al. (2019) successfully traced the
R. irregularis DAOM 197198 using specific primers, targeting the
mt cox3-rnl intergenic mtDNA region, and a probe in a droplet
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digital PCR. The inoculated isolate was found in all the plots
(inoculated and non-inoculated) and its abundance increased
over time, supporting the hypothesis of the spreading of the
isolate beyond inoculated plots. Conversely, Berruti et al. (2017),
using a next-generation sequencing-based on the amplification
of only ca. 420 bp of the 18S V3-V4 hypervariable domains
(SSU), found a lack of field persistence of the AM fungal
components of microbial mixed inoculum in maize at the V8-
9 stage. Therefore, long-term inoculation trials are needed for
monitoring the evolution of the AM fungal native community
and to track the persistence of the inoculated AMF.

In our study, among the foreign-inoculated AM fungal
isolates, F. mosseae AZ225C was the most persistent both as single
inoculum or mixture, followed by BEG12 and BEG141. This is in
agreement with a previous study (Pellegrino et al., 2012), where at
2 years post-inoculation, the isolate AZ225C was more persistent
in roots of M. sativa with respect to IMA1, although it declines
from the establishment (i.e., 3 months following plant emergence;
from 100 to 16%). In the previous study (Pellegrino et al., 2012),
IMA1, despite still stimulating crop performance, did not persist
after 2 years. This inconsistency proves the high site-specificity
of the outcome of the inoculation related to climate, texture,
and chemical properties of soil (Ciccolini et al., 2015; Pellegrino
et al., 2015a,b, 2020a), or the genetic variability in AM fungal
compatibility with different genotypes of the same plant species
(M. sativa L. var. Giulia vs. cv. Messe) (Pellegrino et al., 2012).
In this regard, a large variability in compatibility was proved for
AMF in Triticum turgidum (Singh et al., 2012), and in Triticum
aestivum L. (Pellegrino et al., 2020a).

Comparing mock-inoculated control and LMix, while the
abundance of the local F. mosseae cluster was reduced, the
abundance of the native R. irregularis clusters and other
Glomeromycota taxa was promoted. The change of assemblages
with LMix in comparison with those observed with single
foreign inoculants of F. mosseae BEG12 and AZ225 (i.e., a
strong decrease in the abundance of other Glomeromycota),
supports the fact that inoculation with local AM fungal mixture
or with the less persistent R. irregularis BEG141 determines a less
environmentally impacting shift of the local fungal community.
This is also associated with similarities in the outcome of the
symbiosis in terms of plant performance (i.e., plant growth and
nutrient and FA content).

The fact that sequences phylogenetically affiliated to the local
F. mosseae were retrieved in all the inoculated plots, but were
more abundant in the control plots, support the high ubiquity
of this species (generalist) across a wide range of agro-climatic
conditions and geographically areas (Öpik et al., 2006). Finally,
no sequences similar to those of BEG12, AZ225C, and BEG141
were found in the roots of mock-inoculated alfalfa (controls) or
the roots of alfalfa inoculated with LMix. This could support
the absence of spreading of the inoculated AM fungal isolates,
at least up to 2 years following inoculation and in such specific
management, and in such a no-tilled polyannual forage. However,
we cannot exclude a low fungal abundance as well as an
insufficient sampling effort due to the used cloning and Sanger
sequencing approach. Finally, since we inoculated crude inocula
and the method of propagation cannot fully eliminate differences
in microbial communities, we could not exclude that the outcome

of field persistence can be due not only to the identities of
inoculated AMF but also to the associated microbes that might
affect the establishment/persistence, with consequences in the
soil/rhizospheric microbial communities.

Components of Arbuscular Mycorrhizal
Fungal Communities in Alfalfa Roots
Best Explain Plant Traits
Unexpectedly, although a high diversity in the composition of
AM fungal assemblages was found among inoculated treatments,
small differences were found in plant traits, such as growth
and nutrient uptake, with the exception of FA. Total fatty acids
(TFA) were increased with inoculum mixtures compared with
single inoculants, while the content of the majority of FA was
higher when plants were inoculated with FMix than with LMix.
However, by relating the AM fungal assemblages within the
roots of the 2-year alfalfa with the corresponding plant traits,
the only change in abundance of the local R. irregularis cluster1
induced by all inoculation treatments was sufficient to describe
the majority of the diversity inside the overall studied plant
traits. Thus, we can speculate that the main determinant of the
improved host benefit across the inoculation treatments is related
to the stimulation of the proliferation of a single-taxa rather
than to the increase in abundance of the inoculated isolates.
Overall, these results suggest an environmental-driven selection
for highly efficient AMF and support the use of native mixture
inoculants having a lower risk of including invasive isolates
(Hart et al., 2017).

CONCLUSION

The data presented in this study demonstrated that: (i) field
application of AM fungal inocula improved alfalfa yield, nutrient
and fatty acid concentration up to 2 years post-inoculation and
enhanced AM fungal abundance in roots; (ii) multiple AM fungal
inoculants can act in synergy to achieve the effects on crop yield
and quality; (iii) a mixture of foreign AM fungal isolates provided
greater benefits compared to local consortia; (iv) foreign strains
of F. mosseae and R. irregularis persisted in the roots of the
polyannual crop 2 years following inoculation either as single
inoculum or as component of the mixture; (v) among inoculants,
F. mosseae BEG12 and AZ225C and the foreign mixture exerted
an higher environmental impact on the local AM fungal
community compared with the local AM fungal mixture and
R. irregularis BEG141; (vi) the stimulation of the proliferation
of a single-taxa, such as the local R. irregularis cluster1, induced
by all inoculation treatments was the main determinant of
the improved host benefits, suggesting an environmental-driven
selection for a highly efficient AM fungal strain. The results on
crop productivity and quality as well as on-field persistence of
inoculated AMF support the use of mixtures of foreign AM fungal
isolates. On the other hand, taking into consideration the effects
on the native AMF, the local AM fungal mixture shows a lower
impact. These results pave the way for extending the study on
the effect of exotic and native mixtures for the production of
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high-quality forage for the animal diet, allowing to assess the fatty
acid profile in milk or meat, and derived products, and finally to
evaluate AM fungal benefits on human health.
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Background: Biocontrol strategies are the best possible and eco-friendly solution to
develop resistance against O furnacalis and improve the maize yield. However, the
knowledge about underlying molecular mechanisms, metabolic shifts, and hormonal
signaling is limited.

Methods: Here, we used an axenic and a consortium of entomopathogenic Beauveria
bassiana OFDH1-5 and a pathogen-antagonistic Trichoderma asperellum GDFS1009 in
maize and observed that consortium applications resulted in higher chlorophyll contents
and antioxidants activities [superoxide dismutase (SOD), peroxidase (POD), proline,
protease, and polyphenol oxidase (PPO)] with a decrease in O. furnacalis survival. We
performed a comprehensive transcriptome and an untargeted metabolome profiling for
the first time at a vegetative stage in fungal inoculated maize leaves at 0-, 12-, 24-, 48-,
and 72-h post insect infestation.

Results: The consortium of B. bassiana and T. asperellum leads to 80–95% of
O. furnacalis mortality. A total of 13,156 differentially expressed genes were used
for weighted gene coexpression network analysis. We identified the six significant
modules containing thirteen candidate genes [protein kinase (GRMZM2G025459),
acyl-CoA dehydrogenase (GRMZM5G864319), thioredoxin gene (GRMZM2G091481),
glutathione S-transferase (GRMZM2G116273), patatin-like phospholipase gene
(GRMZM2G154523), cytochrome P450 (GRMZM2G139874), protease inhibitor
(GRMZM2G004466), (AC233926.1_FG002), chitinase (GRMZM2G453805),
defensin (GRMZM2G392863), peroxidase (GRMZM2G144153), GDSL- like lipase
(AC212068.4_FG005), and Beta-glucosidase (GRMZM2G031660)], which are not
previously reported that are highly correlated with Jasmonic acid - Ethylene (JA-ET)
signaling pathway and antioxidants. We detected a total of 130 negative and 491
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positive metabolomic features using a ultrahigh-performance liquid chromatography
ion trap time-of-flight mass spectrometry (UHPLC-QTOF-MS). Intramodular significance
and real time-quantitative polymerase chain reaction (RT-qPCR) expressions showed
that these genes are the true candidate genes. Consortium treated maize had higher
jasmonic acid (JA), salicylic acid (SA), and ethylene (ET) levels.

Conclusion: Our results provide insights into the genetics, biochemicals, and metabolic
diversity and are useful for future biocontrol strategies against ACB attacks.

Keywords: myco-synergism, Ostrinia furnacalis, Beauveria bassiana, Trichoderma asperellum, antioxidants
myco-synergism triggers herbivory-induced defense

INTRODUCTION

Maize plants undergo several challenges during their growth,
including pathogenic infections, environmental stresses, and
insect attacks (Batool et al., 2020). Asian corn borer, Ostrinia
furnacalis (Guenée), is among the most destructive insect pests
of maize in Southeast and East Asia, especially China, causing
an estimated yield loss of 6–9 million tons annually (He et al.,
2003). Based on the importance of sustainable and eco-friendly
agricultural practices (Guo et al., 2019), O. furnacalis control
strategies have been shifted toward the application of biological
control agents rather than harmful chemical pesticides (Mitchell
et al., 2016; Batool et al., 2020). The Trichoderma spp. is
traditionally viewed as a kind of biocontrol fungi against a range
of plant pathogens (Dou et al., 2020), however, Trichoderma spp.
has also been found with some functions against plant insects
in different ways. More interestingly, in our previous study,
we proved that T. asperellum and Beauveria bassiana are great
entomopathogenic against O. furnacalis in maize (Batool et al.,
2020). The plant herbivory response is a dynamic process that
temporally and spatially regulates proteins, metabolic profiles,
and transcript patterns (Ehlting et al., 2008; Barah and Bones,
2015). This suggests that it is essential to study the plant herbivory
defense mechanisms at transcriptional and metabolic levels in
response to insect-feeding and pre-inoculated entomopathogenic
fungal strains (Li et al., 2016).

To combat herbivory, plants have evolved a broad range
of defense mechanisms (Abebe, 2021). The morphological
structures such as trichomes, waxy leaf surface, and numerous
secondary metabolites act as the first barrier or the constitutive
defense against herbivore attack. Plants have also developed an
induced defense response, which affects the herbivore’s survival,
growth, and development directly through the production of
defensive proteins and secondary metabolites, and indirectly
through the secretion of volatile compounds to attract the
pests (Guo et al., 2019). Plant-induced defense is initiated by
the perception of insect-feeding-derived elicitor, and it is a
sophisticated mechanism to balance the growth and defense.
When plants are exposed to a herbivore attack, different receptors
and transporters could be activated and pass the signals through
different signal molecules to activate the genes involved in the
biosynthesis of phytohormones such as jasmonic acid (JA),
ethylene (ET), and salicylic acid (SA), secondary metabolites,

and defensive enzymes, which are toxic, repellent, interfere in
the digestive system, survival, and nutrient absorption of insects
(Qi et al., 2018). JA and SA accumulate and exhibit a major role
in regulating the plant defense mechanisms against herbivory
(Tzin et al., 2015; Guo et al., 2019). JA-induced signaling is
primarily regulated upon insect feeding, whereas salicylic acid
regulates the response to phloem-feeding insects (Tzin et al.,
2015; Heidel-Fischer et al., 2018). Herbivory-induced defensive
enzymes, including enzymatic [superoxide dismutase (SOD),
peroxidase (POD), polyphenol oxidase (PPO), and protease] and
non-enzymatic (proline) antioxidants in maize plants, help to
develop resistance against a corn borer and are responsible for the
regulation of plant defense mechanism through the production
of secondary metabolites and reactive oxygen species (ROS)
scavenging (Batool et al., 2020). Trichoderma is also capable of
stimulating an induced systemic resistance (ISR) plant defense
response against aphids, caterpillars, and nematodes, modulated
by crosstalk between SA and JA (Di Lelio et al., 2021).

Entomopathogenic fungi have traditionally been assumed
to help regulate insect populations. So far, they have aroused
a limited interest as plant growth promoters, alongside of
protecting plant form herbivores (González-Guzmán et al.,
2020, 2021). However, some hypocrealean ascomycetes, such as
B. bassiana, play other poorly understood ecological roles that
might be useful in developing novel strategies for both increased
crop production and crop protection (Sánchez-Rodríguez et al.,
2018). Sánchez-Rodríguez et al. (2018) concluded in their
study that B. bassiana successfully colonized the plant and
boosted the spike production in wheat inoculated with seed-
dressing and soil drenching methods and caused a 30–75%
larval mortality after consuming the endophytically-colonized
leaves. In their work, González-Guzmán et al. (2020) also
examined the performance of two wheat varieties inoculated with
entomopathogenic fungi including B. bassiana and Metarhizium
brunneum by soil drenching and seed coating method and
found an increased yield with no significant difference in
plant heights. Their results support the seed-dressing method
of inoculating with entomopathogenic fungi as a promising
green technology for crop protection and enhancement with
no negative effect on plant performance. Landa et al. (2013)
identified the endophytic colonization of the Opium poppy plant
by B. bassiana and concluded that it can protect the plant from
stem gall wasp. The B. bassiana, M, brunneum, and Isaria farinosa
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were also found to increase the iron (Fe) availability in soil
differently depending on particle size, increased plant height, and
inflorescences the production of sunflower grown (Raya-Díaz
et al., 2017).

Advances in omics and quantitative biology offer several
ways to identify gene networks and their regulatory mechanisms
in living systems. One such promising approach is the
RNA-Sequence-based weighted gene co-expression network
analysis (WGCNA) (Langfelder and Horvath, 2008). The
WGCNA is a useful method to identify modules/networks of
coexpressed genes. Furthermore, the correlation of these modules
with phenotypic traits was useful to detect the key genes within
the networks (Umer et al., 2020). However, no such large-
scale study regarding the synergistic interaction of B. bassiana
OFDH1-5 and T. asperellum GDFS1009 in triggering the omics-
based regulatory mechanisms of defense genes, biochemical
enzymes, and phytohormones induced by the O. furnacalis
herbivory, are available.

Here, we hypothesized that the consortium of
entomopathogenic B. bassiana OFDH1-5 and pathogenic
antagonistic T. asperellum GDFS1009 fungal inoculants can
trigger the enhanced defense response in maize, then the normal
herbivory-induced response by an enhanced expression of
defense-related genes, antioxidants production, phytohormone
synthesis, digestive enzyme inhibitors, etc. So, we performed
the physiological, biochemical, transcriptome, metabolome, and
phytohormonal level analysis in field-grown vegetative stage
maize inoculated with B. bassiana OFDH1-5 and T. asperellum
GDFS1009, singly and in the consortium at 0-, 12-, 24-, 48-, and
72-h under O. furnacalis feeding. By integrating differentially
expressed genes (DEGs) and biochemical antioxidants through
weighted gene coexpression network analysis (WGCNA), we
revealed gene networks and key candidate genes linked to
JA, SA, and ethylene biosynthesis pathway and production of
antioxidants and insect cuticle and digestive enzyme inhibiters.
Our results highlight the positive impact of B. bassiana
OFDH1-5 and T. asperellum GDFS1009 on increasing the
herbivory-induced defenses and restricting the survival and
growth of O. furnacalis.

MATERIALS AND METHODS

Plant Growth and Treatments
Maize variety “Jingke 968” was planted in an open field located
at the Gongzhuling Experimental Station of the Institute of
Plant Protection, CAAS, Gongzhuling, China (43◦30′ N, 124◦47′
E; 224.9 m above sea level) on May 11, 2018, and May 06,
2019. The treatments include: (CK) untreated control, (BB-
1) seed treatment with B. bassiana OFDH1-5, (BB-2) soil
drenching with B. bassiana OFDH1-5, (TH-1) seed treatment
with T. asperellum GDFS1009, (TH-2) soil drenching with
T. asperellum GDFS1009, (BT-1) seed treatment with consortium
of B. bassiana OFDH1-5 and T. asperellum GDFS1009, (BT-
2) soil drenching with a consortium of B. bassiana OFDH1-
5 + T. asperellum GDFS1009, and (IC) no inoculation. All

treatments except CK were infested with O. furnacalis larvae.
Each treatment was replicated three times.

The B. bassiana OFDH1-5 (ACCC32726) sourced through
Jilin Academy of Agricultural Sciences, Gongzhuling, China and
the T. asperellum GDFS1009 (CGMCC NO. 9512) obtained
from the School of Agriculture and Biology, Shanghai Jiao
Tong University, Shanghai, China, were selected for this study
based on the previous results (Batool et al., 2020). Fungal
strains were grown and conidial suspensions of B. bassiana
OFDH1-5 (1 × 109), T. asperellum GDFS1009 (1 × 109), and
combined suspension of B. bassiana OFDH1-5 + T. asperellum
GDFS1009 (5.9 × 105

+ 8.4 × 108) in 1:1 were prepared
as described by Batool et al. (2020). An interaction analysis
to check the synergistic effect of two strains was performed
based on laboratory pathogenicity analysis data (Supplementary
Table 1). Surface-sterilized maize seeds were soaked in respective
conidial suspension and placed in a shaker incubator (HZP-
250) at 25 ± 2◦C and 200 rpm for 12 h (Motholo, 2019),
and then dried under a laminar air flow hood before planting
(Cherry et al., 2004). For insect control-IC, control-CK, and soil
drenching treatments BB-2, TH-2, and BT-2, seeds were soaked
in a sterilized.1% (v/v) tween 80. For soil drenching treatments,
30 ml/plant fungal suspension was applied around the root zone
after 1 week of germination.

Fifty plants per treatment were planted and replicated
three times with 5 m spacing between rows. Plants of each
treatment were planted 2.5 m apart from each other to hinder
communication. The field conditions and management were
consistent with the common local farming agricultural practices
and covered with nylon netting to prevent insect immigration.
All the plants selected for this experiment were healthy and
developmentally similar.

Confirmation of Endophytic Colonization
of Plants
To confirm the endophytic colonization of plants by fungal stains,
a re-isolation method was used. Leaves were surface-sterilized
in 1% sodium hypochlorite for 3 min, 70% ethanol for 1 min
followed by washing with sterilized distilled water three times.
Leaves were then cut into small segments by using sterilized
scissors and placed on potato dextrose agar (PDA) plates. After
incubation of 3–7 days at 25 ± 2◦C, the presence or absence of
fungal growth from leaves was recorded and the colonization %
was calculated (Quesada-Moraga et al., 2006).

Insect Infestation and Plant Sampling
The O. furnacalis neonates were obtained from the Institute
of Plant Protection, CAAS, and reared on an artificial diet.
Insect infestation for larval survival and maize damage rating
was carried out at the vegetative and silking stage, representing
1st and 2nd generation infestation, respectively. Healthy plants
were infested artificially with 60 neonates (<24 h old) on
June 30 and June 25 for 1st generation infestation, and on
August 10 and 6 for the 2nd generation infestation in 2018
and 2019, respectively. The infestation was done during the
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evening to avoid exposure of neonate to direct sunlight and
high temperature.

For antioxidants, chlorophyll, and molecular assays, 3rd instar
larvae of O. furnacalis were placed on each leaf of healthy
vegetative stage plants covered with small net cages to restrict
their movement. Damaged leaves around the larval feeding site
were collected in three replicates at 0-, 12-, 24-, 48-, and 72-h post
infestation and immediately frozen in liquid nitrogen. Samples
were stored at−80◦C until further analysis (Guo et al., 2019).

Maize Damage Rating and Larval
Mortality
When fifth instar O. furnacalis larvae were observed around
the maize field of 1st generation on July 28 and 23 and of
2nd generation on September 9 and 4 (ready to harvest), maize
plants were dissected to record the larval mortality rate (%),
plant height, tunnel number, tunnel length, kernel number kernel
weight, and fungal outgrowth on larval cadavers (Xie et al., 2015).

Measurement of Plant Antioxidants and
Chlorophyll Content
Enzymatic antioxidants including POD, SOD, protease,
polyphenol oxidase, proline content, and chlorophyll content
were estimated in maize leaves at 0-, 12-, 24-, 48-, and 72-h post
infestation. Detailed protocols are described in our previous
article Batool et al. (2020).

Transcriptome Profiling and
Bioinformatics Analysis
The RNA was isolated using the TIANGEN kit (Beijing, China),
following the manufacturer’s instructions. Sequencing libraries
were generated using NEBNext UltraTM RNA Library Prep Kit
for Illumina (New England Biolabs, Ipswich, MA, United States)
according to the manufacturer’s instructions, and index codes
were added to attribute sequences of each sample. Library quality
was assessed on the Agilent Bioanalyzer 2100 system. Clean
reads were then mapped with the reference genome sequence by
Hisat2 tools soft (Kim et al., 2015). Gene function was annotated
based on database information. DEGs were identified using the
DESeq2 with P-value < 0.05 (Wang et al., 2010). We used KOBAS
software to test the statistical enrichment of DEGs in kyoto
encyclopedia of genes and genomes (KEGG) pathways.

Weighted Gene Co-expression Network
Analysis for Identification of Key
Candidate Genes Involved in Maize
Defense
Weighted gene coexpression network analysis (WGCNA) was
performed in R (version 4.1.2) using default parameters
to simplify genes into expressed modules to identify the
defense-related hub genes (Langfelder and Horvath, 2008). The
fragments per kilobase of transcript per million mapped reads
(FPKM) values were normalized, and an adjacency matrix was
constructed. The plant antioxidant and the chlorophyll analysis
data, used as phenotypic data, were imported into the WGCNA

package, and correlation between antioxidants and chlorophyll
data and gene modules were calculated using the default settings.
The WGCNA package was used to convert the adjacency matrix
into a topological overlap matrix (TOM). After constructing a
network, the transcripts with identical expression patterns were
grouped into one module, and eigengenes were also calculated
for these modules. The genes from each module were exported
using the default parameters for cytoscape export.

Validation of Intramodular Candidates Through Real
Time-Quantitative Polymerase Chain Reaction
Validation of gene expression by RT-qPCR was carried out
in three biological replicates on Applied Biosystems 7500 Fast
Real-Time PCR System (Applied Biosystems, Foster City, CA,
United States) using an SYBR Green (TAKARA Bio Inc., Japan)
following the manufacturer’s guide. The RNA was isolated
using a TIANGEN kit (Beijing, China) and the complementary
DNAs (cDNAs) were synthesized using the One-Step gDNA
Removal and cDNA Synthesis SuperMix (TransGen Biotech
Co., Ltd., Beijing, China) by using the user’s manual. The
amplification program followed was 95◦C (15 s), followed by
40 cycles at 60◦C (60 s), and 95◦C (30 s). Actin (accession
number-EU585777.1) was used as a reference gene. Fold
changes of gene expression level were calculated using the
2−11CT method (Guo et al., 2019). Primers used are given in
Supplementary Table 4.

Metabolome Profiling and Quantification
of Phytohormones
Metabolite extraction and analysis were performed by
using ultra-high-performance liquid chromatography-mass
spectroscopy (UHPLC-MS, ExionLC, AB SCIEX; Waters,
Manchester, United Kingdom) by following the protocol
described by Yu et al. (2020). Quantification of SA, JA, and ET
was done by following Guo et al. (2021). All the samples were
collected as three biological replicates.

Data Analysis
Data collected from the maize physiological and biochemical
experiments were analyzed using Statistix 8.1 software and the
significance of p < 0.05 was applied. Alignment of RNA-seq data
was done with HISAT2 software. Assembling of transcripts with
mapped reads was done by using String Tie. To quantify the
expression levels of transcripts for each sample, we used Asprofile
software. The WGCNA was performed in R packages (version
4.1.2). Statistical comparisons of metabolite concentration were
made using a SAS statistics package version 9.2 (SAS Institute Inc,
2015) and a significance level of P < 0.05 was applied.

RESULTS

Confirmation of Endophytic Colonization
of Plants
By a re-isolation method, the mycelia growth of B. bassiana
OFDH1-5 and T. asperellum GDSF1009 were observed growing
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from leaf segments placed in PDA plates after 3 days, whereas,
in the control treatment, no fungal growth was observed. In
comparison with the soil drenching treatments, 19.6 and 15.9%,
42.2 and 39.44%, and 55 and 43.17% higher growth was recorded
in seed coated treatment BB-1, TH-1, and BT-1 in 2018 and 2019,
respectively (Table 1 and Figure 1).

Larval Survival Rate
The B. bassiana OFDH1-5 and T. asperellum GDFS1009
significantly affected the mortality rate of O. furnacalis larvae
in both generations. In both generations, 89.38 and 92.28% of
larval mortality was observed in BT-1 treatment (a consortium of
both fungi) of 2018 and 2019, respectively, followed by 73.03 and
69.68% mortality was observed in BB-1, which was higher than
IC. Plants inoculated with soil drenching method (BB-2, TH-
2, and BT-2) showed relatively low mortality (60–65%, 40–50%,
and 70–80%) in comparison with plants inoculated with seed
treatment method (BB-1, TH-1, and BT-1) in 2018 and 2019,
respectively (Table 2).

Maize Growth and Damage Rating
The consortium of B. bassiana OFDH1-5 + T. asperellum
GDFS1009 has a positive effect on plant growth and damage
rating. In Generation 1, the highest number of tunnels and
tunnel lengths were recorded in the insect control treatment
(IC), whereas this damage was reduced up to 86.3 and 94.6%
in BT-1 in 2018, and 92.2 and 96.7% in 2019, respectively. The
second lowest damage was recorded in BB-1 with 77.7 and 81.8%
reduction in the number of tunnels and 91.3 and 93.8% reduction
in tunnel lengths in 2018 and 2019, respectively. Similar results
were recorded in generation 2 with the highest number of tunnels
and tunnel lengths in IC and lowest (82.9 and 93% in 2018, and
84.9 and 95.6% in 2019) in BT-1 (Table 2).

Over the 2-year average, plant heights were reduced up to
25.65% in the insect control treatment (IC) compared to the

TABLE 1 | Percentage (%) endophytic colonization of plants by fungal isolates
among different treatments in 2018 and 2019.

Treatments Endophytic colonization (%)

2018 2019

CK 0 ± 0f 0 ± 0f

BB-1 85.02 ± 1.67a 82.40 ± 0.73b

BB-2 68.33 ± 2.55c 69.28 ± 1.50c

TH-1 86.67 ± 0.96a 89.70 ± 2.01a

TH-2 50.01 ± 1.67d 54.32 ± 0.35d

BT-1 83.33 ± 0.96b 89.87 ± 1.20a

BT-2 46.67 ± 2.55e 51.07 ± 0.65e

IC 0 ± 0f 0 ± 0f

Mean ± SD followed by different lowercase letters indicate significant differences
among the treatments (p < 0.05). Treatments include: (CK) untreated control,
(BB-1) seed treatment with B. bassiana OFDH1-5, (BB-2) soil drenching with
B. bassiana OFDH1-5, (TH-1) seed treatment with T. asperellum GDFS1009,
(TH-2) soil drenching with T. asperellum GDFS1009, (BT-1) seed treatment with
consortium of B. bassiana OFDH1-5 and T. asperellum GDFS1009, (BT-2) soil
drenching with a consortium of B. bassiana OFDH1-5 + T. asperellum GDFS1009,
(IC) no inoculation.

untreated control, while application of B. bassiana OFDH1-
5 and T. asperellum GDFS1009 reduced the negative effect of
O. furnacalis feeding and increased the plant heights up to 30.65,
29.1, and 34.5% in BB-1, TH-1, and BT-1, respectively. Less
effect on plant height was seen in plants inoculated with the
soil drenching method (Table 3). Additionally, the application of
entomopathogenic fungi significantly increased the grain yield.
The maximum increase in the average number of kernels per
ear was recorded as 55.2 and 70.9% in BT-1, followed by 53.4
and 69.1% in BB-1, and 47.9 and 56.6% in TH-1 in 2018 and
2019, respectively. Similar patterns of increase in weight per 100
kernels were observed with 53.3 and 79.8% in BT-1, 46.2 and
65.7% in BB-1, and 36.1 and 43.4% in TH-1 in 2018 and 2019,
respectively. In contrast, the maximum reduction in grain yield
was recorded in insect control (IC) treatment with 20.6 and 29.1%
in the number of kernels per ear, and 21.1 and 32.1% in weight per
100 kernels in the year 2018 and 2019, respectively, compared to
untreated control (CK) (Table 3).

Larval cadavers were collected from the field to determine the
percentage (%) of cadavers showing a fungal outgrowth collected
from the field. The highest number of cadavers (%) with fungal
outgrowth was observed as 87.33 and 91.83% in seed treated
consortium treatment (BT-1) in 2018 and 2019, respectively, at
Generation 1 infestation. Similarly, in Generation 2 infestation,
89.68 and 84.07% cadavers were detected in BT-1 with fungal
outgrowth in 2018 and 2019, respectively, followed by 71–74%
in seed treated with B. bassiana treatment (BB-1) (Table 4 and
Figure 2). Based on agronomic field data, samples from BB-1,
TH-1, BT-1 (inoculated through seed treatment method), and IC
were used for further analysis.

Transcriptome Responses Triggered by
B. bassiana OFDH1-5 and T. asperellum
GDFS1009
For transcriptome profiling, four treatments (BB-1, TH-1, BT-
1, and IC) in three replicates at 0-, 12-, 24-, 48-, and 72-
h post O. furnacalis infestation were used to construct 60
cDNA libraries. A total of 458.04 Gb clean data was obtained
and the clean data of each sample reached 5.71 Gb, and
the Q30 base percentage was 93.24% and above. Clean reads
were aligned with a designated reference genome (ZmB73_Ref-
Gen_v4) and the comparison efficiency ranged from 79.13 to
89.36% (Supplementary Table 2). Based on the comparison
results, the gene expression level analysis was performed and
the differentially expressed genes were identified according to
their expression levels | log2 (fold-change)| > 1 and an
adjusted P-value < 0.05 in each pairwise comparison. The
abundance of upregulated genes was higher than downregulated
genes compared to all-time points (Supplementary Table 3).
Identified genes in all samples were hierarchically clustered
relative to control. The difference in color indicates high
(red) and low (green) expressions (Figure 3A). The principal
component analysis revealed the variability among transcriptome
data of different samples. Clustering of samples away from each
other and control group (IC) indicates a fungal inoculation
and O. furnacalis-induced changes in gene expression specially
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FIGURE 1 | Confirmation of endophytic colonization of plants by fungal isolates through the re-isolation method.

TABLE 2 | Differential effect of single and consortium of B. bassiana OFDH1-5 and T. asperellum GDFS1009 inoculation on larval survival rate, number, and length of
tunnels under O. furnacalis attack for two generations in 2018 and 2019.

Treatments Mortality (%) Number of tunnels/plant Length of tunnels (cm)

2018 2019 2018 2019 2018 2019

Generation 1 (vegetative stage)

CK 0 ± 0h 0 ± 0g 0 ± 0f 0 ± 0g 0 ± 0f 0 ± 0g

BB-1 73.03 ± 0.02c 69.68 ± 0.075c 1.033 ± 0.19d 1.073 ± 0.15e 0.652 ± 0.05ef 0.576 ± 0.08e

BB-2 61.11 ± 0.05e 62.43 ± 0.12d 1.533 ± 0.1c 1.66 ± 0.09d 1.687 ± 0.045d 1.319 ± 0.02d

TH-1 67.51 ± 0.08d 61.16 ± 0.14d 2.05 ± 0.05b 2.083 ± 0.1c 2.43 ± 0.12c 2.087 ± 0.09c

TH-2 52.33 ± 0.07f 42.57 ± 0.12e 2.233 ± 0.12b 2.56 ± 0.03b 4.147 ± 0.15b 4.125 ± 0.2b

BT-1 89.38 ± 0.1a 92.28 ± 0.03a 0.633 ± 0.07e 0.46 ± 0.06f 0.405 ± 0.06f 0.309 ± 0.03f

BT-2 81.47 ± 0.08b 71.43 ± 0.08b 1.383 ± 0.08c 1.49 ± 0.22de 1.185 ± 0.14de 1.27 ± 0.06d

IC 24.08 ± 0.08g 15.52 ± 0.46f 4.633 ± 0.06a 5.9 ± 0.3a 7.486 ± 0.6a 9.337 ± 0.8a

Generation 2 (silking stage)

CK 0 ± 0h 0 ± 0h 0 ± 0g 0 ± 0g 0 ± 0g 0 ± 0h

BB-1 71.08 ± 0.06c 74.03 ± 0.014c 1.683 ± 0.12ef 1.676 ± 0.05e 3.037 ± 0.13e 2.547 ± 0.03f

BB-2 59.17 ± 0.06e 61.07 ± 0.05e 2.317 ± 0.11d 2.527 ± 0.02d 5.333 ± 0.06d 5.69 ± 0.1d

TH-1 62.45 ± 0.05d 65.57 ± 0.08d 3.3 ± 0.28c 3.411 ± 0.1c 13.993 ± 0.08c 11.33 ± 1.7c

TH-2 43.17 ± 0.1f 48.54 ± 0.06f 4.3 ± 0.22b 5.01 ± 0.08b 17.894 ± 0.8b 20.573 ± 0.7b

BT-1 86.05 ± 0.09a 89.67 ± 0.09a 1.117 ± 0.1f 1.25 ± 0.1f 1.403 ± 0.06f 1.103 ± 0.1g

BT-2 81.47 ± 0.03b 83.53 ± 0.05b 2.1 ± 0.1de 2.347 ± 0.09de 5.425 ± 0.16d 4.573 ± 0.67de

IC 16.15 ± 0.1g 17.07 ± 0.05g 6.567 ± 0.4a 8.267 ± 0.5a 20.055 ± 0.83a 25.097 ± 0.9a

Mean ± SD followed by different lowercase letters indicate significant differences among the treatments (p < 0.05). Treatments include: (CK) untreated control, (BB-1)
seed treatment with B. bassiana OFDH1-5, (BB-2) soil drenching with B. bassiana OFDH1-5, (TH-1) seed treatment with T. asperellum GDFS1009, (TH-2) soil drenching
with T. asperellum GDFS1009, (BT-1) seed treatment with consortium of B. bassiana OFDH1-5 and T. asperellum GDFS1009, (BT-2) soil drenching with a consortium of
B. bassiana OFDH1-5 + T. asperellum GDFS1009, (IC) no inoculation.

in consortium treatment (BT) (Figure 3B). In total, 13,156
common DEG’s were identified in all the combinations at
different time points.

To explore the response of different processes in combined
B. bassiana OFDH1-5 and T. asperellum GDFS1009 treatments,

we analyzed the KEGG enrichment analysis of common DEG’s.
The sets of DEG’s were assigned to significant KEGG Pathways
(P > 0.05) (Supplementary Figure 1), and the top enriched
resistance related pathways in IC vs. BB, IC vs. TH, and IC vs.
BT at 12-, 24-, 48-, and 72-h were listed in Figure 3C, which show
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TABLE 3 | Differential effect of single and consortium of B. bassiana OFDH1-5 and T. asperellum GDFS1009 inoculation on maize yield under O. furnacalis attack in
2018 and 2019.

Treatments Kernel number/ear 100 kernel weight Height (cm)

2018 2019 2018 2019 2018 2019

CK 692.78 ± 0.5g 706.03 ± 0.7g 20.56 ± 0.5c 21.27 ± 0.8c 316.62 ± 0.5a 311.34 ± 1.38b

BB-1 843.3 ± 0.8a 846.27 ± 0.29b 23.92 ± 0.6a 23.95 ± 0.56b 298.43 ± 1.13e 304.27 ± 0.27c

BB-2 793.63 ± 0.6e 789.15 ± 0.5e 21.03 ± 0.19bc 21.65 ± 0.50c 279.61 ± 1.2f 296.05 ± 1.23e

TH-1 813.68 ± 1.25c 793.93 ± 1.0d 22.27 ± 0.45b 20.72 ± 0.65cd 307.07 ± 0.4c 298.43 ± 1.13e

TH-2 780.23 ± 0.4f 740.81 ± 0.7f 20.44 ± 0.5c 17.83 ± 0.5e 301.46 ± 1.2d 279.50 ± 0.6f

BT-1 853.23 ± 0.9b 855.3 ± 0.7a 25.06 ± 0.11a 25.98 ± 0.52a 311.34 ± 1.4b 316.62 ± 0.5a

BT-2 797.92 ± 0.61d 801.63 ± 0.5c 21.82 ± 0.7bc 23.21 ± 0.2b 300.23 ± 0.8d 300.25 ± 0.8d

IC 549.8 ± 1.03h 500.41 ± 1.01h 16.36 ± 0.3d 14.45 ± 0.50f 238.74 ± 1.2g 228.38 ± 1.01g

Mean ± SD followed by different lowercase letters indicate significant differences among the treatments (p < 0.05). Treatments include (CK) untreated control, (BB-1)
seed treatment with B. bassiana OFDH1-5, (BB-2) soil drenching with B. bassiana OFDH1-5, (TH-1) seed treatment with T. asperellum GDFS1009, (TH-2) soil drenching
with T. asperellum GDFS1009, (BT-1) seed treatment with consortium of B. bassiana OFDH1-5 and T. asperellum GDFS1009, (BT-2) soil drenching with a consortium of
B. bassiana OFDH1-5 + T. asperellum GDFS1009, (IC) no inoculation.

TABLE 4 | Percentage (%) of cadavers showing fungal outgrowth collected from
the field.

Treatments Cadavers with fungal outgrowth (%)

2018 2019

Generation 1 (vegetative stage)

CK 0 ± 0f 0 ± 0e

BB-1 74.00 ± 0.67b 71.68 ± 0.75b

BB-2 54.11 ± 2.05d 62.93 ± 0.23c

TH-1 54.67 ± 0.78d 59.36 ± 0.34c

TH-2 20.08 ± 0.477e 32.37 ± 1.12d

BT-1 87.33 ± 1.13a 91.83 ± 2.01a

BT-2 58.67 ± 1.08c 61.39 ± 1.08c

IC 0 ± 0f 0 ± 0e

Generation 2 (silking stage)

CK 0 ± 0g 0 ± 0g

BB-1 71.58 ± 0.35b 74.32 ± 0.24b

BB-2 56.67 ± 0.76cd 61.75 ± 1.15c

TH-1 49.45 ± 1.35e 47.57 ± 0.48e

TH-2 24.17 ± 1.71f 28.50 ± 1.06f

BT-1 89.65 ± 1.09a 84.07 ± 0.19a

BT-2 59.97 ± 0.53c 57.09 ± 0.35d

IC 0 ± 0g 0 ± 0g

Mean ± SD followed by different lowercase letters indicate significant differences
among the treatments (p < 0.05). Treatments include (CK) untreated control,
(BB-1) seed treatment with B. bassiana OFDH1-5, (BB-2) soil drenching with
B. bassiana OFDH1-5, (TH-1) seed treatment with T. asperellum GDFS1009,
(TH-2) soil drenching with T. asperellum GDFS1009, (BT-1) seed treatment with
consortium of B. bassiana OFDH1-5 and T. asperellum GDFS1009, (BT-2) soil
drenching with a consortium of B. bassiana OFDH1-5 + T. asperellum GDFS1009,
(IC) no inoculation.

uniquely induced genes enriched in a higher number of metabolic
processes in consortium treatment (BT).

B. bassiana OFDH1-5 and T. asperellum
GDFS1009 Triggered Antioxidants and
Chlorophyll Content in
O. furnacalis-Induced Defense
The antioxidant enzyme activities started to increase at 12-h
in all the infested treatments and reached a maximum point

FIGURE 2 | Field collected dead larvae showing the existence of fungal
outgrowth from the larval cadavers.

at 24-h of insect feeding and gradually decreased until 48-
h, while polyphenol oxidase (PPO) reached the maximum
at 48-h. The production of antioxidant enzymes was further
triggered by entomopathogenic fungal treatments and the highest
productions were observed in consortium treatment (BT-1).
An increase of 132. 5-, 385. 3-, 100. 6-, and 277.7-folds were
recorded in SOD, POD, proline, and protease activities at 24-h of
O. furnacalis feeding. In the case of PPO, a 522.7-fold increase was
recorded at 48-h and the lowest enzyme activities were observed
in IC treatment (Figures 4A–E).

Chlorophyll content was observed to be gradually decreased
from 0-h to 72-h due to O. furnacalis feeding, but fungal
inoculation increased the chlorophyll content. The maximum
content of chlorophyll-a and chlorophyll-b were recorded in BT-
1, followed by TH-1, and BB-1 compared to insect control (IC).
Chlorophyll-a, chlorophyll-b, and carotenoid were reduced up to
80-, 86-, and 86.3-folds, respectively, in the insect control (IC)
(Figures 4F–I).
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FIGURE 3 | Transcriptome response of maize inoculated with single and consortium of Beauveria bassiana OFDH1-5 and Trichoderma asperellum GDFS1009 to
Ostrinia furnacalis. (A) Hierarchical Cluster dendrogram of differentially expressed genes, the difference in color indicate high (red) and low (green) expression.
(B) PCA plot showing variability of transcriptome data; (C) top enriched resistance related pathways in IC vs. BB, IC vs. TH, IC vs. BT at 12-, 24-, 48-, and 72-h.

Co-expression Network Analysis for the
Identification of Hub Genes Involved in
Maize Defense
The FPKM values of 13,156 common DEGs and plant
biochemical parameters (SOD, POD, proline, protease, PPO, Chl-
a, chl-b, carotenoids, and chl-a+ b) at different time points were
used for the weighted gene coexpression network analysis and
the module trait correlations were calculated. Thirty-three gene
modules were identified based on coexpression patterns. Each
module is represented by a different color and presented as a
cluster dendrogram and network heatmap (Figures 5A–D).

Among the 33 identified modules, only six showed significant
correlations with the phenotypic data. The blue module with
326 genes showed significant correlations with SOD, proline,
protease, and PPO with correlation coefficients (r2) of 0.93, 0.82,
0.7, and 0.75, respectively. The darkgrey module possessing 149
genes showed positive correlations with POD (r2 = 0.84), PPO
(r2 = 0.73), and protease (r2 = 0.95). The green-yellow module,
having 223 genes, showed significant positive correlations with
POD (r2 = 0.71), SOD (r2 = 0.81), proline (r2 = 0.73), protease
(r2 = 0.71), and PPO (r2 = 0.9). Grey60 module consists of
57 genes, and it showed a positive correlation with carotenoids
(r2 = 0.73). Magenta module with 98 genes showed positive
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FIGURE 4 | Beauveria bassiana OFDH1-5 and T. asperellum GDFS1009 induced response of maize antioxidants and chlorophyll content under O. furnacalis attack.
(A) Superoxide dismutase (SOD); (B) peroxidase (POD); (C) polyphenol oxidase (PPO); (D) protease; (E) proline; (F) chlorophyll a; (G) chlorophyll b; (H) chlorophyll
a + b; (I) carotenoids. Different lowercase letters above each bar indicate significant differences among treatments (p < 0.05). Treatments include (BB-1) seed
treatment with B. bassiana OFDH1-5, (TH-1) seed treatment with T. asperellum GDFS1009, (BT-1) seed treatment with a consortium of B. bassiana OFDH1-5 and
T. asperellum GDFS1009, (IC) no inoculation.
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FIGURE 5 | Weighted gene coexpression network analysis (WGCNA) analysis to identify key candidate genes involved in maize defense. (A) Cluster dendrogram
and network heatmap of genes subjected to coexpression module calculation. (B) Sample dendrogram and module trait heatmap of each time point.
(C) Hierarchical clustering presenting eleven modules having coexpressed genes. Each leaflet in the tree corresponds to an individual gene. (D) Module-trait
associations based on Pearson correlations. The color key from green to red represents r2 values ranging from –1 to 1. (E) Gene networks of six highly correlated
modules with phenotypic traits. Genes in different red shape due to the highest weight within the module represents hub genes (key candidate genes) and are coded
for gene descriptors based on annotation. Treatments include (BB-1) seed treatment with B. bassiana OFDH1-5, (TH-1) seed treatment with T. asperellum
GDFS1009, (BT-1) seed treatment with a consortium of B. bassiana OFDH1-5 and T. asperellum GDFS1009, (IC) no inoculation.
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correlations with POD (r2 = 0.82) and with PPO (r2 = 0.93).
Salmon module with 145 genes showed a correlation with
proline (r2 = 0.85) (Figure 5D). The hub genes from these
modules were selected by the cytoscape built-in extension,
namely “CytoHubba,” visualizing the gene networks (Figure 5E).
Furthermore, to find out the genes involved in maize defense
within these gene networks, gene annotation information was
extracted from maize reference genome (ZmB73_Ref-Gen_v4).

Real Time-Quantitative Polymerase Chain Reaction
Validation of Intramodular Hub Genes
Selected hub genes were further validated by performing RT-
qPCR at different time points, thus, narrowing down the number
of selected genes. Finally, from 28 hub genes, we selected
13 key candidate genes with stable and consistent expressions
responsible for maize defense against O. furnacalis (Figure 6).
The RT-qPCR results were consistent with the RNA-seq data
(Supplementary Figure 2). All the key candidate genes, along
with other hub genes, are shown in Table 5.

B. bassiana OFDH1-5 and T. asperellum
GDFS1009-Enhanced Expression of Key
Candidate Genes in Maize Defense
Response Against O. furnacalis
Herbivory
Three key genes in the blue module were identified as
protein kinase gene (GRMZM2G025459), which participates
in the phytohormone signaling pathway to initiate a defense
response and to regulate the expression of genes involved
in ion homeostasis and oxidative stress responses, acyl-
CoA dehydrogenase (GRMZM5G864319), which is involved
in an alpha-linolenic acid metabolism of jasmonic acid
pathway and thioredoxin gene (GRMZM2G091481), which
acted as an important component of the signaling pathway in
plant antioxidant networks. Similarly, in the salmon module,
the Glutathione S-transferase was identified as a key gene
(GRMZM2G116273), which plays a crucial role in plant oxidative
stress response against high ROS (reactive oxygen species) levels
generated by the insect attack.

Four genes, (GRMZM2G144153, AC212068.4_FG005,
GRMZM2G392863, and GRMZM2G004466) were identified as
key genes in darkgrey module. These genes were identified as
glutathione peroxidase, GDSL- like lipase, defensin, and protease
inhibitor. Glutathione peroxidase gene (GRMZM2G144153) is
known to be activated upon a cell wall damage by insect feeding.
In addition, it is also involved in the ROS scavenging, lignification
of the cell wall, and synthesis of phenolic compounds. The
GDSL- like lipase (AC212068.4_FG005) acts as an elicitor of
systemic resistance linked with ET pathways. Upon insect
feeding, its expression depending upon the ethylene signaling
generates the systemic signals which translocate to other
healthy parts of plants and propagate a systemic resistance
throughout the plant. The defensin gene (GRMZM2G392863)
has a great insecticidal property of inhibiting insect digestive
enzymes; α-amylase play a crucial role in breaking down
plant starch and hydrolyze proteins. Protease inhibitor genes

(GRMZM2G004466) were characterized as key genes. One more
protease inhibitor gene (AC233926.1_FG002) was identified in
the grey60 module as a key gene. They were found to participate
in the reduction of insect growth, and, thereby, suppress
the infection process by inhibiting extracellular proteases
released by insects.

Patatin-like phospholipase gene (GRMZM2G154523) is
responsible for the synthesis of linolenic acid, as a precursor
of jasmonic acid biosynthesis pathway and chitinase gene
(GRMZM2G453805), expressed by plants and acted as a
self-defense mechanism against insect attack, were found as
defense-related hub genes in the green-yellow module.

Beta-glucosidase 18 and cytochrome p450
(GRMZM2G031660 and GRMZM2G139874), which participate
in various detoxification and biosynthetic pathways to protect
the plant, were found as key genes in the magenta module.
All genes showed differential expression patterns among all
fungal-inoculated treatments, with the highest expression levels
at 24- and 48-h post larval infestation specially in BT-1. The
role and expression patterns of all key genes in maize defense
response are shown in Table 5, Figure 6, and Supplementary
Figure 2.

Metabolomic Adjustments Triggered by
B. bassiana OFDH1-5 and T. asperellum
GDFS1009
To obtain complete insights of B. bassiana OFDH1-5
and T. asperellum GDFS1009 inoculated maize under the
O. furnacalis attack, we performed a comprehensive untargeted
metabolomic analysis of all BB-1, TH-1, BT-1, and IC at 0-,
12-, 24-, 48-, and 72-h by UHPLC-QTOF-MS for the first
time. The principal component analysis (PCA) analysis clearly
showed the diversity among samples. Interestingly 0-h samples
grouped indicating less diversity and other samples clustering
away from control showed diversity in metabolomic data
(Figure 7A). Through electrospray ionization (ESI) total of
7,367 NEG (negative) and 13,183 POS (positive) mass/retention
time features were detected (Supplementary Data 4), and
further 130 NEG and 491 POS differentially annotated and
abundant metabolomic features were filtered based on different
classes (Supplementary Data 5 and Figure 7B). Within the
POS metabolic features, 9 fall in alkaloids and derivatives
class, 26 in benzenoids, 3 in hydrocarbons, 194 in lipids
and lipid-like molecule, 17 in nucleosides, nucleotides, and
analogs, 47 in organic acids and derivatives, 11 in organic
nitrogen compounds, 37 in organic oxygen compounds,
78 in organoheterocyclic compounds, 8 in organooxygen
compounds, 57 in phenylpropanoids and polyketides and 1 each
in hydrocarbon derivatives, organic compounds, organonitrogen
compounds and lignans, neolignans, and related compounds. In
the case of NEG metabolic features, 10 fall in benzenoids class,
15 each in nucleosides, nucleotide and analogs class and organic
acid and derivative class, 1 in organic compounds, 16 in organic
oxygen compounds, 13 in organoheterocyclic compounds, 6
in organooxygen compounds, 13 in phenylpropanoids and
polyketides, and 41 in lipids and lipid-like molecules class
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FIGURE 6 | Schematic representation of transcriptional strategies employed by maize inoculated with a consortium of B. bassiana OFDH1-5 and T. asperellum
GDFS1009 compared with single inoculation to induce enhanced expression of key genes to involve in initiating signaling pathway to activate phytohormone
biosynthesis pathways which regulate the production and expression of defense genes to induce maize resistance against O. furnacalis. Treatments include (BB-1)
seed treatment with B. bassiana OFDH1-5, (TH-1) seed treatment with T. asperellum GDFS1009, (BT-1) seed treatment with a consortium of B. bassiana OFDH1-5
and T. asperellum GDFS1009, (IC) no inoculation.

(Figure 7B). Through hierarchical clustering, metabolites were
divided into five clusters. Obvious changes were seen in the
abundance of all metabolites belonging to different classes with
a higher abundance of malonic acid, succinic acid, threonic
acid, and gluconolactone in cluster 1, silicristin and mulberrin

in cluster 2, etrogol and jasmonic acid in cluster 3, and betaine,
L-threonine, L-carnitine, and thermophilin in cluster 5 were
observed in a consortium treatment (BT-1). In cluster 4,
all inoculated treatments have shown higher abundance as
compared to control (IC) (Figure 7C).
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TABLE 5 | Selected hub genes from all coexpressed modules with functional annotation.

Gene ID Module Annotation Identified as key candidate gene

GRMZM2G144153 Darkgrey Glutathione peroxidase 3

AC212068.4_FG005 Darkgrey GDSL-like lipase 3

GRMZM2G046750 Darkgrey Protease inhibitor 5

GRMZM2G392863 Darkgrey Defensin like protein 3

GRMZM2G004466 Darkgrey Protease inhibitor 3

GRMZM2G005991 Darkgrey Protease inhibitor 5

GRMZM2G132169 Darkgrey Laccase (L-ascorbate oxidase precursor) 5

GRMZM5G865319 Grey60 Serpin 5

AC233926.1_FG002 Grey60 Protease inhibitor 3

GRMZM2G171444 Yellow Ribosomal protein L19 5

AC200099.4_FG006 Blue Cytochrome P450 5

GRMZM2G025459 Blue Protein kinase 3

GRMZM2G091481 Blue Thioredoxin 3

GRMZM5G864319 Blue Acyl-CoA dehydrogenase 3

GRMZM2G035708 Darkgreen Photosynthetic NDH subunit 5

GRMZM2G453805 Green yellow Chitinase 3

GRMZM2G154523 Green yellow Patatin-like phospholipase 3

GRMZM2G031660 Magenta Beta-glucosidase 18 3

GRMZM2G139874 Magenta Cytochrome P450 3

GRMZM2G023152 Purple O-methyltransferase ZRP4 5

AC225718.2_FG009 Purple Wound-induced protein 5

GRMZM2G116273 Salmon Glutathione S-transferase 3

GRMZM2G031607 Salmon SGS domain-containing protein 5

GRMZM2G096585 Salmon peptidyl-prolyl isomerase 5

GRMZM2G310368 Steel blue Ethylene-responsive transcription factor 5

Zea_mays_newGene_38529 Steel blue Plant transposase 5

Zea_mays_newGene_15021 Steel blue Plant transposase 5

Zea_mays_newGene_17096 White Ribosomal protein S19e 5

B.bassiana OFDH1-5 and T. asperellum
GDFS1009-Enhanced Phytohormone
Concentration Induced by O. furnacalis
Herbivory
To determine changes in stress-related phytohormones, we
quantified JA, ET, and SA. A significant increase in the contents of
phytohormones was recorded in all fungal inoculated treatments,
but highest in consortium treatment (BT-1) at 24-h post
infestation with an increase of 32.2, 37.4, and 77.5% in JA, SA,
and ET, respectively (Figure 7D).

DISCUSSION

Ostrinia furnacalis is one of the most destructive insect pests
of maize and it is responsible for major yield losses. It causes
major damage at whorl stage plants by feeding in leaves and
boring in maize stalk. Besides other pest control strategies, the
biological control approach is of the highest interest because
of its eco-friendly nature. The latest research proved that a
consortium of biological control agents was effective against
maize pests (Sarma et al., 2015; Batool et al., 2020). In our
previous study (Batool et al., 2020), we have investigated and
concluded that the entomopathogenic strain, B. bassiana, and

plant pathogen antagonistic strain, T. asperellum, have both
strong synergistic potential and can be used in the consortium to
enhance their biological control activity. They inhibit the insect
survival and damage on maize plants by inhibiting the immune
response of O. furnacalis at the transcriptome level. Based on
our previous findings, in the present investigation, we further
investigated the effect of B. bassiana, T. asperellum, and their
consortium on insect survival, maize damage, and growth, at
field level under natural environmental conditions. Furthermore,
WGCNA was used for the first time in an entomopathogenically
inoculated maize to integrate transcriptome and biochemical
data and an untargeted metabolite profiling at the vegetative
stage of maize to identify the candidate genes and metabolites
associated with the regulation of defensive biochemical enzymes,
and induction of maize resistance and maize defense pathways
against O. furnacalis.

Both entomopathogenic/antagonistic fungi can colonize the
plant endophytically and can induce a defensive response upon
insect feeding as a challenge, thereby killing or arresting the
growth of insects (Batool et al., 2020). Plants can provide a
suitable environment for entomopathogenic fungi and their
insecticidal activity can suppress the infection and facilitate plants
by increasing insect resistance and plant growth (Gupta et al.,
2016). Plant colonization largely depends upon the method of
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FIGURE 7 | Metabolome profiling of maize inoculated with single and consortium of B. bassiana OFDH1-5 and T. asperellum GDFS1009 and subjected to
O. furnacalis attack. (A) PCA plot show divergence in metabolome data among treatments (MVBB, MVTH, MVBT, and MVI stands for BB-1, TH-1, BT-1, and IC,
respectively). (B) Pie chart showing the percentage distribution of differentially annotated metabolites in different classes. (C) Hierarchical clustering of identified
abundant metabolites. (D) Concentration of phytohormones in maize plants. Data is mean of three replicates and different lower-case letters above each bar indicate
significant differences among treatments (p < 0.05). Treatments include (BB-1) seed treatment with B. bassiana OFDH1-5, (TH-1) seed treatment with T. asperellum
GDFS1009, (BT-1) seed treatment with a consortium of B. bassiana OFDH1-5 and T. asperellum GDFS1009, (IC) no inoculation.
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application and the seed treatment method was proven to be
more effective (Batool et al., 2020). The seed treatment has
the advantage of colonizing radical and plumule at the same
time, as they are close to seed and can colonize the whole
plant during its growth (Muvea et al., 2014). Our results were
also in accordance with the findings of pathogenicity against
O. furnacalis and reducing its survival, tunnel number and
length, and increasing grain yield and plant growth in the
consortium-treated Plants (BT-1). Some previous research also
showed that the growth of entomopathogenic fungi in plants can
prevent plant herbivory, and the B. bassiana have insecticidal
activity against several insects including corn borers (Wagner and
Lewis, 2000). Trichoderma is generally known for the function to
induce the ISR of the whole maize plant against plant diseases and
pest insects through colonization of maize roots (Rivas-Franco
et al., 2020). The activity of T. asperellum was relatively low as
compared to others, but its pathogenic activity was enhanced by
the co-cultivation with B. bassiana. Shakeri and Foster (2007) also
stated that the Trichoderma pathogenicity against borer larvae
was lower and it can be increased by modifying them at the
genetic level. Trichoderma could generate synergistic action with
other biocontrol organisms, including the entomopathogenic
fungi (Netzker et al., 2015), describing the use of consortium
technique to enhance the activity through intercommunication.

In response to an insect attack, plants produce several
defensive antioxidants including, SOD, POD, protease, PPO, and
proline to scavenge ROS. These enzymes were considered the
most important plant defense-related enzymes against herbivores
(Guo et al., 2017; Batool et al., 2020). We also observed that
antioxidant activities such as SOD, POD, PPO, protease, and
proline were increased in all insect-infested plants, with a
maximum increase at 24-h post infestation, while these enzyme
activities were relatively higher in entomopathogenic fungal
inoculated plants. The results revealed that these biocontrol
agents enhanced the defense mechanism in plants by enhancing
the production of defensive enzymes. Consortium treatment
showed a maximum increase among all treatments. Some
previous studies also reported the induction of SOD, POD,
proline, protease, and PPO by biological control agents (Bano
and Muqarab, 2017). PPO and protease play a defensive role
against insect attack and induce resistance in plants (Joe and
Muthukumaran, 2008). The chlorophyll content is one of the
important components for plant growth and we observed that
the chlorophyll content was increased in plants treated with
entomopathogenic fungi compared to the insect control (IC). The
same trend was recorded in previous studies (Bano and Muqarab,
2017; Batool et al., 2020). SOD is considered as the first enzyme
in the scavenging process of ROS and its augmented scavenging
action and detoxified by POD and act as a signaling agent to
activate defensive genes in plants (Bano and Muqarab, 2017).
Proline is best known as hydroxyl radical scavenger also serves
as an energy source in plants. PPO is an important enzyme,
which induces insect resistance in plants by participating in cell
lignification and oxidation of polyphenols. Protease also has a
defensive role against insect attacks (Batool et al., 2020).

With rapid development in bioinformatics, the weighted gene
co-expression analysis (WGCNA) approach has been developed

to explore the functionality of transcriptome. WGCNA was
used to detect the genes which co-express (Lin et al., 2019).
The relationship between trait and module identifies the
most vital hub genes, which supports an efficacious way to
explore the in-depth mechanism of complex traits (Lv et al.,
2020). Considering the importance of fungal inoculants against
the control of O. furnacalis, plant yield, and maize defense
through augmented production of enzymatic and non-enzymatic
antioxidants. We also integrated these biochemical enzymes and
compounds with plant transcriptome at 0-, 12-, 24-, 48-, and
72-h. We performed a transcriptome-based analysis to identify
DEGs in different combinations. The DEGs were then analyzed
by WGCNA along with biochemical parameters and 33 gene
modules represented by different colors were identified. Among
them, 6 were significantly correlated with SOD, POD, PPO,
protease, proline, and chlorophyll content. All genes contained in
modules were functionally annotated to identify hub genes and
28 hub genes were identified and validated through RT-qPCR.
Finally, 13 genes were characterized as the key candidates that are
involved in maize defense mechanism against O. furnacalis based
on significant correlation of hub genes from the module with
biochemical enzymes and chlorophyll content, and expression
pattern of selected genes. Gamboa-Tuz et al. (2018) also identified
stress related hub genes from papaya leaves and roots. Pan et al.
(2020) correlated transcriptome through WGCNA to identify key
genes in maize against herbivore.

Activity of Identified Candidate Genes in
Phytohormone Signaling and
Biosynthesis Pathways
Insect herbivores induce the expressions of genes associated
with the phytohormone signaling pathway (Li et al., 2016).
Plant recognizes herbivore damage as a primary signal and
triggers the expression of defense related genes. Initially, when
an insect starts feeding, the plant reacts to it by producing
ROS and effector proteins to activate the expression of
signaling molecules and initiate signaling pathways of systemic
resistance (Almagro et al., 2009). We identified four such
signaling related genes; protein kinase (GRMZM2G025459),
GDSL-like Lipase (AC212068.4_FG005), Patatin-like
phospholipase (GRMZM2G154523), and Cytochrome P450
(GRMZM2G139874), which showed a high response against
O. furnacalis feeding in fungal inoculated treatments. The
activity of GDSL- like lipase (GLIP) is highly dependent on the
Ethylene ET- the pathway to generate systemic signals to produce
GLIP in the uninfected part of the plants to protect it from the
insect (Kwon et al., 2009). They also reported the reduction in
the growth of Pseudomonas syringae by the accumulation of
GLIP 1 in all parts of the plant. Patatin like phospholipase is a
signaling molecule responsible for the release of linolenic acid
from phospholipids to biosynthesize jasmonic acid (JA) (Ryu,
2004). Meijer and Munnik (2003) observed the presence of
phospholipases in wounded tomatoes and many other plants.
Dhondt et al. (2002) also found three lipase genes in response
to external elicitor or infection before the accumulation of JA.
Acyle co-A dehydrogenase gene (GRMZM5G864319) was also
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identified as a candidate gene that participates in the linolenic
acid metabolism of the JA biosynthesis pathway (Tang et al.,
2015). Cytochrome P450 (CYP) participates in plant growth
promotion and protection from biotic and abiotic stresses
through detoxification and biosynthesis pathways. To date,
the involvement of cytochrome p450 in different metabolic
pathways including allene oxide synthesis in the jasmonic acid
pathway, hormone metabolism, and biosynthesis of phytoalexin
has been confirmed (Jun et al., 2015). CYP74A (allene oxide
synthase, AOS) catalyzes the dehydration of hydroperoxide to an
instable allene oxide in the JA biosynthetic pathway and plays an
important role in wound-induced defense against biotic attacks
(Park et al., 2002).

Gene Expression Regulating Antioxidant
Enzyme Production
Biosynthesis of JA- and ET- activate the production of PR-
proteins, cell wall modifying enzymes, salicylic acid synthesis, and
phytoalexins as a defense response to induce systemic resistance.
In the present investigation, the genes encoding defensive
enzymes and proteins such as Thioredoxin (GRMZM2G091481),
Glutathione Peroxidase (GRMZM2G144153), Glutathione
S-transferase (GRMZM2G116273), Defensin like protein
(GRMZM2G392863), protease inhibitor (GRMZM2G004466),
protease inhibitor (AC233926.1_FG002), Chitinase
(GRMZM2G453805), Beta-glucosidase 18 (GRMZM2G031660)
were upregulated with higher expressions in consortium
treatment (BT-1). The expression patterns of these genes
coincide with the levels of biochemical enzymes produced in all
treatments, which indicates that the over expressions of these
genes may regulate higher production of enzymatic (SOD, POD,
PPO, and Protease) and non-enzymatic (proline) antioxidants
to initiate maize defense responses, such as lignification,
suberization, insect growth inhibition, and scavenging of ROS.

Genes Mediating Redox Signaling
Enzymatic and non-enzymatic antioxidants reduce the level of
ROS and SOD is considered as the first and most important
enzyme in the scavenging process as it catalyzes O2

− into
H2O2. The accumulation of the highest H2O2 is toxic for
plants and POD detoxifies them (Bano and Muqarab, 2017;
Batool et al., 2020). Peroxidases are the most important enzyme
and they participate in different physiological processes of
the plant (Almagro et al., 2009). Besides ROS scavenging,
peroxidase encoding genes are also involved in lignin and suberin
production to link the cell wall components. POD belongs to the
PR-protein9 subfamily. The highest expression of POD increases
the structure barrier and stops the infection. The expression of
peroxidase genes in plants was induced by biotic and abiotic
stresses (Sasaki et al., 2007). Thioredoxin genes were found to be
associated with ROS scavenging enzymes such as ascorbate, POD,
SOD, and catalase through disulfite bridge (Dos Santos and Rey,
2006), Moreover, Glutathione S-transferase detoxify electrophilic
compounds in the scavenging process, also interact with plant
thioredoxin (Yamazaki et al., 2004). Several stress conditions
accumulate high ROS levels and resulted in the increased
expression of the thioredoxin gene to participate in oxidative

stress-linked signaling to induce high levels of antioxidant
enzymes in potato plants (Dos Santos and Rey, 2006).

Genes Inhibiting Insect Digestive Enzyme
Polyphenol oxidase is a plant antioxidant enzyme important
for regulating insect feeding, growth, development and defense
response against herbivory and its production can be associated
with the expression of different proteins and enzymes that
can restrict the nutrient uptake of insects and attack their
digestive track, e.g., chitinase, protease inhibitors and α-amylase
inhibitors (Abebe). The chitinase enzyme is very important
and it inhibits insect chewing and killing by degrading the
insect skeleton (Zhong et al., 2021). The highest expression
of chitinase reduces the insect induced damage and survival
rate. Bordoloi et al. (2021) also identified two chitinase genes
viz. TEA028279 and TEA019397 in tea plants with high
expression under stress conditions with jasmonate and salicylic
acid in their promoter upstream region to degrade chitin,
of insect’s exoskeleton. Similarly, defensin gene also prevents
the insect chewing by inhibiting insect’s digestive enzyme
such as α-amylase and protease and makes it difficult to
breakdown plant starch. Defensin express continuously in leaves
stomatal cells, cell wall, peripheral layer of root, seed, and
flowers, which indicate that they play an important role in
protecting all entry points of plants from pest and pathogens.
Khairutdinov et al. (2017) reported the inhibition of α-amylase
activity by PsDef1 defensin gene in pine pest Panolis flammea.
The inhibitory action of α-amylase by the defensin gene in
Sorghum bicolor, Vigna unguiculata, and Tephrosia villosa have
also been studied (Kovaleva et al., 2020). Similar to defensin,
protease inhibitors and β-glucosidase are also important for
inhibiting insect gut digestive enzymes like proteases to prevent
its feeding. Guedes and Cutler (2014) reported the role of
insecticidal protease inhibitors in tobacco, rice, oilseed rape,
sugarcane, and brassica. Expressions of protease inhibitors
have been detected in wounds and induce defense against
plant herbivory and pathogen attack (Clemente et al., 2019).
Maize, almond, and white mustard defensive β-glucosidases
were shown to restrict the digestion of lepidopteran larvae
(Vassão et al., 2018).

High accumulation of metabolites contributes to
acclimation of maize pre-inoculated with entomopathogenic
fungi in response to O. furnacalis stress. In our study,
significant accumulation of organic acids, benzoxazinoids,
phenylpropanoids and polyketides, and lipid-like molecules
were observed with higher levels in consortium treatment.
Benzoxazinoid is an important defensive secondary metabolite in
maize defense against O. furnacalis (Guo et al., 2019). However,
this untargeted metabolome profiling was performed for the
first time in maize plants inoculated with a consortium of
B. bassiana and T. asperellum in response to O. furnacalis
attack. We found that the contents of benzoxazinoids were
changed after insect attack but higher contents were seen in
inoculated treatments as compared to control. Accumulation
of organic compounds plays a key role in defense against biotic
and abiotic stresses (Zhang et al., 2020). We found that the
accumulation of metabolites belonging to benzoxazinoids,
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lipid-like molecules, organic compounds and phenylpropanoids
can be a common mechanism in plant adaptation to different
stresses. JA contents, expression levels of genes involved in JA
biosynthetic pathway and JA-dependent metabolite adjustment
in lipid-like molecules, which plays a defensive role, increased
during O. furnacalis feeding in consortium inoculated plants,
indicating its enhanced protective mechanism in JA-dependent
maize resistance to O. furnacalis. Similar findings were reported
by Guo et al. (2019) in O. furnacalis induced direct and in
direct defenses. Jasmonates are responsible for regulating nearly
all biosynthetic pathways that lead to metabolites (Martínez-
Medina et al., 2021). According to the significant impact
of B. bassiana and T. asperellum on JA, significant changes
in secondary metabolites were triggered. Similarly, previous
research also reported a strong impact on plant metabolites,
primary metabolism, and changes in defensive compounds
(Martínez-Medina et al., 2021).

Among consortium of biocontrol agents used against pest
attack, one acts as a stress inducer and the other acts as a
control agent. The combined application of BCAs by different
mechanisms effectively controlled the incidence of Duponchelia
fovealis in strawberry plants (Araujo et al., 2020).

CONCLUSION

By comprehensive physiological, biochemical, transcriptomic,
metabolomic, and phytohormone analysis in maize inoculated
with B. bassiana and T. asperellum, applied singly and in
the consortium, we revealed enhanced maize defenses against
O. furnacalis herbivory. Our study indicates that consortium
of B. bassiana and T. asperellum can synergistically suppress
O. furnacalis immune response and enhance maize immune
response in the field by directly inducing enhanced expression
of defense genes and indirectly activating antioxidants and
phytohormone production as compared to normal herbivory-
induced defenses. They can regulate the coordinated gene
network expression related to defense signaling and antioxidants
response and within these networks, certain genes make a key
contribution to trait variation. Higher phytohormone content
diverse metabolome abundance in consortium treatments was
also highlighted in our results indicating the importance of JA,
SA, and ethylene in plant defense. The correlation between
the expression of these genes and enzymatic (SOD, POD,
PPO, and protease) and non-enzymatic (proline) antioxidants,
phytohormone synthesis, and metabolite adjustments were
identified the first time in B. bassiana OFDH1-5, T. asperellum
GDFS1009 consortium inoculated maize against O. furnacalis
attack. The advantages of fungal BCAs are economic mass

production, easy-to-use, sustainable control efficacy, and
environmental safety suggest a bright future of mycoinsecticides
in the world. Moreover, this study opens up new insight for future
studies to focus on how certain changes in the gene networks
and metabolites through biocontrol agents can affect above and
below ground maize defense and other pathways. On the basis
of current results, we believe that defense against ACB attack
in maize is not a single gene-controlled process. Multiple genes
are involved at the same time. Future research must focus on
metabolic-gene clusters.
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Bioeffector (BE) application is emerging as a strategy for achieving sustainable
agricultural practices worldwide. However, the effect of BE on crop growth and quality
is still controversial and there is still no adequate impact assessment that determines
factors on the efficiency of BE application. Therefore, we carried out a network
metaanalysis on the effect of BEs using 1,791 global observations from 186 studies
to summarize influencing factors and the impact of BEs on crop growth, quality, and
nutrient contents. The results show that BEs did not only improve plant growth by
around 25% and yield by 30%, but also enhanced crop quality, e.g., protein (55%
increase) and soluble solids content (75% increase) as well as aboveground nitrogen
(N) and phosphate (P) content by 28 and 40%, respectively. The comparisons among
BE types demonstrated that especially non-microbial products, such as extracts and
humic/amino acids, have the potential to increase biomass growth by 40–60% and
aboveground P content by 54–110%. The soil pH strongly influenced the efficiency of
the applied BE with the highest effects in acidic soils. Our results showed that BEs are
most suitable for promoting the quality of legumes and increasing the yield of fruits,
herbs, and legumes. We illustrate that it is crucial to optimize the application of BEs with
respect to the right application time and technique (e.g., placement, foliar). Our results
provide an important basis for future research on the mechanisms underlying crop
improvement by the application of BEs and on the development of new BE products.

Keywords: biostimulants, biofertilizers, sustainable agriculture, nutrient use efficiency, pH, PGPR

INTRODUCTION

The use of bioeffectors (BEs) has been proposed as a promising solution for the challenges
of sustainable agriculture (Povero et al., 2016). A BE is defined as organic material and/or
microorganisms applied to living plants or soil to enhance nutrient uptake, stimulate growth,
improve stress tolerance and crop-quality traits, regardless of its nutrient contents (Van Oosten
et al., 2017; Rouphael and Colla, 2018; Schütz et al., 2018; Ricci et al., 2019). Typical BEs
include amino acids and other organic compounds, seaweed extracts, and botanicals as well
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as microorganisms including fungi and bacteria. Numerous
studies have demonstrated that the application of BEs is beneficial
to plants in all developmental stages (Qiu et al., 2020; Rouphael
and Colla, 2020b) and may increase yield (Schütz et al., 2018).

Microbial products can directly influence nutrient availability
in soil or nutrient uptake by plants. For example, N-fixing
bacteria are able to sequester nitrogen (N2) from the air,
thereby increasing the pool of reactive N in the soil. Phosphate
(P)-solubilizing bacteria (PSB) can transform phosphate from
insoluble compounds to bioavailable ones by releasing protons,
exudates, such as chelates, and other substances. Previous
studies have determined that symbiotic arbuscular mycorrhiza
fungi (AMF) promoted phosphate, nitrogen, and micronutrient
acquisition through spatial enlargement of the influence of
the rhizosphere (Watts-Williams and Cavagnaro, 2014). The
stimulation of plant nutrient acquisition by BEs is beneficial,
especially under nutrient-poor conditions and it reduces the
dependency of agriculture on the application of inorganic
fertilizers (Oldroyd and Leyser, 2020). Further, in high-input
agricultural systems, the application of BEs can facilitate
fertilizer and pesticide use without risking yield decline. Some
plant growth-promoting microbes can alter the hormone
balance in plants and improve plant performance. Meents
et al. (2019), for instance, reported that the beneficial fungi
Piriformospora indica increased auxin levels in plants thereby
promoting root growth.

Besides selected microbial organisms, BEs also comprise a
variety of processed substances from soil and plants, such as
humic acids, amino acids, and extracts, from seaweeds and
other plants. These products are diverse in terms of their
potential influence on plants and the microbial community in
the soil. Extracts can directly influence plant growth by bioactive
compounds or indirectly by ameliorating soil characteristics
(Shukla et al., 2018). By altering soil water holding capacity,
they indirectly improve soil growing conditions and nutrient
availability for plants (Khan et al., 2009). Extracts also interact
with the soil microbial community and promote the function
of beneficial fungi (e.g., AMF) by increasing infectivity, spore
production, colonization, and hyphae growth (Khan et al., 2009).
Humic and amino acids can stimulate the proton pump of
the plant (Jindo et al., 2012), thereby supporting the plant’s
own nutrient solubilizing pathway and increasing nutrient
availability in the rhizosphere. Additionally, the complexation of
micronutrients by organic acids, reduction of Fe(III) to Fe(II),
and the presence of organic radicals and phenolic compounds are
further possible explanations for an increased nutrient availability
in soil after the application of organic acids (Adani et al., 1998).

BEs have further been shown to improve plant tolerance
to abiotic and biotic stress. Two main pathways are described:
Firstly, beneficial microbes can adapt themselves to extreme
conditions, such as salinity and cold temperatures (Selvakumar
et al., 2008; Upadhyay et al., 2009). Microbes can then increase
the tolerance of plants to abiotic stress by ameliorating
plant performance under these conditions (Van Oosten
et al., 2017). Secondly, microbes and natural compounds can
produce substances that promote stress adaptation by the plant
(Van Oosten et al., 2017).

Considering the recent public awareness on environmental
degradation and pollution by agricultural production, the topic
of BE-use in sustainable agriculture is becoming increasingly
important. However, BEs as living organisms or natural extracts
are influenced by edaphic and environmental factors after
application. This leads to unreliable outcomes for farmers,
thereby limiting their practical use and adoption. Despite decades
of research on this topic, the efficiency of BEs varies widely among
published studies (Schmidt and Gaudin, 2018). In particular,
the pivotal factors determining the effects of BEs, such as crop
specificity and mode of action, are still unclear. Moreover, most
data from Chinese BE studies are not included in previously
published metaanalyses.

The goal of this study was to systematically quantify
the improvement of plant performance and other important
indicators (e.g., quality, nutrient acquisition) via BE application
in general, but also under given local agricultural conditions (e.g.,
pH, crop type). Another aim was to specify practical and efficient
application strategies of BEs. To achieve these goals, a network
metaanalysis was conducted to primarily determine whether BEs
show a global positive effect on plant biomass, yield, aboveground
nutrient content, nutrient use efficiencies, and quality indicators
(protein- and soluble-solids content). Secondly, crucial factors
that influence the efficiency of BEs were determined. Therefore,
we analyzed variables, such as crop type, edaphic pH, and other
aspects, in crop production on a global scale.

MATERIALS AND METHODS

Data Collection
In this metaanalysis, we compiled a global dataset by retrieving
peer-reviewed studies published until December 2021 using
Scopus by Elsevier, ISI-Web of Science, the search engines
of Microsoft Academic, and Hohsearch (search engine of
the University of Hohenheim, Stuttgart, Germany). Studies in
Chinese were extracted from the China Knowledge Resource
Integrated Database (CNKI). “Biofertilizer,” “biostimulant,” or
“bioeffector” together with “nutrient” or “quality” were selected
as keywords. This resulted in more than 2,000 possibly fitting
studies. Studies were sorted by relevance prior to checking
them. Literature searches were terminated if 20 studies in
succession did not fit into the inclusion criteria defined below.
We filtered the studies by the following inclusion criteria: (i)
the standard errors and the number of replicates that were
reported. These values were needed to calculate the effect sizes.
(ii) The experiment had to be laid out in the soil. (iii) The
only difference between the control and the treatment group
was the BE application. (iv) Germination trials were excluded.
(v) The study stated at minimum two predefined response
variables. (vi) The agricultural crops were used for food, fodder,
or biomass production. A PRISMA flowchart is included in the
Supplementary Materials (Supplementary Figure 1).

Preprocessing of Data
When data were available in graphs only, the program GetData
Graph Digitizer (Ver. 2.22) was used to extract means and

Frontiers in Plant Science | www.frontiersin.org 2 March 2022 | Volume 13 | Article 816438673

https://www.frontiersin.org/journals/plant-science
https://www.frontiersin.org/
https://www.frontiersin.org/journals/plant-science#articles


fpls-13-816438 February 23, 2022 Time: 15:51 # 3

Herrmann et al. Promotion of Plants by Bioeffectors

standard errors. To convert the concentration of available N and
P in soil from g kg−1 to kg ha−1, the bulk density was estimated
according to the United States Department of Agriculture –
Natural Resources Conservation Service (2019). The effective
root zone was determined as 0.5 m. If only the total N of the
soil was analyzed, then the available N was estimated based
on the calculation by Sponagel et al. (2005). When organic
fertilizers were used and in case their nutrient composition
was not analyzed, estimated nutrient contents were used from
Herbert et al. (2019). If it could not be estimated, the study was
not considered in the investigations of nutrient-use efficiency.
Additionally, the shoot biomass for the calculation of nutrient use
efficiencies was transformed into kg ha−1 by considering plant
densities indicated in the papers or estimated based on a common
agricultural practice (Supplementary Table 1). pH values were
adapted in case it was measured in CaCl2 or KCl, according to
Reuter et al. (2008), to convert values to measurements in water.
If the method was not given, it was assumed to be measured in
water. For all the other measurements, methods were considered
similar, and no transformation of the values was implemented.

The potential influencing variables BE, geographic region,
application strategy, and application time were categorized. The
BEs including microorganisms were categorized according to
Schütz et al. (2018). Botanicals, as well as sea-weed extracts,
were summarized as the group of “extracts.” Humic/amino
acids formed another category. Substances not fitting into these
categories were pooled in the group “others.” The combination
treatment was subdivided into a dual combination, which
included two different microorganism categories, a combination
of more than two microorganism categories, and a mixture of
microorganisms and non-microbes.

In the case of BE application, it is very likely that different
effects must be expected for different management regimes.
As nutrient balances vary largely across the world and locally
adapted strategies are needed (Haygarth and Rufino, 2021),
the World Bank (2019) classification of regions was applied to

account for this variation. This categorization of the countries
was chosen as a broad indicator for the agricultural practice
in the countries. According to the set of the experiment, we
divided the data into pot and field trials. The grouping into
perennial or annual did not happen according to the biological
capability of growing several seasons, but according to the
layout of the experiments. If the plants in the experiment had
been growing for several seasons or the BE application was
conducted for more than 1 year on the same plant, the study was
identified as perennial.

Furthermore, the data were subdivided according to the
application strategy. We identified four different modes of
application. The BEs were applied either (1) to the seed, (2) in the
soil, (3) to the seedling, or (4) by foliar application. Additionally,
a combination of two or more above-mentioned modes of
application was also considered. Concerning application time,
we distinguished between a single application, before/at sowing
or after sowing, or a multiple application. The pH range was
divided into five subgroups, namely, ≤ 5.5 “strongly acidic,”
5.5 < pH ≤ 6.5 “slightly acidic,” 6.5 < pH ≤ 7.5 “neutral,”
7.5 < pH ≤ 8.5 “slightly alkaline,” pH > 8.5 “strongly alkaline.”

Statistical Approach
Determination of effect sizes is one option in metaanalyses
to handle the variation of units and measurements and to
enable the calculation of overall effects, thereby enabling the
comparison of effects between studies (Sánchez-Meca and Marín-
Martínez, 1998). For calculating the effect size, the treatment
means were standardized by dividing them by their standard
error. Additionally, the correction of bias according to Hedges
(1981), which includes the repetition number, was added to the
calculation. A logarithmic transformation was then applied to
further stabilize the variance and counteract the right-skewness
of the effect sizes. Effect sizes in the current study were
calculated for the following traits: yield, shoot biomass, root
biomass, aboveground nutrient content of N and P, nutrient

FIGURE 1 | Location of studies included in the data set. The figure was created by the R package ggmap (Kahle and Wickham, 2013).
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use efficiency of N and P, as well as the quality parameters of
protein and soluble solids content. We defined shoot biomass
as the total aboveground plant material and yield as the main
marketable product. Nutrient use efficiency was defined as
the biomass divided through the total amount of available N
and P in soil, respectively (available nutrient in soil + input
through fertilizers).

Publication bias can strongly affect the results of metaanalyses,
thereby altering or overestimating the outcomes (Levine et al.,
2009). It was assumed that articles will be more likely to be
published if they prove positive effects, similar to medical studies
(Joober et al., 2012). In our study, when a strong right skewness
was observed, the statistical approach by Carrijo et al. (2017) was
followed. Therefore, independently for every group of effect size,
when the effect sizes of studies exceeded the mean plus three
times the standard error, they were excluded from the analysis.
After the exclusion, 186 out of 197 studies were used for the final
analysis including a total amount of 1,791 observations. For the
first time, 64 studies conducted in China (423 observations) were
included. The locations of those studies when identifiable are
shown in Figure 1. The 186 studies, which were finally included
in the metaanalysis, are listed in the references.

It is important to consider the methodological quality of
the studies as it could strongly influence the outcome of a
metaanalysis (Moher et al., 1998). Therefore, we included the
impact-factor of the journal, where the study was published as
a covariate in our model. In later steps, the covariate was again
removed from the model, as it was not significant in any case.

In the collected data structure, several treatments correspond
to the same control. Therefore, to quantify the impact of each
BE type of one study and still avoid correlation of effect sizes,
a network metaanalysis was necessary using a linear mixed
model described by Madden et al. (2016). This approach has the
advantage that it enables us to compare treatments indirectly even
if they never occurred together in the same study. A random
study effect was included in the model as just a sample of available
studies was chosen, and the aim of the analysis was to generalize
our result for future studies to be published. The model can be
described as follows:

yijklmnopqr = µ+ bj + τi + (ατ)ik + βli + γmi

+ (δτ)in + θoi + (ϑτ)iq + (φτ)iq + (κτ)ir + eijklmnopqr,

where µ is the intercept, bj is the random effect of the jth study,
τi is the main effect for the ith treatment (with levels control and
treatment). βli, γmi , and θoi are the effect of the lth application
time, the mth BE, and the oth mode of application, respectively.
These factors are nested within treatment, as in the control BEs
were not applied at all. (ατ)ik, (δτ)in,(ϑτ)iq, (φτ)iq, and (κτ)ir
are the interaction effects of the ith treatment and kth testing
system, the nth crop, pth perennial or annual, qth geographical
region, and the rth pH-effect, respectively. We did not fit the main
effects for these latter terms as we were only interested in the
differences of control and treatment depending on these factors.
The value eijklmnopqr is the error of mean effect size yijklmnopqr with
a homogeneous error variance.

For all factors in the model above, our main focus was on
the differences between control and treatment, and differences
between these differences across treatments. Contrasts were used
to calculate the difference of the differences between control
and treatment. As the data were logarithmically transformed
prior to analysis, differences correspond to ratios on the original
scale. The back-transformed value from a difference of differences
corresponds to an odds ratio.

To avoid overfitting, which means that additional non-
significant factors in the model mask the effects of other factors,
we performed a model selection. To implement this, we switched
the method for variance component estimation to maximum
likelihood. We then used the Akaike Information Criterion (AIC,
Wolfinger, 1993) selection criterion to find the best model for
our data. Since the AIC can only be used for comparisons of
models which have identical data sets, an auxiliary dataset was
created by omitting all observations for which data for at least
one of the parameters of the full model was lacking. Afterward,
the model selection was carried out using this auxiliary dataset.
It was assumed that the best-selected model through the model
selection is transmissible to the entire dataset later since studies
were considered as random samples.

In none of the final models from the model selection, BE types
were included as factors. Since one of our initial focuses was
to investigate the differences between BE types, selected models
of shoot and root biomass, yield, aboveground P as well as N
content, and nutrient use efficiencies were expanded by the BE
type. This resulted in slightly higher AIC and changed mean
effects (Supplementary Table 2). Further analyses for all other
factors were conducted with the non-expanded model and only
BE types were investigated using the expanded model.

After finding the best model via AIC, the restricted maximum
likelihood estimation was applied (Patterson and Thompson,
1971). Confidence limits were calculated for each difference
between treatment and control and the contrasts of the
differences among treatments. We considered estimates to be
significantly different from zero when their p-Values were below
or equal to 0.05, and in tendency when their p-Values were below
or equal to 0.1. Afterward, differences and contrasts [as well as
their lower and upper bounds of the confidence limit (α = 0.05)]
were backtransformed to the original scale for presentation
purposes only. Standard errors were backtransformed using
the approximate delta method (Xu and Long, 2005). Normal
distribution and homogeneous variances of residuals (on the
transformed scale) were checked graphically.

The illustration of the graphs was implemented in R with the
package ggplot2 (Wickham, 2016). The figures depict the median
and confidence limits of the subgroup analysis, as well as the
overall effects, which we defined as the difference of the main
effects τi, namely the difference of treatment and control factors.

RESULTS

The results of the model selection are shown in the
Supplementary Materials (Supplementary Table 3). In the
root biomass investigation, no data was available for perennial
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crops and field trials. Those parameters were therefore not
considered in the analysis. The country grouping was also not
relevant for the model of root biomass as experiments were
exclusively laid out under controlled greenhouse conditions.
A summary of the significant parameters in each model and
the most important influencing factors for each indicator are
provided (Supplementary Table 4).

Assessment of Bioeffector Effects on
Crop Growth and Yield
As shown in Figure 2A, shoot biomass was significantly enhanced
due to BE application by 26%. The variable soil pH influenced the
outcome clearly (Figure 2B). A significant increase of biomass
by BE application was observed in slightly acidic and strongly
acidic soils, with strongly acidic soils showing the highest median
of 58% increase. Regarding the mode of application, BE input
via soil (38% increase) and foliar application (34% increase) as
well as a combination of several different modes (48% increase)
was more beneficial for plant biomass production than seed
inoculation or application during early plant developmental
stages (12% and 0.6% increase) (Figure 2C). Figure 2D illustrates
that a significant increase of shoot biomass occurred in pot
trials (33% increase). The efficiency of BE application differed
among countries (Figure 2E), with middle-income economies
obtaining the highest efficiencies (46% increase for lower-
middle-income economies and 35% increase for upper-middle-
income economies).

When adding the BE types to the model, non-microbial
products attained the highest responses with a shoot biomass
increase of 57%, 41%, and 42% for extracts, humic and amino
acids, and the combination of microbes and non-microbial
substances, respectively (Figure 3A).

The yield was significantly augmented by 30% (Figure 4A).
Almost all crop types responded significantly to BE application,
except the group “others.” Herbs and fruits increased in yield
the most with 47% and 40% (Figure 4B). Pot-trials obtained a
significantly higher yield increase than field trials with a 45%
and 16% increase, respectively (Figure 4C). When investigating
the expanded model, all BE types induced significant yield
increases (Figure 3B), and the combination of microbes
and non-microbial products stood out with an increase of
55% (Figure 3B).

Root biomass responded positively to BE application with an
increase of 69% (Figure 5A). As shown in Figure 5B, in strongly
acidic soils with pH levels < 5.5, root growth was extremely
enhanced by 161%, whereas in other pH levels the effect was
below the overall median. For strongly alkaline soils, data was
limited in the dataset. Therefore, no definite statement can be
given. The comparison of the mode of application resulted in
significant increases for nearly every application mode, except
the inoculation of the seedling (Figure 5C). The combination
of several modes of application resulted in exceptionally high
root growth with a 173% increase. The analysis of the model
extended with the variable BE type led to no clear differentiation
among the BE types except for AMF as well as the combination of

FIGURE 2 | Response of shoot biomass. (A) Overall biomass effect of all observations (median). (B–E) are subgroup analyses on biomass response: (B) pH
categories, (C) mode of application, (D) test system, (E) country grouping (LE: low income economies, LME: lower middle income economies, UME: upper middle
income economies, HE: high income economies). Dots mark the median, lines mark the 95% confidence interval. If the line crosses the vertical dotted line, the
impact of bioeffectors is not significant (α = 0.05). Numbers beside are the p-Values. p-Values > 0.1 were denoted as non-significant (n.s.), p-Values between 0.1
and 0.05 were shown in italics to indicate tendencies and p-Values ≤ 0.05 indicating significance were shown in regular font. The number of observations per
treatment is indicated by the number in brackets.
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FIGURE 3 | Response of shoot (A) and yield (B) for different BE types according to the expanded model. Dots mark the median and lines mark the 95% confidence
interval. If the line crosses the dotted line, the impact of bioeffectors is not significant (α = 0.05). Numbers beside are the p-Values. p-Values > 0.1 were denoted as
non-significant (n.s.), p-Values between 0.1 and 0.05 are shown in italics to indicate tendencies, and p-Values ≤ 0.05 indicating significance were shown in regular
font. The number of observations per treatment is indicated by the number in brackets.

microbes and non-microbial substances, which led to the highest
root biomass improvements (Figure 5D).

Assessment of Bioeffector Effects on
Crop Quality Indicators
Concerning the crop quality improving aspects after BEs
application, soluble solids content and protein content were
investigated. Soluble solids showed a positive increase with an
overall BE effect of 55% (Figure 6A) and also, with BE application
protein content strongly increased by 75% (Figure 7A). The
content of soluble solids depended on the test system, crop type,
and pH (Figure 6), whereas protein content was additionally
affected by the mode of BE application, the geographic region,
and if the plant was perennial or annual (Figure 7). Here, foliar
application resulted in a strong increase in protein content by
157%, whereas seed and soil application led to increases of 45%
and 105%, respectively (Figure 7F). Crop types, such as fruits and
vegetables, for which quality aspects are important for selling,
showed no significant increase in soluble solids content as well
as in protein content by BE application (Figures 6C, 7C). In
legumes, soluble solids content was significantly enhanced by
181% and protein content by 99% (Figures 6C, 7C). Protein
content was more increased in perennial crops (138%) than in
annual crops (29%) (Figure 7D). From slightly acidic to slightly
alkaline environments, the median responses of soluble solids
content were the most pronounced with increases from 53% to
73%, but significant responses could be obtained only in slightly
alkaline conditions (Figure 6B). Additionally, protein contents
were significantly increased in neutral environments by 180%,
whereas increases were clearly lower in other soil pH ranges

(Figure 7B). The median increase of soluble solids content in the
field (76%) compared to pot trials (37%) due to BE application
was higher and more significant (Figure 6D), whereas for protein
content, results were similar (74% for field and 77% for pot
trials) (Figure 7G).

Assessment of Bioeffector Effects on
Crop Nutrient Content and Nutrient Use
Efficiency
The BE application showed significant improvements in
aboveground nutrient content and nutrient use efficiency. The
response of aboveground P content (40%) was slightly larger than
the improvement of aboveground N content (28%) (Figures 8A,
9A). Crop types differed in their response to BE application
regarding aboveground N and P content. Aboveground N
content was especially enhanced in legumes (81%) (Figure 8B).
Also, cereals and oilseed crops have the tendency to attain
positive outcomes with an increase of 37%. For aboveground
P content, differences were marginal among cereals, legumes,
and fruits (61% to 87%) (Figure 9B). The application time after
sowing led to the highest increase with regard to aboveground
N and P content (64% and 73%) (Figures 8C, 9C). Both
aboveground nutrient content responses did not differ in
the test systems (Figures 8D, 9D). Soil (79%), foliar (49%),
and a combination of different methods of application (90%)
improved aboveground P content significantly (Figure 9E).
In the case of aboveground N content, only soil application
(104%) led to significant increases while seed application
(29%) showed a tendency to increase N content (Figure 8E).
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FIGURE 4 | Response of yield. (A) Overall yield effect of all observations (median), (B,C) are subgroup analyses on yield response: (B) crop types, (C) test system.
Dots mark the median and lines mark the 95% confidence interval. If the line crosses the dotted line, the impact of bioeffectors is not significant (α = 0.05). Numbers
beside are the p-Values. p-Values > 0.1 were denoted as non-significant (n.s.), p-Values between 0.1 and 0.05 are shown in italics to indicate tendencies, and
p-Values ≤ 0.05 indicating significance were shown in regular font. The number of observations per treatment is indicated by the number in brackets.

FIGURE 5 | Response of Root biomass. (A) Overall root biomass effect of all observations (median), (B,C) are subgroup analyses on root biomass response: (B) pH
categories, (C) mode of application. (D) BE types and overall median according to the expanded model. Dots mark the median and lines mark the 95% confidence
interval. If the line crosses the dotted line, the impact of bioeffectors is not significant (α = 0.05). Numbers beside are the p-values. p-Values > 0.1 were denoted as
non-significant (n.s.), p-Values between 0.1 and 0.05 are shown in italics to indicate tendencies, and p-Values ≤ 0.05 indicating significance were shown in regular
font. The number of observations per treatment is indicated by the number in brackets.

Aboveground N content was significantly enhanced in strongly
acidic environments by BE application (116%) (Figure 8F). For
aboveground P content, a tendency toward higher efficiencies

in lower pH levels was indicated; however, aboveground P
content was again lower in strongly acidic soils (27% increase)
compared to slightly acidic soils (72% increase) (Figure 9F).
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FIGURE 6 | Response of soluble solids. (A) Overall soluble solids increase of all observations (median), (B–D) are subgroup analyses on soluble solids response: (B)
pH categories, (C) crop type, (D) test system. Dots mark the median, lines mark the 95% confidence interval. If the line crosses the dotted line, the impact of
bioeffectors is not significant (α = 0.05). Numbers beside are the p-Values. p-Values > 0.1 were denoted as non-significant (n.s.), p-Values between 0.1 and 0.05 are
shown in italics to indicate tendencies, and p-Values ≤ 0.05 indicating significance were shown in regular font. The number of observations per treatment is
indicated by the number in brackets.

FIGURE 7 | Response of protein content. (A) Overall protein increase of all observations (median), (B–G) are subgroup analyses on protein response: (B) pH
categories, (C) crop types, (D) perennial or annual (E) country grouping (LME: lower-middle-income economies, UME: upper-middle-income economies, HE: high
income economies), (F) mode of application, (G) test system. Dots mark the median and lines mark the 95% confidence interval. If the line crosses the dotted line,
the impact of bioeffectors is not significant (α = 0.05). Numbers beside are the P-values. P-values > 0.1 were denoted as non-significant (n.s.), p-Values between 0.1
and 0.05 are shown in italics to indicate tendencies, and p-Values ≤ 0.05 indicating significance were shown in regular font. The number of observations per
treatment is indicated by the number in brackets.

For both nutrients, the highest improvements of aboveground
content were achieved in lower-middle-income economies with
71% increases for N and 76% increases for P (Figures 8G, 9G).

In accordance with the increase of biomass, extracts improved
aboveground P content by 110% when examining it with the
extended model (Figures 10A,B). In the case of aboveground
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FIGURE 8 | Response of aboveground N content. (A) Overall aboveground N increase of all observations (median), (B–G) are subgroup analyses on aboveground N
response: (B) crop type, (C) time of application relative to sowing, (D) test system, (E) mode of application, (F) pH categories, (G) country grouping (LE: low-income
economies, LME: lower-middle-income economies, UME: upper-middle-income economies, HE: high-income economies). Dots mark the median, lines mark the
95% confidence interval. If the line crosses the dotted line, the impact of bioeffectors is not significant (α = 0.05). Numbers beside are the p-Values. p-Values > 0.1
were denoted as non-significant (n.s.), p-Values between 0.1 and 0.05 are shown in italics to indicate tendencies and p-Values ≤ 0.05 indicating significance were
shown in regular font. The number of observations per treatment is indicated by the number in brackets.

FIGURE 9 | Response of aboveground P content. (A) Overall aboveground P increase of all observations (median), (B–G) are subgroup analyses on aboveground P
response: (B) crop type, (C) time of application relative to sowing, (D) test system, (E) mode of application, (F) pH categories, (G) country grouping (LE: low-income
economies, LME: lower-middle-income economies, UME: upper-middle-income economies, HE: high-income economies). Dots mark the median and lines mark the
95% confidence interval. If the line crosses the dotted line, the impact of bioeffectors is not significant (α = 0.05). Numbers beside are the P-values. P-values > 0.1
were denoted as non-significant (n.s.), p-Values between 0.1 and 0.05 are shown in italics to indicate tendencies, and p-Values ≤ 0.05 indicating significance were
shown in regular font. The number of observations per treatment is indicated by the number in brackets.
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FIGURE 10 | Response of aboveground N (A) and P (B) content by different BE types. Dots mark the median, lines mark the 95% confidence interval. If the line
crosses the dotted line, the impact of bioeffectors is not significant (α = 0.05). Numbers beside are the P-values. P-values > 0.1 were denoted as non-significant
(n.s.), p-Values between 0.1 and 0.05 are shown in italics to indicate tendencies, and p-Values ≤ 0.05 indicating significance were shown in regular font. The number
of observations per treatment is indicated by the number in brackets.

P content, extracts and a dual combination treatment achieved
significant positive results and AMF and others enhanced
aboveground P content in tendency, whereas N was significantly
increased by dual combinations and in tendency improved by
N-fixing bacteria.

The overall effect of N-use efficiency was significantly
enhanced by BE application with an increase of 36%
(Figure 11A). Also, P-use efficiency was significantly improved
by 22% (Figure 12A). To achieve enhanced nutrient-use
efficiency, the application time needs to be considered for
N, whereas the mode of application was the decisive factor
for P. To increase N-use efficiency the most, an application
time point after sowing should be preferred, which resulted
in the highest improvements of 53% compared to 41% for
multiple treatments and 17% for an application time before or
at sowing (Figure 11B). For P-use efficiency, foliar application
(40%) as well as soil application (39%) were the most suitable
methods (Figure 12C). Moreover, N-use efficiency and P-use
efficiency were dependent on soil pH. In both cases, the trend
of higher efficiencies in lower pH levels was approximately
visible (Figures 11C, 12B). While the test system (field or pot)
did not alter the results for N-use efficiency (Figure 11D), pot
trials (26%) showed a higher median than field trials (18%)
for P-use efficiency (Figure 12D). In the models of N- and
P-use efficiency, country grouping was included as a factor. The
median response of BE application on N- and P-use efficiency
was especially high in lower-middle-income (50% and 34%,
respectively) and upper-middle-income countries (52% and 23%,
respectively), whereas it was slightly reduced in low- (21% and
15%, respectively) and high-income economies (24% and 17%,
respectively) (Figures 11E, 12E).

When the models of N-use efficiency were expanded by BE
types, N-use efficiency was shown to be significantly improved
by all BE types (Figure 13A). In particular, extracts and also
humic and amino acids, and the dual combination treatment
attained high responses for both nutrients, with 64%, 46%, and
45% for N-use efficiency (Figure 13A) and 109%, 54%, and 40%
for P-use efficiency, respectively (Figure 13B). For the application
of microbes, a combination of two different inoculants appeared
to be more beneficial to improve N- and P-use efficiency than the
application of only one BE type (Figures 13A,B).

DISCUSSION

The General Impact of Bioeffectors
In this metaanalysis, BE application had a positive impact on the
shoot and root biomass, yield, and analyzed quality indicators as
well as on aboveground nutrient uptake.

Since the outcome of a metaanalysis strongly depends on the
input data, it can be assumed that the current results could be
slightly biased due to a higher chance of publication success for
studies with positive BE effects and missing unpublished study
data. But given the number of studies published on the positive
impact of BEs, it is likely that the results indicate an existing
effect but may overestimate the magnitude. The higher biomass
translated directly into higher yields underlining the economic
opportunity going along with BE application.

The benefit of BEs on nutrient uptake and nutrient use
efficiency was already summarized by previous reviews (Kumar
and Aloke, 2020; Rouphael and Colla, 2020a,b). In the current
study, the strong increase of plant macronutrient uptake by BE
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FIGURE 11 | Response of Nitrogen use efficiency (NUE). (A) Overall NUE increase of all observations (median), (B–E) are subgroup analyses on NUE: (B) time of
application relative to sowing, (C) pH categories, (D) test system, (E) country grouping (LE: low-income economies, LME: lower-middle-income economies, UME:
upper-middle-income economies, HE: high-income economies). Dots mark the median, lines mark the 95% confidence interval. If the line crosses the dotted line,
the impact of bioeffectors is not significant (α = 0.05). Numbers beside are the P-values. P-values > 0.1 were denoted as non-significant (n.s.), p-Values between 0.1
and 0.05 are shown in italics to indicate tendencies, and p-Values ≤ 0.05 indicating significance are shown in regular font. The number of observations per treatment
is indicated by the number in brackets.

FIGURE 12 | Response of Phosphate use efficiency (PUE). (A) Overall PUE increase of all observations (median), (B–E) are subgroup analyses on PUE: (B) pH
levels, (C) mode of application, (D) test system, (E) country grouping (LE: low-income economies, LME: lower-middle-income economies, UME: upper-middle
income economies, HE: high-income economies). Dots mark the median and lines mark the 95% confidence interval. If the line crosses the dotted line, the impact of
bioeffectors is not significant (α = 0.05). Numbers beside are the p-Values. p-Values > 0.1 were denoted as non-significant (n.s.), p-Values between 0.1 and 0.05
were shown in italics to indicate tendencies, and p-Values ≤ 0.05 indicating significance were shown in regular font. The number of observations per treatment is
indicated by the number in brackets.
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FIGURE 13 | Response of Nitrogen use efficiency (NUE) (A) and Phosphate use efficiency (PUE) (B) by different BE types according to the expanded model. Dots
mark the median, lines mark the 95% confidence interval. If the line crosses the dotted line, the impact of bioeffectors is not significant (α = 0.05). Numbers beside
are the p-Values. p-Values > 0.1 were denoted as non-significant (n.s.), p-Values between 0.1 and 0.05 were shown in italics to indicate tendencies, and
p-Values ≤ 0.05 indicating significance were shown in regular font. The number of observations per treatment is indicated by the number in brackets.

application, in general, could be confirmed. Moreover, BEs can
contribute to the production of high-quality food and fodder.
In this study, they enhanced protein content and soluble solids
content, which are some of the most important indicators for
taste and nutritional value. These results agree with findings
from previous studies, which investigated other quality indicators
(Paradikovic et al., 2011; Maach et al., 2021).

The comparison of different BE types according to the
categorization above was not included in any model for the
analysis of plant growth or quality traits. One could hypothesize
that the type of BE is not crucial for the success of the usage,
which is consistent with recent findings from the metaanalysis
by Lekfeldt et al. (2021). However, BEs are selected for studies
based on the experimental setting and research question, and
only a few studies directly compared BE types. Thus, the results
of this analysis could be biased due to non-random selection
of the BE types. The expansion of the selected models with
BE types resulted in only slight increases of the AIC value.
Significant deviations from the main effect of extracts and
humic/ amino acids on shoot biomass, as well as the effect
of a combination of microbial and non-microbial products
on shoot biomass and yield, could be detected with the
expanded model. Additionally, a combination of two different
microbial strains could exploit synergies and increased biomass
as well as aboveground N content, which was also highlighted
by a recent review (Santoyo et al., 2021). The increase in
aboveground P content and P-use efficiency by PSB was not
outstanding. Raymond et al. (2020) suggested that P solubilizing
capabilities of bacteria suffice to cover the demands of the
bacteria, but not to support plant P acquisition. Therefore,

the improvement of aboveground P content might be caused
by an improved spatial acquisition rather than an enhanced
mobilization of bound phosphate in soil. Nevertheless, the P in
the microbial biomass pool enters the nutrient cycle and becomes
available to plants in the long term. The improvement of P
nutrition through extracts, humic, and amino acids, however,
did not go along with a proportional root growth increase.
Thus, it cannot be related exclusively to enhanced spatial P
acquisition. Other mechanisms and interactions related to the
application of humic and amino acids and extracts need to
be considered, such as humic–metal complexes, influence on
soil biota, and increase of nutrient translocation (Anitha, 2020;
Shukla and Prithiviraj, 2021). However, these mechanisms need
to be clarified in future experimental studies.

In accordance with previous metaanalyses (Rubin et al., 2017;
Schmidt and Gaudin, 2018), stronger positive effects on shoot
biomass in pot trials than in field trials could be confirmed.
This could also explain higher overall responses of root biomass
compared to shoot biomass as root biomass was only investigated
in pot experiments. Weinmann and Neumann (2020) suggested
that BEs efficiency is higher in pot trials due to the limited soil
volume, which leads to an artificially high concentration of the
BE inoculant around the densely growing root. In contrast to pot
trials, the root is not restricted in its growth direction in the field.
This could hinder the establishment of symbiosis with BEs, as
they are outcompeted by native microbial communities, which
are spatially closer to the root (Weinmann and Neumann, 2020).
However, in the results of aboveground N and P content, the
higher efficiency of BEs in pot trials could not be identified. To
clarify this contradiction, it would be helpful to reveal underlying
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mechanisms to avoid results that are influenced by experimental
approaches (e.g., higher application rates in pot trials, controlled
conditions in the greenhouse) rather than by the test system.

Crop Types and Soil pH Determined the
Effect Size of Bioeffectors
It was shown that the potential in achieving certain inoculation
aims depends on the crop type as yield, aboveground nutrient
contents, as well as quality traits response differed with the crop
type. This may be the result of specialized symbiosis of plants
and microbes to acquire nutrients in the soil, such as N-fixing
bacteria and legumes, while other crop types lack this intense
mutualistic interaction. In this study, the increase of aboveground
N content in cereals and legumes indicates the development
of more effective symbiosis with soil microorganisms, which is
known to exist in these crop types (Rosenblueth et al., 2018).
However, the potential amount of nitrogen fixation is lower in
cereals than in legumes (Cooper and Scherer, 2012), which is also
reflected by the results of this study.

Soil physicochemical characteristics can impact the success of
BE application (Weinmann and Neumann, 2020). In this study,
it was highlighted that the pH level of the soil strongly influences
the outcome of a BE application. As mentioned above, most of
the BEs can mobilize insoluble nutrients, such as P, in several
ways. BEs act as a counterpart against nutrient fixation in soil
by acidification, which is regarded as the most crucial impact
of soil microbes (Raymond et al., 2020). However, the results
imply that this mechanism is restricted to slight pH decreases
as the efficacy of BEs decreased in almost any case in strongly
alkaline soils. Additionally, the results from this analysis suggest
that the highest benefit of BE application occurs in strongly
acidic environments with the highest increase in shoot and root
biomass. It also shows that the effectiveness of BE application to
improve plant growth traits tends to increase with decreasing soil
pH, especially for shoot biomass. In these soils, nutrients, such as
P, become insoluble due to reaction with Al and Fe (Margenot
et al., 2018). By an enhanced root growth, as demonstrated in
this study, the acquisition of scarce soluble nutrients can be
improved. BEs could support root growth in acidic environments
by chelating detrimental Fe and Al-cations and forming metal–
humic complexes (Khan et al., 2009; Anitha, 2020).

The Right Time and Right Way to Use
Bioeffectors
It remains an open research question whether better-adapted
application methods could improve the effectiveness of BE
application. Application methods should be highly effective and
easily adoptable in common agricultural schemes (Weinmann
and Neumann, 2020). In the present metaanalysis, it was
shown that investigated methods of application had a significant
impact on growth parameters, quality traits, and aboveground
nutrient content. Foliar and soil application seem to be the most
promising application methods to achieve reliable growth gains,
improve nutritional quality, and increase nutrient uptake. The
application time influenced aboveground N and P content and
N-use efficiency. Consistently, an application time after sowing

obtained highest efficiencies in all cases, in which application time
was included in the model.

The country grouping provided a broad indicator for
agronomical production regimes. Most of the investigated effects
showed a dependency on management; however, in almost none
of the cases the impact was negative, and for yield, country
grouping was not included in the model. It could therefore be
argued that the benefits from BE application are realizable in
any region. Yet, differences in efficiency across countries could
be detected regarding shoot biomass, aboveground N and P
content, as well as N- and P-use efficiency. This may be due
to different baselines of N- and P-use efficiency in the regions
and therefore, varying improvement opportunities for growth
and nutrient uptake. In the study of Omara et al. (2019), low-
income economies and high-income economies obtained N-use
efficiencies above the global average, while China and India,
which contributed to a great extent to the data for this study,
showed N-use efficiencies below the global average (Omara et al.,
2019). One could hypothesize that BEs can especially support
these countries with a low nutrient use efficiency, while in
countries that already have a high efficacy, BEs cannot contribute
much to ameliorate nutrient use efficiency even more.

CONCLUSION AND OUTLOOK

Reducing mineral fertilizer input while maintaining high
yield levels is crucially important in sustainable agricultural
production. As demonstrated in this study, BEs can contribute
to achieve this goal by improving plant growth by 26%, yield
by 30%, and P and N uptake by 40% and 28%, respectively.
In contrast to studies focusing on single microbial BEs, we
could show that non-microbial BEs and composite products
with combinations of different microbial and non-microbial BEs
are most promising as they increased biomass by 40%–60%.
However, the results are not consistent. The application time, the
application mode (e.g., foliar, placement, and combinations), and
soil characteristics, especially the pH level, need to be considered
to guarantee effective action of BEs. In summary, the effects
of BEs on crop growth traits were strongest for the following:
application after sowing; foliar application, a combination of
several different application methods, and a soil application; as
well as under acidic soil conditions especially regarding biomass
response and nutrient uptake. Harmonizing BE types, application
mode, crop type, and soil characteristics should be the focus
of future studies. Further research is needed to clarify the
mechanisms of non-microbial products, especially their influence
on plant P uptake.
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Anthracnose is a fungal disease caused by Colletotrichum species and has detrimental
effects on many crops, including red pepper. This study used Bacillus tequilensis
GYUN-300 (GYUN-300), which exhibit antagonistic activity against the fungal pathogen,
Colletotrichum acutatum. This pathogen causes anthracnose that manifests primarily
as a fruit rot in red pepper. There have been little efforts to identify antagonistic
bacteria from mushrooms; this strain of bacteria was identified as B. tequilensis using
BIOLOG and 16S rDNA sequencing analysis. The genetic mechanism underpinning
the biocontrol traits of GYUN-300 was characterized using the complete genome
sequence of GYUN-300, which was closely compared to related strains. GYUN-
300 inhibited mycelial growth and spore germination of C. acutatum under in vitro
conditions. Important antagonistic traits, such as siderophore production, solubilization
of insoluble phosphate, and production of lytic enzymes (cellulase, protease, and
amylase), were observed in GYUN-300, These trains promoted growth in terms of
seed germination and vigorous seedling growth compared to the non-treated control.
When red pepper fruits were treated with GYUN-300, the preventive and curative
effects were 66.6 and 38.3% effective, respectively, in wounded red pepper fruits; there
was no difference between the preventive and curative effects in non-wounded red
pepper fruits. Furthermore, GYUN-300 was resistant to several commercial fungicides,
indicating that GYUN-300 bacterial cells may also be used synergistically with chemical
fungicides to increase biocontrol efficiency. Based on in vitro results, GYUN-300 played
a role to control anthracnose disease effectively in field conditions when compared to
other treatments and non-treated controls. The results from this study provide a better
understanding of the GYUN-300 strain as an effective biocontrol agent against red
pepper anthracnose; this form of biocontrol provides an environment-friendly alternative
to chemical fungicides.

Keywords: Bacillus tequilensis, anthracnose, fungicide resistance, fungal pathogen, genome sequence, microbial
pesticide
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INTRODUCTION

Red pepper (Capsicum annuum L.) is a vegetable crop belonging
to the Solanaceae family, with the cultivation area of 33,373
hectares. The total production of chili pepper recorded as 92,756
tons in the year 2021 in Korea1 (Kim et al., 2014). To meet the
demands of a growing population, an increased production of
red pepper along with other vegetables are required in Korea.
Therefore, a large quantity of chemical pesticides is utilized
annually to control various bacterial, fungal, and viral diseases
on red pepper crops in Korea (Hong et al., 2015). Among
all pathogens that cause diseases in red peppers, anthracnose
caused by a wide range of Colletotrichum species results in
serious losses of fruits during the pre- and post-harvest stages
(Ali et al., 2016), while occasionally damaging the stem and
foliage (Mishra et al., 2018; Mongkolporn and Taylor, 2018). To
date, 24 Colletotrichum species infecting red peppers have been
identified; the most common species areColletotrichum acutatum
and Colletotrichum gloeosporioides, which inflict serious damage
to red pepper (Kim et al., 2008; Parisi et al., 2020). The fungal
species of Colletotrichum cause anthracnose in several plants,
including red peppers (Siddiqui and Ali, 2014). Anthracnose was
responsible for a 10% annual reduction in pepper productivity
in South Korea (Kim et al., 2008). Anthracnose in red pepper
is associated with several Colletotrichum species, including
C. acutatum (Harp et al., 2014), this may also infect other fruit
and vegetable crops (Han et al., 2015). Red pepper anthracnose
is typically characterized by dark brown to black, circular water-
soaked spots with concentric rings of black acervuli developing
beneath the skin of the fruit (Parisi et al., 2020); the spots are
often numerous and coalesce, causing softening and fruit rot
(Montri et al., 2009).

Anthracnose is usually controlled by the application
of chemical fungicides in field conditions. The increased
use of chemical fungicides has led to the development of
resistance in fungal strains (Onyeka et al., 2006). In particular,
C. acutatum is resistant to specific chemical fungicides,
including carbendazim, benomyl, and copper oxide (Peres
et al., 2002; Jayasinghe and Fernando, 2009). The continuous
use of chemical pesticides increases public concern regarding
the risks associated with hazardous residues on agricultural
products and its adverse effects on biodiversity in ecosystems
(Meena et al., 2020). In addition, disease control by chemical
pesticides is cost-effective for farmers in developing countries
(Wesseling et al., 1997; Bordoh et al., 2020). For these reasons,
biological control using antagonistic microorganisms has
emerged as environment-friendly alternative to control
plant diseases (Köhl et al., 2019; De la Lastra et al., 2021).
Antagonistic microorganisms produce a variety of secondary
metabolites to combat plant pathogens (Hossain et al., 2015;
Köhl et al., 2019; Cellini et al., 2021). They induce resistance
against pathogen infections in plant tissues without direct
antagonistic interactions with the pathogen itself (Sharma
et al., 2019). Similarly, a previous study by Ali et al. (2015)
reported that the red pepper anthracnose was suppressed

1https://kostat.go.kr

by an antimicrobial organic compound, propolis under
post-harvest conditions. Additional indirect interaction
with pathogens occurs during competition for nutrients
and space, antibiotic production, colonization, induced
systemic resistance (ISR), and parasitism against target
plant pathogens (Kloepper et al., 2004; Kim et al., 2012);
however, antagonistic microorganisms often do not exhibit
consistent disease suppression compared to the commercial
fungicides (Sang et al., 2013). Plant growth-promoting
rhizobacteria (PGPR) are antagonistic to plant pathogens
as they produce secondary metabolites, including siderophores,
lytic enzymes, and antibiotics (Conn et al., 2008); they
also produce plant growth regulators, such as indole-3-
acetic acid (IAA), and solubilization of insoluble phosphates
(Goswami et al., 2016).

There are several studies on antibiotic production by
antagonistic microbes, such as Bacillus sp., Pseudomonas sp.,
and Streptomyces sp. (Beneduzi et al., 2012; Ngalimat et al.,
2021; Yang et al., 2021). Bacillus spp., produce spores, which
may be used to develop an effective microbial biopesticide
formulation in the form of a biocontrol agent (BCA).
Previously, many studies have demonstrated that several
secondary metabolites produced by antagonistic bacteria
play key roles in controlling various phytopathogens (Han
et al., 2015). To date, there have been no reports on the
isolation of these bacteria from the edible mushroom,
locally known as “Sanghwang.” It is a popular medicinal
mushroom wildly cultivated in China, Japan, and Korea
(Chen et al., 2016). This is grown on different trees, such
as Oak and mulberry (Sliva, 2010), and being used as a
traditional medicine to treat various health disorders, such as
inflammation, gastroenteric, lymphatic diseases, and cancers
(Jang et al., 2015). This further may exhibits biocontrol
potential against anthracnose caused by C. acutatum in
red pepper. This study sought to meet two key objectives:
(i) evaluate the potential efficacy of the selected PGPR
strain, Bacillus tequilensis GYUN-300, as a BCA against
red pepper anthracnose under in vitro and field conditions;
and (ii) evaluate its complete genome sequence for
determining divergent genomic characteristics among other
Bacillus strains.

MATERIALS AND METHODS

Isolation of Antagonistic Bacteria From
Mushroom
Fresh sanghwang mushrooms were purchased from the local
traditional market and thoroughly washed with water in
the laboratory. Thereafter, 5 g of mushroom was ground
in 10 mL sterilized distilled water (SDW) and diluted to
10−8. Next, 100 µL of the diluted samples were plated
onto nutrient agar plates; single colonies were selected
48 h after incubation at 28◦C. Of the 20 total isolates
obtained, only one isolate (i.e., GYUN-300) was selected
for further study based on primary screening on in vitro
antagonistic activity.
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Source of Fungal Pathogens Used
The pathogen C. acutatum KACC42403 as obtained from
Korean Agricultural Culture Collection (KACC), Agricultural
Microbiology Division, RDA, South Korea. Other two pathogens,
C. acutatum ANBPC, and C. acutatum ANYPC, were isolated
from the infected fruits. After cutting the small sections
of the lesion from the infected fruit, they were surfaces
sterilized in 70% ethanol for 30 s and were rinsed twice
in SDW. Thus, surface sterilized tissues were placed onto
potato dextrose agar (PDA) medium. The fungal colonies
were obtained after incubating the plates at 25◦C for 7 days.
The isolates ANBPC and ANYPC were recovered from these
colonies. The cultures were stored on PDA plates at 10◦C
for further use.

In vitro Antagonistic Activity of
GYUN-300
Bacteria isolated from sanghwang mushrooms were diluted to
10−6 and 10−5 in SDW and placed onto tryptic soy agar
(TSA) plates. Out of several bacterial isolates, only GYUN-300
was selected based on its in vitro antagonistic activity against
C. acutatum isolates. The isolate GYUN-300 was maintained
at −80◦C in tryptic soy broth (TSB) with glycerol (20%) for
long-term storage. To prepare bacterial suspensions, a culture
from the −80◦C stock was grown on TSA plates for 3 days
at 28◦C; single colonies were transferred to TSB and incubated
for 48 h at 28◦C under shaking conditions (150 rpm). Bacteria
were pelleted after centrifugation for 5 min at 8,000 × g
and suspended in SDW to obtain a final concentration of
1 × 106 colony-forming units (CFU)/mL prior to application.
The in vitro antifungal activity of bacterial cell suspensions
of GYUN-300 was tested against C. acutatum isolates using a
dual culture plate assay. Briefly, the fungal pathogenic isolates,
C. acutatum KACC42403, C. acutatum ANBPC, and C. acutatum
ANYPC were cultured on potato dextrose agar (PDA) medium
for 7 days at 25◦C to obtain mycelial plugs for the in vitro
antagonism tests. The mycelial plugs (6 mm in diameter) of
C. acutatum were placed onto the center of the PDA plates,
and 10 µl of antagonistic bacterial GYUN-300 cell suspensions
(1 × 106 CFU/mL) impregnated on sterile paper discs (6 mm
in diameter) were placed on the top, bottom, right, and left
sides of the plate 30 mm away from the center of the plate;
plates treated with SDW served as the non-treated control.
The growth inhibition distance between the bacterial suspension
and pathogen was measured 7 days after incubation at 25◦C
in comparison with the non-treated control. Each treatment
consisted of five replicates (Petri dishes), and the experiment was
carried out at least twice.

Preparation of Fungal Pathogen Inocula
Conidial suspensions (100 µL) were spread onto PDA plates and
incubated at 25◦C for 7 days. The conidia were harvested by
pouring SDW onto a PDA plate containing pathogenic fungi, and
scraped. The suspensions were filtered through a double-layered
cheesecloth. The concentration of spore suspensions was adjusted
to 105 conidia/mL using a hemocytometer prior to its application.

Inhibition of Spore Germination of
Colletotrichum acutatum Through
Treatment With GYUN-300 Bacterial Cell
Suspensions
Conidial germination and appressorium formation from
C. acutatum were tested on a cover glass surface treated with
GYUN-300 bacterial suspensions and its culture filtrate (CF)
using a method described by Kim et al. (1998). Briefly, conidia
from the cultures grown on PDA plates for 7 days were harvested
and washed twice with ice-cold SDW. Conidial suspensions
(106 CFU/mL) of 100 µL were mixed into Eppendorf tubes
containing bacterial cell suspensions of GYUN-300 or its CF,
and incubated for 48 h at 25◦C. Conidial germination and
the formation of appressorium and primary hyphae in the
GYUN-300 or its CF treatment were assessed at different
durations (i.e., 8, 16, 24, 32, 40, and 48 h) in Petri dishes
containing moist paper. At minimum, 50 measurements
were carried out per structure with a ProgRes SpeedXT
core 3 Imager microscope using a differential interference
contrast illumination.

Inhibition of Fungal Mycelial Growth by
Volatile Compounds From GYUN-300
An I-plate assay (Sharifi and Ryu, 2016) and dual culture plate
assays (Chaurasia et al., 2004) were carried out to evaluate the
ability of the GYUN-300 stain to inhibit fungal growth through
the production of volatile compounds. For the I-plate assay, one
compartment of the I-plate contained TSA medium to inoculate
GYUN-300, while the other side contained PDA to culture the
fungal pathogen, C. acutatum KACC42403; the plate treated
with SDW served as the non-treated control. Mycelial growth
inhibition was observed 7 days after incubation at 25◦C. For the
dual culture plate assay, a Petri dish containing PDA medium
was inoculated with a pathogenic mycelial plug on one side
just 10 mm from the edge of the plate, and cell suspensions of
GYUN-300 were used to inoculate the other side just 10 mm
from the edge of the plate, by streaking on the same Petri dish
without contacting the fungal pathogen. The inhibitory effect
of GYUN-300 on fungal mycelia was measured 7 days after
incubation at 25◦C. Each test was conducted in triplicate, and
three independent measurements were taken for each plate.

Identification of Antagonistic Bacteria
Using MicroLog System
The putative Bacillus isolate was tested for the utilization of 95
carbon sources using the BIOLOG program (Jeon et al., 2003).
Briefly, bacterial cells cultured on TSA medium for 24 h at 28◦C
were suspended in an inoculating fluid (i.e., 0.4% NaCl, 0.03%
Pluronic F-68, and 0.01% gellan gum). They were inoculated onto
GENIII MicroPlates (BIOLOG Inc., BiOLOG GP MicroPlateTM,
Hayward, CA, United States), and incubated at 28◦C. After
24 h of incubation, turbidity in the wells was measured using
a MicroLogTM 3-Automated Microstation system (BIOLOG,
Hayward, CA, United States). Bacteria were identified using the
MicroLog Gram-positive database (ver. 4.0; BIOLOG).
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Molecular Identification of GYUN-300
The selective isolate, GYUN-300, was subjected to molecular
identification based on the sequence homology of its 16S rDNA
gene (Weisburg et al., 1991). The genomic DNA (gDNA)
of GYUN-300 was isolated using a kit (BioFact Genomic
DNA Extraction Kit, Biofact Co., Seoul, South Korea) as
per the manufacturer’s instructions. The 16S rDNA gene was
amplified using polymerase chain reaction (PCR) with Taq
DNA polymerase, and primers 27F (5’-AGA GTT TGA TCM
TGG CTC AG-3’) and 1492R (5’-GGY TAC CTT GTT ACG
ACT T-3’) were used for amplification. The thermal cycling
conditions were: denaturation at 94◦C for 5 min followed
by 35 cycles at 94◦C for 30 s, annealing at 55◦C for 30 s,
and extension at 72◦C for 1 min. At the end of the cycle,
the reaction mixture was held at 72◦C for 10 min, and then
cooled to 4◦C. The PCR product was purified using a PCR gel
purification kit (BIOFACT Co., Seoul, South Korea), according
to the manufacturer’s instructions. The purified PCR product
was sequenced using an automated sequencer (Genetic Analyzer
3130; Applied Biosystems, Carlsbad, CA, United States), in which
the same primers were used utilized. The sequence was compared
with the reference bacterial species contained in a genomic
database using the Basic Local Alignment Search Tool (BLAST)
from the National Center for Biotechnology Information (NCBI).
Sequence alignment and phylogenetic tree construction were
carried out using the MEGA 4.0 program (Biodesign Institute,
Tempe, AZ, United States).

GYUN-300 Whole-Genome Sequence
Analysis and Annotation
Bacterial gDNA was extracted using a FastDNATM SPIN Kit
for Soil (MP Biomedicals, Santa Anna, CA, United States),
according to the manufacturer’s instructions. The concentration
of extracted DNA was determined using a Qubit 2.0 fluorometer
(Invitrogen, Carlsbad, CA, United States). The contamination
of DNA or the cultured strain was tested by sequencing
the 16S rRNA gene using an ABI 3730 DNA sequencing
machine (Applied Biosystems, Foster City, CA, United States).
The integrity of the gDNA was verified using agarose gel
electrophoresis, and quantified using a Qubit 2.0 fluorometer
(Invitrogen, Carlsbad, CA, United States). Then, sequencing
libraries were prepared according to the manufacturer’s
instructions for 20 kb template preparation using the BluePippin
Size-Selection System using PacBio DNA Template Prep Kit
1.0. Briefly, 10 µg of the gDNA was sheared to 20 kb using
g-tubes (Covaris); they were then purified, end-repaired, and the
blunt-end SMARTbell adapters were ligated. The libraries were
quantified using a Qubit 2.0 fluorometer (Invitrogen, Carlsbad,
CA, United States) and qualified using the DNA 12000 chip
(Agilent Technologies, Waldbronn, Germany). Subsequently,
the libraries were sequenced using PacBio P6C4 chemistry in the
8-well SMART Cell v3 in PacBio RSII.

The genome of the GYUN-300 strain was constructed de novo
using PacBio sequencing data; sequencing analysis was carried
out at Chunlab, Inc., PacBio sequencing data were assembled with
PacBio SMRT Analysis 2.3.0, using the HGAP2 protocol (Pacific

Biosciences, Menlo Park, CA, Inc., United States); the resultant
contigs of the PacBio sequencing data were prototyped using
Circlator 1.4.0 (Sanger Institute). Gene-finding and functional
annotation pipeline of the whole-genome assembly used in the
EzBioCloud genome database, and the protein-coding sequences
(CDSs) were predicted using Prodigal 2.6.2 (Hyatt et al., 2010).
The gene encoding tRNA was identified using the tRNAscan-
SE 1.3.1 (Schattner et al., 2005), while the rRNA and other
non-coding RNAs were analyzed using the Rfam 12.0 database
(Nawrocki and Eddy, 2013). The CRISPRs were detected by
PilerCR 1.06 (Edgar, 2007) and CRT 1.2 (Bland et al., 2007).
The CDSs were classified into groups based on their roles,
referencing the orthologous groups2 (EggNOG 4.5) (Powell et al.,
2014). For more functional annotation, the predicted CDSs
were compared with the Swissprot (UniProt Consortium, 2015),
KEGG (Kanehisa et al., 2014), and SEED (Overbeek et al., 2005)
databases using the UBLAST program (Edgar, 2007).

In vitro Enzyme Activity by Antagonistic
Bacteria
The ability of bacteria to produce various enzymes, such as
cellulase, protease, and amylase was tested under in vitro
conditions. Cellulase production was assessed by inoculation
of GYUN-300 cell suspensions on TSA media supplemented
with 5 g/L carboxymethyl cellulose (CMC). Sterilized filter paper
discs (6 mm diameter) impregnated with 10 µL bacterial cell
suspensions were placed on Petri dishes at four sides 15–20 mm
away from the edge of plates, then incubated at 28◦C for 5 days.
After pouring 0.1% Congo Red solution onto the surface of
Petri dishes, and retained for 5–10 min; Plates were then de-
stained using a 1 M NaCl solution. The development of a clear
halo around the colonies indicated a positive reaction and the
production of cellulase by bacteria. For protease activity, bacterial
isolates were inoculated on gelatin media (i.e., gelatin 5 g, beef
extract 3 g, protease peptone 5 g, agar 15 g, distilled water
1,000 mL); plates were then incubated at 28◦C for 2–3 days. After
dispensing plates with 1% tannic solution for 5 min for staining,
they were washed with SDW; Protease activity was recorded
through the development of a clear zone (halo) around the
colonies, indicating that proteins were hydrolyzed by the bacteria.
Amylase production was assessed through the inoculation of
the GYUN-300 isolate on TSA media supplemented with 0.5%
soluble starch. Sterile paper discs (6 mm) impregnated with
bacterial cell suspensions were plated on solid media, and Petri
dishes were incubated at 28◦C for 2–3 days. After pouring iodine
solution (0.3 g iodine and 0.6 g KI/L) on the surface of Petri plates,
any clear halo development around colonies was indicative of a
positive reaction and the production of amylase and degradation
of starch by bacteria.

Determination of Siderophore
Production and Phosphate Solubilization
The procedure developed by Schwyn and Neilands (1987)
using Chrome Azurol S (CAS) media was used to evaluate

2http://eggnogdb.embl.de
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the ability of bacteria to produce siderophores. Briefly, 10 µL
GYUN-300 bacterial suspensions were inoculated on iron-
free King B solid media and incubated at 28◦C for 2–
3 days. Then, CAS agar (15 mL) was poured onto the
GYUN-300 bacterial cultures, and after a few hours the plates
were checked for the appearance of a halo around bacterial
colonies, with a color change from blue to orange. The halo
diameter was calculated by subtracting the diameter of the
colony from the total diameter of the halo and the colony, a
procedure developed by Gaur (1990) was used to determine
the ability of bacteria to degrade the inorganic phosphates
from the soil. Briefly, sterile paper discs (6 mm diameter)
impregnated with 10 µL of GYUN-300 bacterial suspensions
were placed onto the surface of tricalcium phosphate medium
(i.e., glucose 10 g, tricalcium phosphate 5 g, MgCl2 6H2O 5 g,
MgSO4 7H2 0.025 g, (NH4)2SO4 0.1 g, agar 20 g, distilled
water 1,000 mL). After 15 days of incubation at 28◦C, the
appearance of a halo around the colony indicated phosphate
solubilization. The phosphate solubilization ability was directly
reflected by the halo diameter size; all experiments were carried
out in triplicate.

Disease Control of Red Pepper
Anthracnose by GYUN-300 Bacterial
Suspensions
An indoor experiment was conducted to examine the preventive
and curative effects of GYUN-300 bacterial suspensions on
anthracnose in wounded and non-wounded red pepper fruits (cv.
Geochanghan). Fully ripened red pepper fruits, procured from
the field were selected for the experiment. Fruits were surface
sterilized in 70% ethanol for 3 min, immersed in 1% NaOCl for
1 min, and rinsed 2–3 times in SDW; the surface-sterilized red
pepper fruits were air-dried at room temperature. Nearly five
wounds were inflicted on the surface of fruits using a sterile
needle, and one set of non-wounded red pepper fruits were also
used in this experiment. To test for preventive effects, wounded
or non-wounded fruits were treated with antagonistic bacterial
suspensions of GYUN-300 (107 CFU/mL) using a spray method
(50 µL per fruit). Fruits treated with chemical pyraclostrobin
and SDW served as positive and negative controls, respectively.
After sufficient drying at room temperature, 10 µL ofC. acutatum
spore suspensions (105 conidia/mL) were inoculated on wounded
or non-wounded sites, dried at room temperature, then placed
in plastic square plates (40 cm × 40 cm) containing filter
paper under moist conditions. The disease index (DI), using the
formula (DI = sum of disease ratings in fruits/total number of
fruits assessed) was recorded 10 days after incubation at 25◦C in
comparison with a non-treated control, from which the control
value (%) was calculated. To test for curative effects, wounded or
non-wounded red pepper fruits were inoculated with 10 µL of
C. acutatum spore suspensions (105 conidia/ml), dried at room
temperature, and placed in plastic square plates (40 cm× 40 cm)
containing wet paper to maintain the humidity. Plates were
incubated at 25◦C for 10 days, treated with antagonistic bacterial
suspensions, and incubated at 25◦C for another 4 days; then the
disease index, from which the control value (%) was recorded.

Fruits treated with pyraclostrobin and SDW served as positive
and negative controls, respectively.

Effect of Antagonistic Bacteria on
Growth in Red Pepper Seed Germination
Red pepper seeds (cv. Geochanghan) used for growth promotion
were purchased from the local market. Seeds were washed with
tap water to remove the coated chemical fungicides and then
surface-disinfected with 1% NaOCl for 10 min; they were then
rinsed in SDW and dried completely on filter paper. The bacterial
inoculum was prepared by culturing on TSA plates for 3 days at
28◦C, and cell suspensions were prepared at 106 CFU/mL prior
to inoculation. Bacillus velezensis AK-0 and Serratia plymuthica
GYUN-8 were used as positive controls. They are commercially
available in the market as biocontrol agents (BCAs), with names,
Tangeokil and Serratan for AK-0 and GYUN-8, respectively
in Korea. These BCAs are produced by Koreabio, Co. Ltd.,
South Korea; while seeds treated with SDW served as negative
controls. Dried seeds were coated with bacterial cell suspensions
(106 CFU/mL) by immersing for 30 min, placed between double-
layered wet papers, and incubated in a growth chamber at 25◦C
for 6 days. Then, seed germination (root length in mm) was
measured and compared to that of the non-treated control; this
experiment was repeated at least once.

Growth Promotion Effect on Red Pepper
Seedlings
To investigate the ability of GYUN-300 to promote growth,
surface-sterilized red pepper seeds were sown in plastic trays (36
pots per tray) containing garden soil. After germination, 3-week-
old red pepper seedlings were soil drenched with 25 mL of 3-
days-old cultured bacterial suspensions (106 CFU/mL) of GYUN-
300, GYUN-8, or AK-0. Observations of growth promotion
were recorded once every 7 days up to 40 days of the growing
period; Seedlings were watered once every 3 days. The average
length (cm) of seedlings was measured; this measurement was
constrained to the length of the aboveground biomass. Four
replications were used per treatment; each replication consisted
of 20 seedlings under greenhouse conditions.

Fungicidal Resistance Test to GYUN-300
Bacterial Suspensions
To investigate the fungicidal resistance to GYUN-300, 11 types
of chemical fungicides currently used to control red pepper
anthracnose in Korea were used (Supplementary Table 1).
A single colony of GYUN-300 was inoculated into TSB and
incubated under shaking conditions (180 rpm) at 28◦C for
3 days. From this, 100 µL of the suspensions were spread
onto freshly prepared TSA plates. Sterile paper discs (6 mm
in diameter) impregnated with 10 µL of chemical fungicides
at different concentrations (i.e., 0.5×, 1.0×, and 2.0×) were
placed onto the TSA plates. Results were observed after 3 days of
incubation at 28◦C; the experiment was carried out in triplicate.
Bacterial resistance to fungicides was determined based on the
inhibition zone.
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Field Evaluation of the Application of
GYUN-300 on Disease Suppression of
Red Pepper Anthracnose
A field experiment was conducted to investigate the biological
control of red pepper anthracnose using GYUN-300 antagonistic
bacteria in Korea. At first, the seedlings were raised in plastic
trays (36 pots per tray) by placing a single seed per pot. Three-
week-old red pepper seedlings were transplanted to a field
belongs to Andong National University, located at Andong,
Gyeongbuk Province, South Korea. Seedlings were planted at
a distance of 100 cm between rows and 40 cm between
plants. After preparing the field, the soil was fertilized with
NPK before starting the transplantation. The planting row
was covered with non-woven fabric material for weed control.
Antagonistic microorganism treatments were grouped into three:
soil drenching, foliar spray, and foliar spray + soil drench. The
GYUN-8 and AK-0 bacteria were used as positive controls,
Pyraclostrobin was used as chemical control, and water treatment
was served as non-treated control. Bacterial cell suspensions
prepared at a concentration of 107 CFU/mL were used for
all treatments. The field was irrigated 10 days intervals. The
first dose was administered on June 17, 2020, and a total of
nine treatments were administered at 10 days intervals until
August 31, 2020. The pyraclostrobin emulsion was used as
chemical control, and tap water was used as negative control.
The disease incidence (%) was calculated from the disease index
ratings (Supplementary Table 2). Four replications were used
per treatment; each replication consisted of 20 plants under
field conditions.

Statistical Analysis
The data were subjected to analysis of variance (ANOVA)
using SAS JMP software ver. 3. (SAS Institute Inc, 1995). The
experiments were set up as completely randomized block designs
under field conditions. Significant differences between treatment
means were determined using the least significant difference
(LSD) at p < 0.05. All experiments were carried out at least twice;
data were analyzed separately for each experiment. The results of
one representative experiment are shown.

RESULTS

In vitro Antagonistic Activity of
GYUN-300
The GYUN-300 bacterium was tested for in vitro antagonistic
activity against three fungal pathogenic isolates; C. acutatum
KACC42403, ACPP014, and ACPP015, all of which cause
anthracnose disease in red pepper fruits (Figure 1). The
mycelial growth of all three pathogenic fungal isolates was
inhibited at a greater level than the non-treated control.
Among the three fungal isolates, the mycelial growth of
isolate C. acutatum KACC42403 was greatly inhibited by
GYUN-300 7 days after incubation at 25◦C, when compared
the growth inhibition of the other two pathogens. GYUN-
300 was most effective with an average inhibition zone of

28, 25.3, and 25.5 mm against C. acutatum KACC42403,
ACPP014, and ACPP015, respectively (Supplementary
Table 3). The dual culture plate assay on the PDA medium
exhibited greater inhibition of mycelial growth of C. acutatum
KACC42403 on PDA plates 5 days after incubation at 25◦C,
while growth inhibition was not observed in the non-treated
control (Figure 2).

Effect of GYUN-300 Cell Suspensions or
Culture Filtrate Treatment on Conidial
Germination of Colletotrichum acutatum
Under in vitro Conditions
When conidial spores of C. acutatum KACC42403 were treated
with GYUN-300 bacterial cell suspensions (106 CFU/mL)
or their CF under in vitro conditions, there were different
levels of damages in the conidia germination and germ tube
lengths; these were compared to the non-treated control.
Conidial spore germination analysis using a hemocytometer
showed greater inhibition percentage of spores after 16 h
incubation in GYUN-300 cell suspensions-treated conidia
compared to CF-treated conidia. After 48 h of incubation,
the conidial germination rate was 40 and 43% in the
GYUN-300 cell suspension and its CF treatments, respectively
(Figure 3A); while the spore germination increased drastically
in the non-treated control. GYUN-300-treated conidia resting
on the hard glass surface did not germinate, while from
16 h onward, water-treated conidia germinated and formed
appressoria through germ tubes (Figure 3B). At 48 h,
all conidia had germinated and appressoria were formed
through germ tubes in the water-treated control; this did not
occur with the GYUN-300-treated conidia. At 16 h itself,
there was a suppression of conidial germination, resulting
in gall-like formation on the hyphal wall without further
leading to germination during 48 h of incubation. This
result suggests that GYUN-300 cell suspensions played a role
effectively in suppressing conidial germination of C. acutatum
KACC42403 (Figure 3B).

Inhibitory Effects of Volatile Organic
Compounds Produced by GYUN-300 on
in vitro Fungal Growth of Colletotrichum
acutatum
We tested the effect of bacterial volatile organic compounds
(VOCs) released by GYUN-300 cells on the inhibition of
mycelial growth of C. acutatum KACC42403 under in vitro
conditions using the I-plate or dual culture plate assays. Exposing
C. acutatum KACC42403 to VOCs released by GYUN-300
bacterial suspensions significantly inhibited fungal mycelial
growth 7 days after incubation at 25◦C (Figure 4). When bacterial
cells colonized the entire Petri dish, fungal growth had been
drastically reduced by 20% greater in I-plate assay in comparison
with the growth reduction of the same fungal pathogen in the
dual culture plate assay. This was because the spread of the
bacterial inoculum was relatively lower than that observed in the
I-plate assay; the specific VOCs involved are yet to be determined.
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FIGURE 1 | In vitro antagonistic activity of Bacillus tequilensis GYUN-300 on the inhibition of Colletotrichum acutatum fungal stains in comparison with the
non-treated control. Mycelial growth of fungal pathogens on potatoes dextrose agar plates was recorded 7 days after incubation at 25◦C. The experiment was
repeated at least once, with each treatment carried out in replicate.

Morphological Analysis of
Colletotrichum acutatum in the
Presence or Absence of GYUN-300 Cell
Suspensions
Distinct morphological characterization of the mycelial growth
of C. acutatum in the presence or absence of GYUN-300 cell
suspensions were carried out in vitro using a dual culture
plate assay (Supplementary Figure 1). The mycelium grown in
the presence of GYUN-300 was elongated, where hyphae were
formed producing gall-like formations on the mycelia. This was
considered deformed mycelia, and mycelial growth was healthy
without any signs of deformation when it was grown without the
presence of the GYUN-300 cell suspensions.

Identification of Antagonistic Bacteria
Using MicroLog System
The characteristics of GYUN-300 based on carbon source
utilization and various chemical reagents assessed by the
MicroLog system revealed that GYUN-300 was sensitive to
various carbon sources, such as glycol-L-Proline, maltose, and D-
fructose (Supplementary Table 4). By contrast, antibiotics, such
as rifamycin SV, vancomycin, and minocycline, showed a negative
reaction to the chemical substances (Supplementary Table 5).
These traits were compared with Bacillus subtilis, where they were

found to have a 57% probability of occurring compared with
the existing database. The bacteria was identified as Bacillus sp.,
based on carbohydrate and chemical utilization, as this method
identifies specific bacteria by matching with carbon utilization in
the database.

Molecular Identification of GYUN-300
The isolate GYUN-300 was characterized using 16S rDNA
gene sequencing. Comparison of the specific sequence of the
ribosomal gene with sequences deposited in GenBank (accession
no. OK001770) suggest that the GYUN-300 isolate belonged
to the Bacillus genus, and shared the highest homology with
B. tequilensis (99.93%). In the phylogenetic tree, GYUN-300
was clustered with other Bacillus spp. and was closely related
to B. tequilensis (Supplementary Figure 2); thus, molecular
characteristics confirmed this species as B. tequilensis. In the
phylogenetic tree, the isolate was clustered with other Bacillus
species that was closely related to B. tequilensis.

GYUN-300 Whole-Genome Sequence
Analysis and Annotation
PacBio RSII NGS equipment was used at a sequencing depth
of 179.34× to obtain complete sequence data for GYUN-300.
The generated raw data were assembled using the HGAP2
protocol to obtain a FASTA file consisting of one contig. In
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FIGURE 2 | Dual culture plate assay for the in vitro inhibition of Colletotrichum acutatum mycelial growth using an antagonistic bacterium GYUN-300: (A) sterile
paper discs loaded with bacterial suspensions (108 CFU/mL) placed onto the potato dextrose agar (PDA) plates containing pathogenic fungal spores; and (B) sterile
paper discs (6 mm in diameter) loaded with sterilized distilled water (SDW) served as the non-treated control. The inhibition zone was measured 7 days after
incubation at 25◦C. The experiment was repeated at least once, with each treatment carried out in triplicates (Petri dishes).

genome analysis, GYUN-300 was identified as B. tequilensis,
where its core genome coverage was 96.7%. The genome of
the B. tequilensis GYUN-300 (GYUN-300) strain consisted of
a circular chromosome of 4,220,345 bp, with 4,789 predicted
protein-coding sequences (CDSs), 38 rRNA genes, 86 rRNA
genes, and an average G + C content of 43.6% based on the NCBI
Prokaryotic Genomes Automatic Annotation Pipeline (PGAAP)
analysis (Figure 5A and Table 1); the full genome sequence
was deposited in NCBI under the GenBank accession number
OK001770. Comparative analysis between the genome sequences
of GYUN-300 and four other Bacillus strains showed a similar
genome (Table 1). The genome of the GYUN-300 strain was
compared with the four closest known evolutionary relatives:
B. subtilis subsp. subtilis NCIB 3610, B. subtilis subsp. spizizenii
TU-B-10, and B. subtilis subsp. inaquosorum KCTC 13429. Most
genes in GYUN-300 were associated with secondary metabolite
biosynthesis, transport, amino acid metabolism, carbohydrate
metabolism, and catabolism. The first outer circle in the gray
of the genome map represents one contig, the second circle
represents the forward, the third circle represents the CDSs on
the reverse strand, and the fourth circle indicates the tRNA and
rRNA positions (Figure 5A). In addition to the gDNA, it was
determined that the genome was likely to have an additional
plasmid form. The fifth circle represents the GC skew, used as
a reference point; values higher than this are indicated in green,
while lower values are indicated in red. The sixth circle is GC
ratio metric, where values greater than the average GC ratio, were
expressed in blue, and lower values were represented in yellow;
the GC skew and GC ratio were expressed at 10 kb intervals.

Venn diagrams (Figure 5B) compare the common CDSs
among B. tequilensis GYUN-300, B. subtilis subsp. subtilis NCIB
3610, and B. subtilis subsp. spizizenii TU-B-10. This section
summarizes the unique protein-encoding genes from the total
genes of GYUN-300 is presented here. There were 3637 common
high-expression gene families shared among GYUN-300, NCIB
3610, and TU-B-10 (Figure 5B), while 391, 113, and 389 genes

were determined to be unique for GYUN-300, NCIB 3610,
and TU-B-10, respectively. All predicted CDSs of GYUN-300
were compared in the clusters of orthologous genes (COG)
database to identify homologous amino acid sequences. Each
functionally annotated protein was assigned a COG number,
representing a class of proteins; then, proteins were subjected
to functional clustering analysis according to the COG function
(Figure 5C). The detection of secondary metabolites from
GYUN-300 was analyzed using antiSMASH (Figure 5D). A total
of 12 biosynthetic gene clusters were detected in GYUN-300.
Clusters 1, 3, 5, 7, and 12 showed 100% similarity to fengycin,
sublancin 168 A, bacillibactin, subtilosinA, and bacillaene,
respectively; cluster 10 showed 78% similarity to surfactin.

Production of Lytic Enzymes,
Siderophore Production, and Phosphate
Solubilization by Antagonistic Bacteria
The antagonistic bacterium, GYUN-300, was considered for
the production of hydrolyzing enzymes, such as cellulase,
protease, and amylase, under in vitro conditions (Supplementary
Figure 3A). GYUN-300 was found to produce protease at
a greater level with an average inhibition zone of 25 mm.
By contrast, other enzymatic activities, such as cellulase
and amylase, had inhibition zones of 18 and 23 mm,
respectively. GYUN-300 displayed strong inhibitory activity
against fungal pathogens and showed strong amylase activity
(Supplementary Figure 3A). There was greater production of
all three enzymes (i.e., cellulase, protease, and amylase) by
GYUN-300 compared with the non-treated control (SDW);
this was in terms of inhibition zones around inoculation sites
on the solid media in Petri dishes through the degradation
of various substrates, such as CMC, proteins, and soluble
starch, respectively.

The capacity of GYUN-300 to produce siderophores was
qualitatively observed using a CAS assay. The positive reaction
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FIGURE 3 | Effect of bacterial cell suspensions and culture filtrate (CF) of Bacillus tequilensis GYUN-300 treatment on conidia germination rate (%) of Colletotrichum
acutatum and microscopic observation: (A) Conidial germination rate (%) was suppressed by CF and bacterial cell suspensions, while the germination rate (%) was
increased in the non-treated control; and (B) microscopic observations of C. acutatum fungal spore germination after GYUN-300 treatment during the incubation
period from 8 to 48 h. The germination counting was carried out using a hemocytometer. Bar = 10 µm. The experiment was repeated at least once, with treatments
repeated in triplicate producing similar results.

of the qualitative assay results in a color change in the CAS
agar medium from blue to orange around the inoculation site
(Supplementary Figure 3B). The color changed from blue to
light orange 4 days after incubating the plates at 28◦C, while
there was no color development around the non-treated control
(SDW). This result suggests that siderophores produced by this
bacterium helped to obtain dissolved iron by binding to Fe3+;
this enables competition with pathogens for available iron, which

is essential for survival. The phosphate solubilization ability
of the bacterium GYUN-300 was determined on tricalcium
phosphate medium, where GYUN-300 solubilized the inorganic
phosphate at a moderate level. This converted phosphorous into
an available form, which is important as it is one of the major
essential macronutrients for plant growth and development
(Supplementary Figure 3B); there was no growth inhibition in
the water-treated control.
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FIGURE 4 | Inhibition of Colletotrichum acutatum mycelial growth by bacterial
volatiles produced by GYUN-300 under in vitro conditions using the I-plate
and dual culture plate assays. Growth inhibition was observed in the I-plate
and dual culture plate assays by volatiles in comparison with the non-treated
control.

Control of Red Pepper Anthracnose by
GYUN-300 Bacterial Suspensions
For anthracnose disease control by GYUN-300 bacterial
suspensions, the red pepper fruits were treated with conidia
suspensions on wounded or non-wounded fruits. In terms of
preventive effects, where fruits were inoculated with pathogens
after treatment with bacterial suspensions, the GYUN-300
bacterial treatment significantly (P < 0.05) controlled the
anthracnose by 66.6%. This was higher than the chemical,
GYUN-8, and AK-0 treatments, where they controlled the
anthracnose by 56.6, 40, and 62.5%, respectively (Figure 6A). By
contrast, in terms of the curative effect of wounded red pepper
fruits, the GYUN-300 treatment controlled the anthracnose by
38.3%; this level of control was lower than the other treatments
(Figure 6B). GYUN-300 treatment by the preventive method
was better than the curative effect in wounded red pepper fruits.
When GYUN-300 treatment was tested on non-wounded red
pepper fruits, there was no significant difference in the control
value among the three treatments. However, GYUN-8 treatment
exhibited a greater control value (95.8%) than the other three
treatments in terms of its protective effect (Figure 7A). In terms
of the curative effects, the disease control using the chemical,
GYUN-300, and AK-0 treatments was the same as that for the
protective effects of non-wounded red pepper fruits; however,
the GYUN-8 treatment exhibited less control than its protective
effect (Figure 7B). The level of disease control with the non-
treated control was zero in all treatments. These results suggest
that the GYUN-300 strain is more effective as a preventive
method compared to its curative effect.

Effect of GYUN-300 Treatment on Seed
Germination and Growth Promotion in
Red Pepper
A double-layered wet paper method was used to evaluate
the growth promoting effect of GYUN-300 on red pepper
seed germination under in vitro conditions. The average
length of seedlings was higher in the AK-0 treated seedlings
than other treatments (Supplementary Figure 4A). However,
seedling length in GYUN-300 treated seedlings was higher than
the non-treated control and GYUN-8-treated seedlings. The
average seedling lengths were 31.7, 29.2, 39.6, and 25.3 mm,
in the GYUN-300, GYUN-8, AK-0 treatments, and control,
respectively. Similarly, the plant growth-promoting ability of
GYUN-300 on red pepper seedlings was greater in terms of
plant height compared to that in the non-treated control and
other treatments, such as GYUN-8 and AK-0 (Supplementary
Figure 4B); this indicates that GYUN-300 may be used for
growth promotion.

Fungicidal Resistance to the Bacterium
GYUN-300
The GYUN-300 strain was tested for resistance against
various chemical fungicides under in vitro conditions. The
bacterium GYUN-300 showed resistance against nine of the
ten chemical fungicides tested in this study; while the
bacterium showed sensitive to the fungicide Acibenzolar-S-
methyl/Chlorothalonil, which inhibited bacterial growth on the
TSA plates (Supplementary Table 6). This result suggests that
most chemical fungicides used to control red pepper anthracnose
do not affect GYUN-300 cell growth. These results suggest that
GYUN-300 cells may be used synergistically with the chemical
fungicides to control plant disease.

Effect of GYUN-300 on Disease Control
of Red Pepper Anthracnose Under Field
Conditions
Based on the in vitro results of disease suppression by GYUN-
300, we tested the ability of GYUN-300 bacterial cells to suppress
red pepper anthracnose caused by C. acutatum under field
conditions. There was greater reduction in disease incidence (%)
in the GYUN-300 treatment by foliar spray in comparison with
the soil drench or combined application of soil drench + foliar
spray (Figure 8). The disease incidence (%) was recorded as
only 14% at both concentrations (500× and 100×) of GYUN-
300 cell suspensions using a foliar spray method, while the
disease incidence was 24.5% by combined method of spray + soil
drench. On the other hand, the disease incidence was found
at a greater level (56%) in both positive controls GYUN-8 and
AK-0 by foliar spray method. Whereas, the disease incidence in
chemical control (Pyraclostrobin) was observed as 46.1%, this is
better than positive controls and non-treated control. Overall,
all treatments with GYUN-300 showed better performance in
controlling disease incidence (%) compared with the chemical
treatments and non-treated control. These results suggest that
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FIGURE 5 | Whole-genome map of Bacillus tequilensis GYUN-300 and annotation. (A) Marked characteristics shown from the outside to the center; coding
sequence (CDS) on forward strand, CDS on reverse strand, tRNA, rRNA, guanine-cytosine (GC)-content, and GC skew. CDS genome consists of a single circular
chromosome that is 4.2 mb in size, and represents one contig from the outer part of the circle; the second circle represents forward, the third represents reverse
strain, and the fourth circle represents tRNA and rRNA positions; (B) distribution of orthologous genes in the Bacillus tequilensis GYUN-300, B. subtilis subsp.
subtilis NCIB 3610T , and B. subtilis subsp. spizizenii TU-B-10T genomes. The Venn diagram shows the summary of unique SNPs from total genes of the
B. tequilensis GYUN-300 strain. This analysis exploits all CDS of the genomes and is not restricted to the core genome; (C) the clusters of orthologous genes (COG)
function annotation of B. tequilensis GYUN-300, and distribution of genes in different COG function categories; and (D) analysis of secondary metabolites of
GYUN-300 using the antiSAMASH program.
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TABLE 1 | Genomic features of the Bacillus tequilensis GYUN-300 genome and comparison with genomes of other Bacillus subsp. belonging to the Bacillus
subtilis group.

Taxon name Strain name No. of
contigs

Genome size DNA G + C
content (%)

No. of CDSs No. of rRNA
genes

No. of tRNA
genes

B. tequilensis GYUN-300 2 4 220 345 43.6 4,789 38 86

B. subtilis subsp. subtilis NCIB 3610T 2 4 299 822 43.3 4,329 30 88

B. subtilis subsp. spizizenii TU-B-10T 1 4 207 222 43.8 4,144 30 92

B. subtilis subsp. inaquosorum KCTC 13429T 1 4 350 498 43.8 4,280 27 86

GYUN-300 is a potential candidate for the biological control of
red pepper anthracnose in Korea.

DISCUSSION

Bacillus species are widespread in and produce numerous
antibiotic compounds that are active against several
phytopathogens as an alternative to chemical fertilizers
and synthetic pesticides (Shahid et al., 2021). In this study,
we isolated the B. tequilensis GYUN-300 strain from fresh
sanghwang mushroom, as it exhibits potent antagonistic
activity against red pepper anthracnose caused by C. acutatum
under in vitro and field conditions. Previously, several Bacillus
species have demonstrated antagonistic activity against several
Colletotrichum species, including C. acutatum (Han et al., 2015;
Caulier et al., 2019).

This study describes the isolation, identification, and
characterization of an antagonistic Bacillus sp. isolated from an
edible mushroom. GYUN-300 was confirmed as B. tequilensis
based on its morphology and the BIOLOG program results.
Furthermore, the GYUN-300 strain was characterized by
molecular analysis using 16S rDNA sequencing; this strain was
identified as B. tequilensis GYUN-300. The GYUN-300 strain
showed 99.9% homology with the reported database strains of
other B. tequilensis. Anthracnose from Colletotrichum may cause
considerable damage to various crops, including red pepper
(Than et al., 2008; Kim et al., 2010); Colletotrichum spp. are
frequently associated with several pepper diseases worldwide
(Liu et al., 2016). There are limited reports on microbial-based
control of anthracnose disease, and to the best of our knowledge,
this is the first report on the use of the GYUN-300 as a potential
BCA for red pepper anthracnose; this is also the first analysis
of the whole-genome sequencing of GYUN-300. The results
provide an understanding of the biocontrol mechanism of the
GYUN-300 strain, providing a possible alternative BCA to
control red pepper anthracnose in Korea.

It was found that treatment with GYUN-300 CF was
equally effective as the cell suspensions in inhibiting the
conidial germination of C. acutatum under in vitro conditions.
Similarly, a recent study by Choub et al. (2021b) reported
that the CF from B. velezensis CE100 exhibited antifungal
activity against Colletotrichum gloeosporioides through the
production of cyclic tetrapeptides from the CF. Another study
reported that the CF from B. subtilis inhibited the growth
and spore germination of C. gloeosporioides through mycolytic
enzyme-mediated antagonism (Ashwini and Srividya, 2014).

Recently, Sarwar et al. (2018) reported that the growth of various
phytopathogens, such as Fusarium moniliforme, Fusarium
oxysporum, Fusarium solani, and Trichoderma atroviride, was
suppressed by Bacillus spp. through the production of a
broad spectrum of lipopeptide biosurfactants. This is supported
by recent reports (Jayapala et al., 2019; Wu et al., 2019),
which have demonstrated that Bacillus spp. played a role in
producing antibiotic compounds to protect red pepper from
anthracnose and wilt diseases caused by Colletotrichum capsici
and Rhizoctonia solani, respectively. Zalila-Kolsi et al. (2016)
reported that a few Bacillus species isolated from wheat
rhizosphere soil exhibited in vitro antagonistic activity against
several phytopathogenic fungi, including F. graminearum, which
causes durum wheat disease.

The microscopic observations in this study indicate that
the suppressive effects of bacterial suspensions of GYUN-
300 and its CF may be due to antibiosis mechanisms.
The GYUN-300 strain affected the conidial germ tube and
mycelial morphology of C. acutatum KACC42403, causing
severe damage to the fungal hyphae. Numerous studies have
demonstrated the antifungal mechanisms of soluble non-
volatile bioactive compounds, such as lipopeptides and proteins,
produced by various Bacillus species against several soil-borne
diseases (Zhang et al., 2020). Conversely, the suppression of
mycelial growth of fungal phytopathogens caused by bacterial
antagonists has been attributed to VOCs, involved in biocontrol
interactions by Bacillus species against fungal pathogens, such as
Botrytis cinerea (Sharifi and Ryu, 2016), Penicillium expansum,
Alternaria alternata (Gao et al., 2018), and C. gloeosporioides
(Chowdhury et al., 2015).

The whole-genome sequence of GYUN-300 was characterized;
this consisted of a 4.22 Mb chromosome, and this genome
was compared to other Bacillus species (Table 1). In particular,
biocontrol-related genes and gene clusters involved in the
antibiotic may produce differences in biocontrol targets and
efficacy between GYUN-300 and other Bacillus subtilis strains.
These results suggest that all other strains may prevent the host
plant from the disease by genes involved in the synthesis of
secondary metabolites and exhibit strong antifungal activities
against various fungal phytopathogens (Pusztahelyi et al., 2015;
Costa et al., 2019). Bacillus species produce cyclic lipopeptides
(CLPs), known for their broad-spectrum antagonistic activity
mediated by secondary metabolites (Kim et al., 2021). This may
have contributed to antagonistic activity against C. acutatum.
Whole-genome comparisons revealed that the GYUN-300 strain
showed high similarity to B. subtilis subsp. subtilis NCIB 3610T ,
B. subtilis TU-B-10T , and B. subtilis subsp. inaquosorm KCTC
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FIGURE 6 | Protective and curative effects of GYUN-300 on disease suppression of red pepper anthracnose in wounded fruits. (A) For protective effects, bacterial
suspensions (107 CFU/mL) were sprayed on the detached green pepper fruits, followed by inoculation with Colletotrichum acutatum conidia suspensions
(105 conidia/mL) on the same day. The disease severity (%) was recorded 10 days after incubation at 25◦C. (B) For curative effects, symptom development was
observed 10 days after pathogen inoculation with C. acutatum conidia suspensions (105 conidia/mL) on detached green pepper fruits, followed by treatment with
bacterial suspensions (107 CFU/mL) using a spray method. Disease severity (%) was recorded 10 days after incubation at 25◦C. The experiment was carried out two
times with six replicates (fruits) per treatment, showing similar results. Bars with the same letters do not differ significantly between each other according to the least
significant difference (LSD; p < 0.05).

13429T strains currently used as BCAs in field conditions
(Zhang et al., 2016; Gu et al., 2021). The COG database was
used to functionally categorize predicted proteins from the
distribution of genes (Galperin et al., 2015), and the COG
categories were compared among the four strains, including
GYUN-300. The COGs of the four strains showed highly similar
distributions, suggesting that these strains have comparable
biological characteristics. A total of 12 putative biosynthetic gene

clusters for secondary metabolites were detected in the GYUN-
300 genome. Some are involved in the metabolism of amino acids,
carbohydrates, lipid transport and metabolism, and catabolism
of secondary metabolite biosynthesis (Zhang et al., 2016). These
functions are important for antagonistic agents against various
phytopathogens, including C. acutatum, which causes red pepper
anthracnose. The genome of GYUN-300 was investigated for the
presence of gene clusters involved in the biosynthesis of CLPs that
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FIGURE 7 | Protective and curative effects of GYUN-300 on disease suppression of red pepper anthracnose in non-wounded fruits. (A) For protective effects,
bacterial suspensions (107 CFU/mL) were sprayed on the detached green pepper fruits without wounding, followed by inoculation with Colletotrichum acutatum
conidia suspensions (105 conidia/ml) on the same day. Disease severity (%) was recorded 14 days after incubation at 25◦C. (B) For curative effects, symptoms were
observed 14 days after pathogen inoculation with C. acutatum conidia suspensions (105 conidia/mL) on detached green pepper fruits without wounding, followed
by treatment with bacterial suspensions (107 CFU/mL) using a spray method. Disease severity (%) was recorded 10 days after incubation at 25◦C. The experiment
was carried out two times with six replicates (fruits) per treatment, showing similar results. Bars with the same letters do not differ significantly between each other
according to the least significant difference (LSD; p < 0.05).

were predicted by antiSMASH analysis; this is a web server and
stand-alone tool for the automatic genomic identification and
analysis of biosynthetic gene clusters.3

3http://antismash.secondarymetabolites.org

Furthermore, the GYUN-300 strain produced hydrolytic
enzymes, such as cellulase, protease, amylase, and siderophores,
as well as phosphate solubilization, which are common
features of antagonistic bacterial isolates (Belbahri et al.,
2017). Siderophores are powerful ferric iron-chelating
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FIGURE 8 | Effect of GYUN-300 treatment on disease suppression of anthracnose caused by Colletotrichum acutatum under field conditions. Various treatments of
GYUN-300 were compared with the chemical controls and non-treated control. Bars with the same letters do not differ significantly between each other according to
the least significant difference (LSD; p < 0.05).

molecules produced by microorganisms that acquire
iron, which is essential for crop growth. Siderophores
differ from one another in their chemical structure and
properties (Ahmed and Holmström, 2014), and have been
suggested as environment-friendly alternatives to hazardous
pesticides (Schenk et al., 2012). Siderophore-producing
bacteria improve iron nutrition and slow down pathogen
growth by limiting iron availability for pathogens (Nabila
and Kasiamdari, 2021). However, the development of
fungicide resistance in antagonistic bacteria is an increasing
threat in plant disease management (Alizadeh et al.,
2020). At times, the antagonistic bacteria in combination
with agrochemicals are effective in suppressing pathogen
growth at a greater level when compared with individual
treatments under field conditions (Ons et al., 2020). This is
in agreement with the results from this study, suggesting that
GYUN-300 cell suspensions may be used in synergy with
chemical fungicides.

The red pepper anthracnose disease was suppressed by
GYUN-300 at a greater level in comparison with other
positive controls, such as GYUN-8 and AK-0, and chemical
control under field conditions. Similarly, a recent study by
Choub et al. (2021a) reported that the field application of
B. velezensis CE 100 culture broth resulted in a 1.3-fold and
6.9-fold decrease in anthracnose disease severity on walnut
trees compared to the conventional and control groups,
respectively. Previously, Park et al. (2001) reported to suppress
the anthracnose disease in cucumber by the application of
Bacillus amyloliquefaciens EXTN-1, and another strain Bacillus
vallismortis BS07 suppressed the disease incidence (%) of
anthracnose caused by C. acutatum on red pepper fruits at a
greater level in comparison with the chemical control under
field conditions (Park et al., 2013), which is in agreement

with our results. Additionally, our results are supported by
a recent study (Prihatiningsih et al., 2019), which displayed
the control of red pepper anthracnose using microencapsulated
B. subtilis B298 by spray method under field conditions.
On the other hand, recently our team (Kim et al., 2021)
reported to show the disease control of anthracnose caused
by C. gloeosporioides on fresh apples using a biocontrol agent
B. velezensis AK-0.

In conclusion, the GYUN-300 strain isolated from the
edible sanghwang mushroom exhibited significant antagonistic
activity against red pepper anthracnose caused by C. acutatum.
The strain was identified as B. tequilensis GYUN-300 based
on whole-genome sequence analysis. The strain exhibits
in vitro antagonistic activity and suppression of conidial
germination and in planta disease control of anthracnose.
GYUN-300 suspension treatment has also demonstrated
to control red pepper anthracnose in field conditions in
Andong, Gyeongbuk Province, South Korea. Whole-genome
sequencing revealed that the core genome of GYUN-300
was very similar to various B. subtilis strains. The differences
between the various B. tequilensis strains in terms of control
targets and efficacies may be attributed to variations in genes
or gene clusters responsible for the biocontrol mechanism.
Several CLP products of this strain were determined by
analyzing secondary metabolite BGCs using antiSMASH
software. GYUN-300 possessed several biosynthetic compounds,
which may play an important role in controlling red pepper
anthracnose through a mechanism of antibiosis. Overall,
the results of this study indicate that GYUN-300 shows
as an eco-friendly BCA against phytopathogens. Future
research should investigate the signaling pathways involved
in the antagonistic effects of secondary metabolites against
pathogenic fungi.
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Improved nutrient use efficiency together with the use of biostimulants have been little 
explored thus far to improve fruit yield and quality in economically relevant crops. The aim 
of this study was to determine the additive or synergistic effects, if any, of the application 
of an enzyme hydrolyzed animal protein biostimulant (Pepton) combined with priming with 
low nitrogen (N) in the production and quality of greenhouse tomatoes. Biostimulant 
treatment (Pepton at a dose equivalent of 4 kg/ha) was applied by ferti-irrigation for 
2 months during the vegetative phase both in controls (watered with nutrient solution) and 
nutrient efficient crop (NEC), in which plants were primed with low N by exposing them 
to a 30% N deficiency for 2 months, and then recovered for 1 month before fruit production. 
Foliar water and N contents, pigments, maximum PSII efficiency (Fv/Fm ratio), and 
phytohormones [including abscisic acid (ABA), salicylic acid (SA), jasmonic acid (JA), and 
cytokinins] were measured prior and at 4 and 8 weeks after the first application. Fruit 
production and quality [as indicated by total soluble sugars (TSS) and acidity (TA), and 
the contents of lycopene, vitamin E, and vitamin C] were measured 1 month later at 
harvest. Priming with low N availability (NEC plants) doubled (p < 0.001) fruit production 
(due to an increase in the number of fruits), tended to increase (p = 0.057) by 20% the 
amount of TSS and increased (p < 0.05) the contents of lycopene (by 90%) and vitamin 
E (by 40%). Pepton displayed a tendency, almost significant, to improve (p = 0.054) total 
fruit production both in control and NEC plants, thus showing an additive effect to low N 
priming in boosting fruit production. Pepton maintained fruit quality in terms of sugar 
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INTRODUCTION

Rising productivity to feed the escalating global population 
and increasing the use efficiency of the resources without 
harming the ecosystems are two of the greatest challenges 
that the agricultural sector is facing these days. Moreover, 
current agriculture has to face more frequent and long-lasting 
unfavorable environmental and soil conditions, which have 
a direct negative impact on crop productivity. A technological 
innovation proposed to solve these problems is the application 
of natural biostimulants that can enhance flowering, plant 
growth, fruit set, crop productivity, and nutrient use efficiency, 
while also improving abiotic stress tolerance (Rouphael and 
Colla, 2020). One of the main important nutrients for plant 
growth and development is nitrogen (N), which at the same 
time is one of the major limiting nutrients in most economically 
relevant crops (Flores et al., 2004; Padilla et al., 2018). Because 
of this, and to ensure high crop yield, it is very common 
among farmers to conduct excessive N applications that end 
up leaching into groundwater, threatening both the environment 
and human health (Padilla et  al., 2018; Burri et  al., 2019). 
Hence, it is of great importance to develop new techniques 
that help farmers optimize crop production, while using the 
minimum N input to reduce its harmful effects on the 
environment and human health.

Enzymatically hydrolyzed protein-based biostimulants may 
be  an adequate approach to both raise productivity and 
increase the use efficiency of some nutrients such as N (Colla 
et  al., 2014, 2017). Pepton 85/16® (Pepton) is a natural 
biostimulant obtained by the enzymatical hydrolysis of animal 
proteins that is available in a micro-granular form and highly 
soluble in water (APC Europe S.L., Spain). Pepton has been 
proved to have beneficial effects on crops under stress 
conditions such as intense cold or heat episodes, mild stress 
ambient field conditions, and water and nutrient stress. It 
has also been observed that it exerts a positive effect on 
the hormonal profile enhancing abiotic stress defenses (Polo 
et al., 2006; Marfà et al., 2009; Polo and Mata, 2018; Casadesús 
et  al., 2019, 2020). However, little is still known about the 
possible effects of this biostimulant on plants under low 
nutrient availability conditions and the improvement of 
nutrient use efficiency. Priming with low N has been previously 
shown as a useful technique with a great potential to increase 
productivity since it can ameliorate nutrient use efficiency 
in wheat (Gao et  al., 2019). However, to our knowledge, its 
potential beneficial effects on improving the yield and quality 

of tomatoes, and most particularly in combination with 
biostimulant application, has not been explored thus far.

Tomato (Solanum lycopersicum L.) is one of the most 
cultivated crops with a cultivation area of 5.03 million hectares 
(FAOSTAT, 2019). Its fruits are highly valued by consumers 
due to their organoleptic characteristics and nutritional value, 
as they constitute an important source of vitamins C and 
E and lycopene, among other nutrients and antioxidants 
(Asensio et  al., 2019). It is of great interest to increase the 
nutrient use efficiency of tomato plants, without affecting 
their production, since large amounts of fertilizer are usually 
applied to obtain their maximum yield (Abenavoli et  al., 
2016). Therefore, this work aimed to assess to what extent 
an enzymatically hydrolyzed protein-based biostimulant 
(Pepton) can improve fruit production and quality both in 
control and in low N primed conditions, and establish a 
mechanism of action, with an emphasis on the possible role 
of endogenous phytohormone contents.

MATERIALS AND METHODS

Experimental Design
Seeds of tomato plants (Solanum lycopersicum cv. Ailsa Craig) 
were obtained from the Experimental Field Facilities of the 
University of Barcelona (Barcelona, NE, Spain). Seeds were 
sown on 7th March 2019, in 1 L pots in a climate-controlled 
growth chamber (16 h day/8 h night, at 22°C), using a substrate 
based on 50% peat, 25% perlite, 25% vermiculite, CaCO3 at 
1 g/L and essential micronutrients at 0.05 g/L. On 8th April, 
seedlings were transferred to 3 L pots and placed in a glass 
greenhouse (25.6°C mean temperature, 33.8°C highest 
temperature average with an absolute maximum of 41.0°C, 
and 60.1% mean relative humidity) with 20 cm between pots. 
Then, on 10th June, four treatments were established including: 
Control plants without Pepton, Control plants with Pepton, 
Nitrogen Efficient Crop (NEC) without Pepton, and NEC 
with Pepton. Control plants were irrigated with 50% Hoagland 
nutrient solution (Hoagland and Arnon, 1950) throughout 
the experiment. In contrast, NEC plants were primed with 
low N by irrigating plants for 8 weeks with a nutrient solution 
deficient by 30% N relative to controls and then recovered 
with the same nutrient solution as used for controls (50% 
Hoagland solution). Pepton was applied by ferti-irrigation 
once every 2 weeks during the first 2 months at a dose 
equivalent of 4 kg/ha (0.2 g of Pepton dissolved in 0.5 L of 

accumulation, total acidity and the contents of carotenoids, vitamins C and E. Pepton-
related improvement in fruit production seemed to be related, at least partially, to an 
increased accumulation of cytokinins and photosynthetic pigments in leaves, which might 
favor vegetative vigor and ultimately fruit yield. In conclusion, Pepton application was 
effective in improving the yield of greenhouse tomatoes showing additive effect with low 
N priming, without negatively affecting fruit quality.

Keywords: biostimulant, cytokinins, nitrogen efficient crops, production, tomato
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irrigation water), corresponding with the supplier 
recommendation for this crop. All applications were performed 
1 h before sunset. All plants were subject to “topping” at 
week seven of starting treatments due to excessive growth 
in the greenhouse, so that this pruning caused the plants 
to stop flowering and setting new fruits.

Leaf samples were collected on 16th June (week 0), 16th 
July (week 4), and 13th August (week 8) at predawn (1 h 
before sunrise). In each sampling, one young, fully developed 
leaf from eight randomly selected plants per treatment was 
sampled. The apical leaflet was used to determine the 
chlorophyll fluorescence and the adjacent leaflet was used 
to determine the water, carbon (C), and N status, and the 
leaflet mass per area ratio (LMA). The other adjacent leaflet 
was immediately frozen in liquid N2 and stored at −80°C 
for subsequent biochemical analyses. Fruit samplings from 
the same plants were performed between 4th September and 
7th September. All fruits (from breaker to red ripe stages) 
of each plant were harvested for the estimation of yield. In 
addition, four ripe tomatoes on the red ripe stage were 
chosen for fruit quality analysis: one was frozen in liquid 
N2 and stored at −80°C for subsequent biochemical analyses 
(total carotenoids, lycopene, and vitamins C and E) and 
three were used to analyze total soluble sugars (TSS) and 
titratable acidity (TA).

Pepton Composition
Pepton is an enzymatically hydrolyzed protein product that 
contains L-α amino acids (84.8%), free amino acids (16.5%), 
organic-nitrogen (12.0%), iron (3,000 ppm), and potassium 
(4.0%). The complete chemical composition of this biostimulant 
can be  found in Polo and Mata (2018).

Total Production, TSS, and TA
Total production was estimated as the total amount of fruits 
produced per plant, the total biomass of fruits produced per 
plant and the fresh mass per fruit unit. The fresh mass of 
fruits was measured by weighing freshly harvested fruits. For 
estimating fruit quality, 1 ml of juice from a pool of three 
tomatoes was used to determine TSS using a digital refractometer 
HI 96801 (Hannah Instruments, Italy). Then, 10 ml of juice 
were diluted in 100 ml of MiliQ water and used for TA 
determination with 0.1 M NaOH and 1% phenolphthalein as 
an indicator to estimate citric acid content. The TSS/TA ratio 
was then calculated.

Fruit Total Carotenoids, Lycopene, and 
Vitamins C and E
For the quantification of total carotenoids, 100 mg of ground 
frozen fruit were extracted with acetone 80% (v/v) using 
ultrasonication (Branson 2510 ultrasonic cleaner, Bransonic, 
Danbury, CT, United  States). The extract was then centrifuged 
for 10 min at 4°C and 13,000 rpm, and the supernatant was 
collected. The pellet was re-extracted until it was colorless, 
pooling at the end all the supernatants. Total carotenoids were 

analyzed using UV/Visible spectrophotometry of double beam 
using a CE Aquarius UCE7400 (Cecil Instruments Ltd., 
Cambridge, United Kingdom). The absorbance of the supernatants 
was read at 470, 646, 663, and 750 nm, respectively. Carotenoid 
content was calculated following the equations developed by 
Lichtenthaler and Wellburn (1983).

Quantification of lycopene content was performed as described 
by Fish et  al. (2002). Around 500 mg of ground frozen fruit 
were extracted with 800 μl MiliQ water, 1.5 ml acetone, 1.5 ml 
ethanol, and 3 ml hexane. The pellet was re-extracted with 
hexane until it was colorless. The absorbance of the supernatants 
was read at 503 and 800 nm.

The analysis of vitamin C was adapted from Takahama and 
Oniki (1992) and Queval and Noctor (2007). Around 100 mg 
of ground frozen fruit were extracted with 6% meta-phosphoric 
acid (w/v) and 0.2 mM DTPA using ultrasonication and 
centrifugation for 10 min at 4°C and 13,000 rpm. The contents 
of ascorbic acid (AA) and dehydroascorbic acid (DHA) were 
determined spectrophotometrically (xMark Microplate 
Spectrophotometer, Bio-Rad, Hercules, CA, United States) with 
quartz microplates reading the absorbance at 265 nm. Total 
ascorbate was calculated as the sum of AA + DHA.

For vitamin E analyses, 100 mg of ground frozen fruit were 
extracted with methanol and 5 ppm (w/v) of tocol as an internal 
standard. Extractions were performed as above. The extracts 
were then filtered with a hydrophobic PTFE filter of 0.22 μm 
(Phenomenex, Torrance, CA, United  States) and injected into 
the HPLC system (consisting of a Waters 600 controller pump, 
a Waters 717 plus auto-sampler, and a Jasco FP-1520 fluorescence 
detector). Fluorescence detection was at an excitation wavelength 
of 295 nm and emission at 330 nm. The mobile phase was a 
mixture of n-hexane and 1,4-dioxane (95.5:4.5, v/v) at a flow 
rate of 0.7 ml/min. Tocochromanols were separated using an 
Inertsil 100A column (5 μm, 30 × 250 mm, GL Sciences Inc., 
Tokyo, Japan). A calibration curve was established with each 
of the tocochromanols analyzed using authentic standards from 
Sigma-Aldrich (Steinheim, Germany).

Leaf Water Status, C and N Contents, and 
LMA
Relative water content (RWC) was calculated using the formula 
RWC FW DW TW DW= ´( ) ( )100 - -/ , where FW is the fresh 
mass measured on the sampling date, TW is the turgid mass 
measured after rehydrating the leaves for 24 h in the dark at 
4°C, and DW is the dry mass measured after oven-drying the 
leaves at 80°C until constant weight. Leaflet area was measured 
with a flatbed scanner and processed with ImageJ (1.52p, 
National Institutes of Health, Bethesda, MD, United  States). 
The LMA was calculated as DW/Leaflet area.

For C and N analyses, 3 mg of dry leaflets were ground, 
weighed, placed in tin capsules, sealed and analyzed using an 
organic elemental analyzer (Thermo EA 1108, Thermo Scientific, 
Milan, Italy). Standard conditions recommended by the supplier 
were applied (Combustion reactor at 1,000°C, reactor 
chromatographic column at 60°C, helium flow 120 ml/min and 
10 ml oxygen circuit at 100 kPa).
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Photosynthetic Pigments and Chlorophyll 
Fluorescence
For total chlorophyll and carotenoid content measurements, 
methanolic extracts were prepared using 100 mg of frozen ground 
leaves and diluted 1:10 (v/v) with methanol. The absorbance of 
the supernatants was read at 470, 653, 666, and 750 nm using 
a UV/Visible spectrophotometer of double beam (CE Aquarius 
UCE7400, Cecil Instruments Ltd., Cambridge, United Kingdom). 
Chlorophyll a, chlorophyll b, and carotenoid contents were calculated 
following the equations developed by Lichtenthaler (1987).

The maximum efficiency of PSII photochemistry (or Fv/Fm 
ratio), an indicator of photoinhibition (Takahashi and Badger, 
2011), was determined by measuring chlorophyll fluorescence 
from leaves by using a portable fluorimeter Mini-PAM II 
(Photosynthesis Yield Analyser, Walz, Germany) in dark-adapted 
leaves for 1 h, as described by van Kooten and Snel (1990).

Stress-Related Phytohormones and 
Cytokinins
Phytohormones, including the stress-related phytohormones, 
abscisic acid (ABA), salicylic acid (SA), jasmonic acid (JA), 
and the cytokinins, trans-zeatin (t-Z), and its riboside trans-
zeatin riboside (t-ZR), were analyzed by the extraction of 
100 mg of frozen ground leaves with methanol containing 
deuterium-labeled hormones, which were used as internal 
standards. The extracts were subject to ultrasonication and 
vortexing for 30 min. After centrifugation for 10 min at 4°C 
and 13,000 rpm, the supernatant was collected, and the pellet 
was re-extracted. The supernatants were then filtered with a 
hydrophobic PTFE filter of 0.22 μm (Phenomenex, Torrance, 
CA, United  States) prior to analysis. Hormone levels were 
analyzed by UHPLC-ESI-MS/MS as described by Müller and 
Munné-Bosch (2011). Quantification was made considering the 
recovery rates for each sample by using the deuterium-labeled 
internal standards.

Statistical Analyses
Statistical analyses were performed by a three-way ANOVA 
for foliar analyses and a two-way ANOVA for fruit analyses. 
The Tuckey test was used as a post hoc method. In all cases, 
differences were considered significant at a probability level 
of p < 0.05 and a trending toward statistical significance at a 
probability level of p between 0.1 and 0.05 (Fisher, 1950; These 
et  al., 2016). All statistical tests were performed with RStudio 
(Boston, MA, United  States).

RESULTS AND DISCUSSION

Low N Priming and Pepton Application 
Improve Fruit Production
Biostimulants have been considered innovative tools that are 
able to improve plant growth and productivity and help alleviate 
the effects of abiotic stresses. Furthermore, some biostimulants, 
such as Pepton, that are enzymatically hydrolyzed animal 
protein-based biostimulants can promote circular economy 

helping recycle animal waste products and reduce the use of 
limited resources of nature (Casadesús et  al., 2020). Previous 
studies have shown that Pepton can improve crop performance 
against different abiotic stresses including water and temperature 
stress conditions. In the present study, fruit production was 
stimulated by the NEC treatment as compared to controls, 
whereas fruit size remained unaffected (Figure 1). NEC treatment 
increased the production of greenhouse-grown tomato fruits, 
estimated as total fresh matter of fruits per plant, by 1.7-fold, 
which was associated with an increase in the number of fruits 
per plant by 1.8-fold. However, no significant differences were 
observed for fruit size. A trend toward statistical significant 
effect (p = 0.054) was observed for fruit production in Pepton-
treated plants, with an increase in fruit production by 32% 
relative to controls both in N-fed (Controls) and low N-primed 
plants (NEC; Figure  1). This increase in yield in both groups 
of plants supplemented with Pepton has an important economic 
relevance for producers with very positive return on investment. 
In a previous study, Polo and Mata (2018) found similar results, 
with a yield increased by 27% when Pepton was applied at 
similar doses (4 Kg/Ha) in gold cherry tomatoes growing under 
low stress ambient field conditions. N is a crucial nutrient for 
plant growth and development, so one might expect that plants 
with higher N availability (control, N-fed plants) would show 
increased fruit production, as previously observed in several 
economically important crops, including tomatoes (Warner 
et  al., 2004). It is also true, however, that low N priming can 
be  used in crops to improve nutrient efficiency, showing a 
great potential to increase yields (Gao et  al., 2019). In the 
present study, we  observed that plants have acclimated to a 
deprived nutrient availability during the vegetative growth for 
2 months allowing them to become more efficient in their N 
use and, therefore, increase their total fruit production 
considerably. It is noteworthy, however, that aside from low 
N priming, the pruning of plants performed after 7 weeks of 
treatment may play a role in the observed effects. Topping 
might have caused a severe loss of aboveground biomass favoring 
fruit set and ripening, but at the same time reduced a significant 
amount of biomass previously consuming root N. Therefore, 
as pruning was performed just before the end of N deprivation, 
it may have had an impact on the recovery phase in the NEC 
treatment helping boost production relative to controls. In other 
words, NEC treatment may would not have had such a positive 
effect compared to controls if all plants had not been pruned.

The Positive Effects of Combined Low N 
Priming and Pepton Application on Fruit 
Production Did Not Negatively Affect Fruit 
Quality
Total soluble sugars and TA are important components of 
flavor exerting their effect not only through their content 
but also through their ratio (Xu et  al., 2018; Navarro and 
Munné-Bosch, 2022). However, the effects of some nutrients’ 
availability, such as a decrease in the N dose, on tomato 
quality are still controversial as it has been seen to both 
increase (Aziz, 1968; Bénard et  al., 2009; Truffault et  al., 
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2019) and decrease (Hernández et  al., 2020; Navarro and 
Munné-Bosch, 2022) the TSS/TA ratio. In the present study, 
fruit quality was improved by the NEC treatment, particularly, 

a significant increase in the TSS/TA ratio was observed 
together with a trend toward statistical significant increase 
of TSS (Figure  2). Moreover, the quality of the tomato 

A

B

C

FIGURE 2  |  Effects of low nitrogen priming and Pepton application on 
fruit quality, in terms of soluble sugar accumulation and acidity, in 
greenhouse-grown tomato plants. (A) Total soluble sugars (TSS), 
(B) total acidity (TA), and (C) TSS/TA ratio in mature fruits of Pepton-
treated plants (P) or untreated controls (C) either fed with nitrogen in a 
50% Hoagland solution (Control) or exposed to low nitrogen priming 
(NEC). NEC stands for Nitrogen Efficient Crop (see Figure 1 legend and 
section Materials and Methods for details). Data are mean of n = 8 ± SE. p 
values of two-way ANOVA are shown in the inlets and values of p > 0.10 
were considered as NS.

A

B

C

FIGURE 1  |  Effects of low nitrogen (N) priming and Pepton application on fruit 
production in greenhouse-grown tomato plants. (A) Total fruit production per 
plant, (B) average fresh weight of ripen fruits, and (C) number of ripen fruits per 
plant, in Pepton-treated plants (P) or untreated controls (C) either fed with 
nitrogen in a 50% Hoagland solution (Control) or exposed to low nitrogen priming 
(NEC). NEC stands for Nitrogen Efficient Crop (these plants were exposed to a 
30% N deficiency relative to controls for 2 months and then recovered for 1 month 
with the same nutrient solution used for controls before estimation of fruit 
production, see section Materials and Methods for details). Data are mean of 
n = 8 ± SE. p values of two-way ANOVA are shown in the inlets and values of 
p > 0.10 were considered as not significant (NS).
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fruits was not affected by the application of Pepton, thus 
showing that this biostimulant can increase fruit yield without 
a negative impact on the TSS/TA ratio. Other quality 
parameters related to the antioxidant composition of the 
fruits, were also unaffected by the biostimulant, again 
indicating that it would be  a great option to increase the 

production without negative implications on the fruit quality 
(Figure  3). Furthermore, NEC treatment did improve the 
total carotenoids and vitamin E contents by increasing their 
major components, lycopene, and α-tocopherol, respectively. 
Total carotenoids and lycopene contents increased by NEC 
treatment by 18 and 52%, respectively, relative to controls. 

A B

C D

E F

FIGURE 3  |  Effects of low nitrogen priming and Pepton application on fruit quality, in terms of carotenoid, vitamin E, and vitamin C accumulation, in greenhouse-
grown tomato plants. (A) Total carotenoids, (B) lycopene, (C) total vitamin E, (D) α-tocopherol, (E) total vitamin C, and (F) ascorbic acid contents in mature fruits of 
Pepton-treated plants (P) or untreated controls (C) either fed with nitrogen in a 50% Hoagland solution (Control) or exposed to low nitrogen priming (NEC). NEC 
stands for Nitrogen Efficient Crop (see Figure 1 legend and section Materials and Methods for details). Data are mean of n = 8 ± SE. p values of two-way ANOVA are 
shown in the inlets and values of p > 0.10 were considered as NS.
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Vitamin E in fruits also increased in response to the NEC 
treatment by 33% relative to the controls, mainly associated 
with an increase of α-tocopherol (Figure  3). In contrast, 
total vitamin C and ascorbic acid contents remained unaffected 
by treatments.

Effects of Low N Priming and Pepton 
Application on Fruit Production Differ on a 
Mechanistic Level
When analyzing water and N contents in leaves, it was 
observable that a significant increase of N content 
occurred due to the NEC treatment, especially at week 8 
of treatment. This increase was reflected in the percentage 
of total N and the C/N ratio (Figure  4). Pruning during 
week 7 may have caused this effect. Despite plants suffering 
30% N deficiency, the removal of a significant part of the 
aerial biomass may have largely alleviated stress and have 

led to an improvement of N use in all treatments, but most 
particularly in those already suffering a N deficiency. 
Differences between NEC and control treatments 
were small but significant, with an increase in foliar N by 
15% in the former compared to the latter. In contrast, 
Pepton treatment did not additionally increase foliar N 
contents, but showed a trend to improve the RWC (p = 0.081), 
an effect that appeared to be  more apparent before than 
after pruning (week 4 relative to week 8; Figure  4). The 
contents of photosynthetic pigments were also positively 
affected by either the NEC treatment, the biostimulant or 
both, depending on the parameter (Figure  5). The most 
striking effects were observed for the biostimulant combined 
with the NEC treatment. Pepton application significantly 
helped to maintain the contents of chlorophyll a + b and 
total carotenoids higher than in controls, an effect that was 
particularly observed at week 8  in NEC plants treated with 
Pepton (Figure  5). On the other side, NEC treatment alone 

A B

C D

FIGURE 4  |  Effects of low nitrogen priming and Pepton application on leaf water and nitrogen contents in greenhouse-grown tomato plants. 
(A) Relative leaf water content (RWC), (B) nitrogen content (expressed as a percentage of dry mass), (C) leaflet mass per area ratio (LMA), and (D) carbon to 
nitrogen (C/N) ratio. NEC stands for Nitrogen Efficient Crop (see Figure 1 legend and section Materials and Methods for details). Measurements on 
leaves were performed before treatments (week 0), and in the middle (week 4) and end (week 8) of treatments. Data are mean of n = 8 ± SE. p values of 
three-way ANOVA are shown in the inlets and values of p > 0.10 were considered as NS. Different letters indicate differences in Tukey’s HSD multiple 
comparison test.
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helped maintain carotenoids content and the chlorophyll 
a/b ratio high at week 8, but not as high as when combined 
with Pepton (Figure  5). This Pepton-related differential 
behavior in NEC plants may be  attributed to an increased 

endogenous concentration of cytokinins, and most 
particularly of the active form t-Z, but not of any of the 
stress-related phytohormones, ABA, SA, or JA (Figures 6, 7).  
NEC treatment had an impact on the endogenous content 

A B

C

E

D

FIGURE 5  |  Effects of low nitrogen priming and Pepton application on photosynthetic pigment contents and photoinhibition in leaves of greenhouse-grown tomato 
plants. (A) Chlorophyll a + b, (B) chlorophyll a/b ratio (Chl a/b), (C) carotenoids, (D) carotenoids/chlorophylls ratio (Car/Chl), and (E) maximum efficiency of 
photosystem II photochemistry (Fv/Fm), an indicator of photoinhibition. NEC stands for Nitrogen Efficient Crop (see Figure 1 legend and section Materials and 
Methods for details). Measurements on leaves were performed before treatments (week 0), and in the middle (week 4) and end (week 8) of treatments. Data are 
mean of n = 8 ± SE. p values of three-way ANOVA are shown in the inlets and values of p > 0.10 were considered as NS. Different letters indicate differences in 
Tukey’s HSD multiple comparison test.
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of ABA, which was most evident at week 4, but most 
particularly in the endogenous content of SA at week 8 
(Figure  6). As SA is a well-known growth inhibitor (Abreu 

and Munné-Bosch, 2009), reduced contents of SA in leaves 
of NEC may contribute to enhanced yields in low N-primed 
plants, an effect that occurred both with and without Pepton 
application. In contrast, Pepton doubled the endogenous 
contents of t-Z in combination with the NEC treatment 
(Figure 7), thus showing a possible link with the maintenance 
of chlorophyll contents (Figure  5). It is well-known that 
high cytokinins contents may have an anti-senescing effect 
and help maintain the photosynthetic apparatus active for 
longer (Müller and Munné-Bosch, 2021), which in this case 
might contribute to increase fruit yield in greenhouse-grown 
tomatoes subject to a combination of Pepton application 
and low N priming. It is interesting to note that this 
cytokinin-mediated effect was not observed for NEC only, 
thus indicating differential mechanisms of action upon the 
application of Pepton. It was only the combination of low 
N priming together with Pepton application that caused 
additive effects on yield, enhanced cytokinin contents and 
a maintenance of chlorophyll contents. It is tempting to 
speculate that the composition of peptides in Pepton may 
cause such an effect, since previous studies have shown a 
crosstalk between peptide and cytokinin signaling in 
plants (Leibfried et  al., 2005; Fukuda and Higashiyama, 
2011; Sakakibara, 2021), an aspect that warrants 
further investigations.

Another important point that needs consideration is the 
application and interpretation of statistical evaluation of 
results in the study of the application of biostimulants to 
improve crop yields and produce quality, either in the 
field or in controlled trials, as that performed in the 
present study. Statistical analyses generally rely on p 
values to demonstrate relationships and the traditional level 
of significance (p < 0.05) can indeed be  negatively impacted 
by small sample size, bias, and random error, so that in 
psychology and biochemical research has sometimes evolved 
to include interpretation of statistical trends, correction 
factors for multiple analyses, and acceptance of statistical 
significance for p > 0.05 for complex relationships such as 
effect modification (These et  al., 2016). We  suggest that in 
very particular cases, where biostimulants may have 
relatively effects by themselves but they can indeed modify 
the effect of another treatment, as it occurred in our study 
with low N priming, it is suggested to consider p values 
close to 0.05 as showing a trend to significant effect and 
must not be  disregarded. As shown in the present study, 
these effects may be  out of the classical p value but at the 
same time represent important increases in yield that if 
confirmed under field conditions will lead to important 
economical revenues. It is therefore of value to include 
results with a trend to statistically significant results, so 
that these positive effects can be  scalable and therefore 
adequately tested in the field in future studies. Furthermore, 
we  strongly encourage research that relies on various yield 
and quality parameters, instead of using only one parameter, 
since any small unavoidable bias due to the intrinsic 
methodology used on the latter case can lead to equivocal 
interpretation of results.

A

B

C

FIGURE 6  |  Effects of low nitrogen priming and Pepton application on the 
endogenous contents of stress-related phytohormones in leaves of 
greenhouse-grown tomato plants. (A) Abscisic acid (ABA), (B) salicylic acid 
(SA), and (C) jasmonic acid (JA). NEC stands for Nitrogen Efficient Crop (see 
Figure 1 legend and section Materials and Methods for details). 
Measurements on leaves were performed before treatments (week 0), and in 
the middle (week 4) and end (week 8) of treatments. Data are mean of 
n = 8 ± SE. p values of three-way ANOVA are shown in the inlets and values of 
p > 0.10 were considered as NS. Different letters indicate differences in 
Tukey’s HSD multiple comparison test.
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CONCLUSION

It is concluded that priming with low N availability (NEC plants) 
doubled fruit production (due to an increase in the number of 
fruits), increased by 20% the amount of total soluble sugars and 
increased the contents of lycopene (by 90%) and vitamin E (by 
40%). Furthermore, it is also stated that pruning the plants may 
have helped NEC treatment boost the production since there 
was a reduction of the root N-consuming biomass. Pepton treatment 
showed a trend to improve total fruit production both in control 
and NEC plants, thus indicating an additive effect to low N 
priming in boosting fruit production. Pepton maintained fruit 
quality in terms of sugar accumulation, total acidity, and the 
contents of carotenoids, vitamins C and E. Pepton-related 
improvement in fruit production seemed to be  related, at least 
in part, to an increased accumulation of cytokinin and photosynthetic 
pigments in leaves, which might favor vegetative vigor and ultimately 
fruit yield. It should be  noted that the observed effects may at 
least be  partially attributed to the pruning that was carried out 
7 weeks after treatment, thus it imperative to carry out future 
research to unravel the mechanisms underlying the interactive 
effects of low N priming with biostimulant application and pruning.
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Modern agriculture is facing multiple and complex challenges and has to produce more 
food and fiber to feed a growing population. Increasingly volatile weather and more extreme 
events such as droughts can reduce crop productivity. This implies the need for significant 
increases in production and the adoption of more efficient and sustainable production 
methods and adaptation to climate change. A new technological and environment-friendly 
management technique to improve the tolerance of quinoa grown to maturity is proposed 
using native microbial biostimulants (arbuscular mycorrhizal fungi; AMF) alone, in the 
consortium, or in combination with compost (Comp) as an organic matter source under 
two water treatments (normal irrigation and drought stress (DS)). Compared with controls, 
growth, grain yield, and all physiological traits under DS were significantly decreased while 
hydrogen peroxide, malondialdehyde, and antioxidative enzymatic functions were 
significantly increased. Under DS, biofertilizer application reverted physiological activities 
to normal levels and potentially strengthened quinoa’s adaptability to water shortage as 
compared to untreated plants. The dual combination yielded a 97% improvement in grain 
dry weight. Moreover, the effectiveness of microbial and compost biostimulants as a 
biological tool improves grain quality and limits soil degradation under DS. Elemental 
concentrations, particularly macronutrients, antioxidant potential (1,1-diphenyl-2-
picrylhydrazyl radical scavenging activity), and bioactive compounds (phenol and flavonoid 
content), were accumulated at higher levels in biofertilizer-treated quinoa grain than in 
untreated controls. The effects of AMF + Comp on post-harvest soil fertility traits were the 
most positive, with significant increases in total phosphorus (47%) and organic matter 
(200%) content under drought conditions. Taken together, our data demonstrate that 
drought stress strongly influences the physiological traits, yield, and quality of quinoa. 
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INTRODUCTION

By 2050, the world’s population is expected to reach 9.7 billion, 
34% higher than current levels. This will require raising overall 
food production by about 70% (FAO, 2017). Nearly all of this 
population increase will occur in many developing economies. 
This implies the need for significant increases in the production 
of several key commodities. Demand for (pseudo)cereals, for 
both food and animal feeds, will need to rise to some 3 billion 
tons, vs 2.1 billion today, by 2050. Major cereal crops, including 
wheat, rice, barley, and corn, are progressively failing to withstand 
the growing salinity and water scarcity present in marginal 
environments that are highly vulnerable to climate variability, 
such as shifts in growing season conditions (IPCC, 2014). 
Therefore, there is an urgent need to identify alternative ways 
to sustain and, possibly, increase agricultural production in 
areas where the cultivation of traditional crops has become 
greatly complicated and even sometimes uneconomic. Quinoa 
(Chenopodium quinoa Wild.) is an annual herbaceous 
pseudocereal crop originating from the Andean Mountains, 
where it has developed tolerance to several abiotic stresses 
(Di Fabio and Parraga, 2017). Quinoa grains—known as the 
“mother grain” of the Incan Empire—are a gluten-free alternative 
to starchy grains and have a low glycaemic index (Gordillo-
Bastidas et al., 2016). Deemed the “Queen of Superfoods,” this 
plant was prized for its nutritional qualities as it contains all 
nine essential amino acids, carbohydrates, poly-unsaturated 
fatty acids, fiber, vitamins, and minerals (Ruiz-Lozano et  al., 
2016; Vilcacundo and Hernández-Ledesma, 2017). The grains 
also contain a large amount of phenolics, flavonols, and betalains 
(Abderrahim et  al., 2015; Escribano et  al., 2017). Such is the 
value of the plant that the UN marked 2013 as the International 
Year of Quinoa owing to its biodiversity and nutritional value 
and its role in providing food security and nutrition and poverty 
eradication, as well as its adaptability to thrive in a wide range 
of agroecosystems, as it grows at an exceptional range of 
altitudes, temperatures, humidities, and under different soil 
conditions (Bazile et  al., 2013; Hussain et  al., 2018).1 Due to 
its superior nutritional profile and stress tolerance, interest in 
quinoa is increasing worldwide, although it is still an underutilized 
crop with few breeding programs (Massawe et  al., 2016).

More frequent and severe droughts are expected across many 
regions in the 21st century (Schwalm et  al., 2017). Drought has 

1�http://www.fao.org/quinoa-2013/en/

a negative effect on growth, physiology, and yield (Fischer et  al., 
2017; Miranda-Apodaca et al., 2018). With climate change, growing 
alterations in the frequency, duration, and intensity of droughts 
and impending water disputes, the potential gains in welfare 
from selecting/cultivating effective drought-tolerant (DT) crops 
and using smart agronomical techniques, are enormous. In the 
past decade, total investment in drought-resistance research has 
clearly exceeded US$1 billion (Lybbert and Bell, 2010b). Yet, 
(marginal) farmers—who are typically faced with poor soils, 
erratic weather and limited or no access to irrigation, and other 
inputs—may lack the control to perceive subtle differences in 
the value of competing varieties and their views of the relative 
yield benefit of DT varieties are conditioned by (1) drought 
pressure: if increased cost is not associated with benefit or if 
the yield is comparatively lower in DT varieties than in conventional 
varieties when water is plentiful and (2) if the relative benefits 
of DT varieties fade as drought severity increases (Lybbert and 
Bell, 2010a). Recently, Jarvis et  al. sequenced the approximately 
1.5-gigabase-long genome of C. quinoa (Jarvis et al., 2017). Using 
the information gained from the genome to improve quinoa 
production will require robust breeding efforts and fundamental 
research to identify the defenses mechanism used by quinoa.

To date, manipulating a plant’s genetic makeup is a time-
consuming option to enrich the new genetic variant. It is a 
tedious process and has several significant challenges under 
natural field conditions. Therefore, the demand for sustainable 
cropping systems has encouraged the search for technologies—
from treated seeds and crop protection products to data analysis 
apps and precision spraying—and alternatives to increase crop 
production and quality/functionality with improved defense 
mechanisms, especially under stressful conditions. While farmer 
stakeholders may be  able to afford to invest, small/marginal 
farmers have little or no access to affordable institutional credit. 
Further, farmers must learn how to best use these technologies 
to improve their farming business. To address these issues, 
there has been an upsurge in agricultural technologies and 
products. Different soil management practices that can enhance 
soil fertility, water availability, and the root zone could be efficient 
drought mitigation tools in irrigated and non-irrigated regions 
(Phillips et  al., 2020).

In recent years, the use of plant biostimulants, either 
non-microbial or microbial, has become a popular option to 
enhance water and crop productivity and adapt crops to rapidly 
changing environmental conditions. The biofertilizer industry has 
witnessed a relatively stable market growth following the COVID-19 

Microbial and compost biostimulation could be an effective alternative to ensure greater 
recovery capability, thereby maintaining relatively high levels of grain production. Our study 
shows that aboveground stress responses in quinoa can be modulated by signals from 
the microbial/compost-treated root. Further, quinoa grains are generally of higher nutritive 
quality when amended and inoculated with AMF as compared to non-inoculated and 
compost-free plants.

Keywords: biostimulants, root-shoot-grain circuit, seed quality, drought tolerance, antioxidants, pseudocereal, 
soil health, endogenous mycorrhiza
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pandemic, with a similar trend of high demand existing in 2020. 
The global biofertilizer market is estimated to be  worth US$ 2.6 
billion in 2021 and is expected to reach a value of US$ 4.5 
billion by 2026, at a compound annual growth rate (CAGR) of 
12%. The need to increase food production combined with the 
imperative need to preserve natural resources has led to an upsurge 
in materials with low environmental impact but high efficiency, 
with natural-based substances being prioritized over synthetic 
inputs. The FAO recently recognized the potential of microbiomes 
in food production/safety, health enhancement, and environmental 
sustainability (FAO, 2019). Arbuscular mycorrhizal fungi (AMF) 
have been identified as microorganism targets that increase abiotic 
stress tolerance (Abdel Latef and Chaoxing, 2011). More than 
two-thirds of terrestrial plants acquire mineral nutrients from the 
soil by the root pathway via root epidermal cells and root hairs, 
and the mycorrhizal pathway (Smith and Smith, 2011). AMF 
recruit distinct microbes into their hyphosphere to shape the 
“second genome of AMF,” which significantly contributes to soil 
organic nutrient mobilization and turnover (Zhang et  al., 2021). 
By colonizing the rhizosphere/endo-rhizosphere of plants, these 
beneficial microorganisms promote growth through various direct 
and indirect mechanisms (Harrison, 2005; Maillet et  al., 2011). 
In addition, AMF application induces antioxidant enzyme activity 
and osmolyte accumulation under various stressful conditions, 
including water shortage (Meddich et  al., 2018; Ben-Laouane 
et  al., 2019, 2020; Anli et  al., 2020a; Boutasknit et  al., 2020b). 
While plants are known to establish symbiotic relationships and 
the role of microorganisms in managing (a)biotic stresses is gaining 
importance, our understanding of those relationships under a 
stressful environment is rudimentary. Recent research has suggested 
that AMF should be  combined with organic amendments to 
increase soil fertility (Anli et  al., 2020a; Ben-Laouane et  al., 2020; 
Boutasknit et  al., 2020a, 2021a; Renaut et  al., 2020). Organic 
compost is increasingly (re)used in (modern) agriculture as a 
mulch to provide surface protection and it also seems to be beneficial 
for field crops as an alternative to chemical fertilizer overuse 
(Raklami et  al., 2019b). It is applied to increase plant and soil 
health, reduce nutrient losses by volatilization or leaching, prevent 
soil erosion, and improve soil water retention, soil carbon content, 
and the long-term fertility of agricultural soils. Many stormwater 
manuals continue to recommend compost as an organic matter 
source in bioretention soils (PGC, 2014; VTSM, 2017). Quality 
green composts can provide nutrients and improve physical soil 
conditions for plant growth (Cogger, 2005). Such composts contain 
important concentrations of nitrogen (N), phosphorus (P), and 
potassium (K+) as well as a wide range of micronutrients, including 
magnesium, copper, and iron (Meddich et  al., 2015).

Our growing understanding of the interconnectedness of 
microbiomes and organic amendment in environmental and 
food systems suggests that soil biofertilizer innovations have 
the potential to improve sustainable food, feed, and biofuel 
production while embracing the principles of circularity. The 
role of organic compounds and microorganisms in plant growth, 
nutrient management, and biocontrol activity is very well 
established. Despite the promise of biofertilizer applications, 
the rush to develop them should be  tempered by the need 
to fully understand the systems in which they function and 

to characterize the biochemical pathways or interactions in 
crop systems. To the best of our knowledge, this is the first 
study to investigate the role of the dual application of AMF 
combined with compost on quinoa plants subjected to drought 
stress under field conditions. Moreover, quinoa seeds have 
potential health benefits and recent food trends and high 
demand have led to the adaptation and commercial production 
of quinoa seeds. Thus, the main objective of this research was 
to assess root reinforcement through a synergistic application 
of multiple soil biofertilizers (integrating organic amendments 
and native AMF) to mitigate the adverse effects of drought 
stress on the physiology, growth, yield, grain quality (antioxidant 
potential) of quinoa, and post-harvest agricultural soil fertility 
by regulating soil nutrient status and plant physiological processes. 
We hypothesized that “manipulating”/shaping the below-ground 
conditions in which plants grow could ultimately be beneficial. 
This study provides evidence toward selecting assemblages 
adapted to abiotic stress, improving resistance against stressors 
to promote the health and drought tolerance of plants.

MATERIALS AND METHODS

Growth Conditions of Plants in the Field, 
Biofertilizer Material, and Collection of 
Vegetal Samples
Quinoa (Chenopodium quinoa Willd.) cv. Titicaca has been 
used in this study based on its high nutritional value, early-
maturity standard, top performance, and extensive cultivation 
(high potential of adaptation in the poor organic/mineral 
matters) in the Andean states, Sahel, the Middle East, and 
North African regions (Alvar-Beltrán et  al., 2020; Miller et  al., 
2021; Fghire et  al., 2022). Quinoa seeds were surface sterilized 
with sodium hypochlorite solution containing 0.02% Tween 
20 for 10 min. After successive washings in sterile water, the 
seeds were placed on 1% agar plates containing 1/2 Murashige 
and Skoog (1/2 MS) medium and incubated in dark conditions 
at 30°C for 3 days. The uniform looking seedlings were 
transplanted in the field at a spacing of 20 cm (same row) × 
80 cm (between rows) at Saada fields, Marrakesh, Morocco 
(31°37′39.9″ N and 08°07′46.7″ W), during February–June 2020. 
The climate of this location is semi-arid, with an average annual 
temperature of 19.6°C and an average annual rainfall of 250 mm 
(from September to June). Meteorological data (minimum and 
maximum temperature, minimum and maximum relative 
humidity, wind speed, solar radiation, and rainfall) were measured 
by iMETOS® ag weather stations installed in the field and 
presented in Supplementary Figure S1.

The fields have never been treated before with chemical 
fertilizers or other organic fertilizers. The physicochemical 
characteristics of the agricultural soil are reported in Table  1. 
All agronomic practices were performed uniformly for the quinoa 
plants, following the local cultural practices. We  number the 
weeks according to the plants growing dates. Week 0 coincides 
with seedling emergence. Plants were subjected to two water 
regimes: 100% field capacity (FC; WW; well-watered regularly 
at 8 l/h) and 50% FC (DS; drought stress ca. 4 l/h) conditions 
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applied from week 1 until harvest. The field plots were irrigated 
at five-day intervals using drip irrigation system lines, with 
appropriate internal drippers, placed on the soil surface of each 
furrow. The WW plots received 100% FC of the weekly calculated 
crop evapotranspiration for the 5 days before each irrigation. Crop 
evapotranspiration was determined according to Xu et  al. (2018) 
using potential evapotranspiration multiplied by the crop coefficient, 
which was adjusted according to crop growth stage.

We extracted and isolated an indigenous consortium of AMF 
isolated from the Tafilalet palm grove located 500 km southeast 
of Marrakesh (Morocco) and containing a mixture of 15 species: 
Acaulospora delicata, A. leavis, Acaulospora sp., Claroideoglomus 
claroideum, Glomus aggregatum, G. claroides, G. clarum, 
G. deserticola, G. heterosporum, G. macrocarpum, G. microcarpum, 
G. versiforme, Glomus sp., Rhizophagus intraradices, and Pacispora 
boliviana (Meddich et  al., 2015). These species belong to five 
genera: Glomus (60% of the total community), Acaulospora (20%), 
Claroideoglomus, Rhizophagus, and Pacispora (all these three 6.7%). 
The number of AMF spores detected in this inoculum was 47 
spores/100 g of the soil sample. The inoculum was enriched in 
propagules by co-cultivation with Zea mays L. as the host plant 
under controlled greenhouse conditions. Corn roots containing 
hyphae, vesicles, and spores were harvested, cut into small pieces 
and used as the inoculum. Inoculation of quinoa plants was 
performed by adding 2 g (/plant) of the inoculum (roots and 
substrate containing spores) to the quinoa root system. 
Non-mycorrhizal (NM) treatments received an equal quantity of 
both non-inoculated (and non-mycorrhizal) Z. mays roots to 
match “organic matter” in the pots and filtered inoculum in an 
attempt to restore other soil free-living microorganisms 
accompanying the AMF. The filtrate for each pot was obtained 
by passing the mycorrhizal inoculum in 20 ml of distilled water 
through a layer of 15- to 20-mm filter papers (Whatman, GE 
Healthcare, Buckinghamshire, United  Kingdom).

The compost used in this study was prepared from green 
waste (quack grass) as described by Meddich et  al. (2016). 

The physicochemical properties of the compost are presented 
in Table  1. The compost was applied to the corresponding 
plot at a rate of 1.2 Kg/plot (10 t/ha).

Each water regime (WW or DS) comprised four treatments: 
(1) Control: non-inoculated and non-amended, (2) AMF: 
seedlings inoculated with the indigenous AMF consortium, 
(3) Comp: seedlings amended with compost, and (4) 
AMF + Comp: joint application of AMF and Comp. The 
experimental design was carried out as a split-plot based on 
a randomized complete block design with three replications. 
The fields were divided into 24 plots, 0.8 m wide separated 
from each other by 0.5 m; of six rows each (∼ 60 plants per 
plot). Each plot was randomly assigned a watering regime 
(WW or DS) comprising biofertilizers (or not) treatments, with 
three replicates, for a total of 24 (2×4×3).

Harvesting, Plant Growth, and Yield 
Parameters
After 4 months of cultivation, at the harvest time and within 
each plot, individual plant samples were manually collected at 
the same time of the day (10 am to 1 pm). Ten representative 
plant samples from each plot were collected. Roots were collected 
using a shovel from 30 cm depth of each plant’s system, avoiding 
brace roots, cutting using garden shears, and kept into an aluminum 
foil bag and then pooled. Roots were vortexed for 2 min in 
epiphyte removal buffer to remove rhizosphere soil, rinsed twice 
in root washing buffer, gently wiped, and placed in aluminum 
foil bags for the subsequent analyses.

The growth performance of quinoa plants was assessed by 
measuring the seed yield, shoot height (SH), root elongation 
(RE), biomass production (PDM; plant dry matter), and seeds 
dry matter (SDM). DM was obtained after drying samples at 
80°C until the weight remained constant. Seed samples were 
cleaned and stored (4°C) for subsequent analyses. The tolerance 
index (TI) was calculated using the DMs according to the methods 
described by Parvez et  al. (2020) using the following formula:

	
Tolerance index TI

DM

DM

stressed plants

well watered

� � � � � �
�
�

�
�

%

��
��100

Mycorrhization Assessement
The harvested roots were washed with distilled water and 
cleared with 10% KOH at 90°C for 30 min. Then, they were 
rewashed and acidified with 2% HCl for 10 min and stained 
with Trypan blue at 90°C for 20 min, according to Phillips 
and Hayman (1970). Root fragments of 1 cm long were observed 
in the glycerol droplet. The microscopic assessment of mycorrhizal 
root colonization rates (F %: frequency and I  %: intensity) 
was performed according to the method of Derkowska et  al. 
(2008) using 20 randomly selected root fragments repeated 
five times for each sample.

	

Mycorrhizal frequency F Infected root segments
Total ro

� � � � �%
oots segments

�

�
�

�

�
��100

TABLE 1  |  Physicochemical parameters of agricultural soil and compost used.

Soil Compost

Sand (%)

Clay (%)

Loam (%)

52

24

24
pH 7.90 ± 0.07 7.74 ± 0.01
EC (mS cm−2) 1.70 ± 0.60 5.46 ± 0.20
TKN (%) 0.15 ± 0.01 1.32 ± 0.01

+NH4  (%) _ 0.09 ± 0.01
NO3

− (%) _ 0.31 ± 0.01
TOC (%) 1.30 ± 0.30 5.72 ± 0.45
OM (%) 2.24 ± 0.50 9.86 ± 0.78
C/N _ 7.49 ± 0.00

+NH4 / −NO3 _ 0.29 ± 0.00
Polsen (ppm) 31.00 ± 2.00 489.95 ± 20.3
Na+ (mg g−1) 1.24 ± 0.08 2.11 ± 0.05
K+ (mg g−1) 1.43 ± 0.01 5.59 ± 0.15
Ca2+ (mg g−1) 17.77 ± 2.03 37.38 ± 1.84

EC, electrical conductivity; TKN, total Kjeldahl nitrogen; TOC, total organic carbon; OM, 
organic matter; C/N, carbon-to-nitrogen ratio; and P, phosphorus. Values represent the 
mean ± standard deviation (SD).
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Mycorrhizal intensity I

n n n n n
Total r
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95 5 70 4 30 3 5 2 1

ooots segments

Where n represents fragments with an index of 0, 1, 2, 3, 
4, or 5 with the following infection rates: 100 > n5 > 90; 90 > n4 > 50; 
50 > n3 > 10; 10 > n2 > 1; and 1 > n1 > 0.

Grain Mineral Composition Analysis
Mineral concentrations (K, Ca, and Na) in grain were determined 
after digestion using ICP/OES Ultima Expert (inductively coupled 
plasma/optical emission spectrometry, iCAP 6500 Duo, Horiba 
Inc., Burlington, ON, Canada). The total phosphorus in grains 
was determined according to the method described by Olsen 
and Sommers (1982).

Measurement of Chlorophyll and 
Carotenoids Concentration
The concentration of chlorophyll a, b, total chlorophyll, and 
carotenoids was determined using the method of Lichtenthaler 
(1987). Leaf tissue (100 mg) was homogenized in 80% pre-chilled 
acetone. After centrifugation at 10,000  × g for 10 min, the 
supernatants were pooled and the absorbance of the extract 
was read at 480, 645, and 663 nm using a UV/visible 
spectrophotometer (UV-3100 PC spectrophotometer).

Total Soluble Sugars and Protein 
Quantification
The quantity of total soluble sugars (TSS) content was determined 
according to Kochert (1978) in 0.25 ml of the supernatant 
mixed with 0.25 ml of phenol and 1.25 ml of sulfuric acid. 
After 15 min, TSS content was determined by measuring the 
absorbance at 485 nm and calculated using the standard 
glucose curve.

Total soluble proteins were determined according to the 
technique described by Bradford (1976). Samples (1 g) were 
homogenized with 4 ml of 1 M phosphate buffer (pH 7.2) and 
then centrifuged at 18,000 x g for 15 min at 4°C. The absorbance 
was read at 595 nm.

Stress Indicators (Malondialdehyde and 
Hydrogen Peroxide) Determination
Hydrogen peroxide (H2O2) concentration in seeds and leaves 
was determined by the method described by Velikova et  al. 
(2000). Briefly, samples were homogenized with 5 ml 10% (w/v). 
Trichloroacetic acid (TCA) in an ice bath and then centrifuged 
at 12,000 × g for 10 min at 4°C. The supernatant (0.5 ml) was 
recovered to determine the content of H2O2 and 0.5 ml of 
potassium phosphate buffer (10 mM, pH 7) and 1 ml of iodic 
potassium (1 M) was added. After 1 h of incubation, the 
absorbance at 390 nm was recorded and plotted against a 
standard H2O2 curve. The blank was made by replacing the 
sample extract with 10% TCA.

Lipid peroxidation as malondialdehyde (MDA) equivalent 
was evaluated in seeds and leaves tissues. MDA content was 
estimated by seed samples (0.1 g) in 3 ml of 0.1% (w/v) TCA 

and centrifuged at 18,000 × g for 10 min as described by Rao 
and Sresty (2000). Supernatant was mixed with 3 ml of 0.1% 
TCA containing 0.5% (w/v) thiobarbituric acid (TBA). The 
mixture was then heated in a water bath at 100°C for 30 min 
and immediately cooled in an ice bath. The absorbance was 
read at 440, 532, and 600 nm. The concentration of MDA 
(nmol g−1 DW) was calculated by using the extinction coefficient 
of 155 mM cm−1, and the results were expressed as nmol MDA 
equivalents per grams.

Preparation of Methanolic Extracts
Two grams of ground quinoa seeds was mixed with 50 ml of 
80% (v/v) methanol at room temperature with frequent agitation. 
The mixtures were then left in a shaking incubator prior to 
filtration (Buckner funnel and Whatman No. 1) for 24 h and 
were then centrifuged at 3,500 × g for 10 min at 5°C. The 
clarified extract was collected and then evaporated to dryness 
using a rotary evaporator at 40°C. Finally, the extract was 
reconstituted in sterile distilled water, freeze-dried, and stored 
at 4°C in an airtight container until further use.

Determination of Total Phenols and 
Flavonoids Content and 
1,1-Diphenyl-2-Picrylhydrazyl Radical 
Scavenging Assay in Quinoa Grain
The total phenolic content (TPC) was measured using the 
Singleton et  al. (1999) assay with slight modifications. To 
determine the total flavonoids, gallic acid standard was used 
to prepare the calibration curve. Briefly, a 250 μl aliquot of 
appropriately diluted methanolic extract solution (with distilled 
water) was placed in a test tube, to which 2.5 ml of 1 N Folin–
Ciocalteu reagent solution was added. The mixture was incubated 
at room temperature for 3 min. Then, 250 μl of 10% sodium 
carbonate (Na2CO3) solution was added and kept in a dark 
place for 90 min. The absorbance of the extract solution and 
different concentrations of quercetin standard was measured 
at 760 nm. The TPC was calculated using an established formula 
and was expressed as milligrams of gallic acid equivalents 
(GAE) per g of quinoa sample DM (mg GAE/g DM).

The total flavonoids content (TFC) was determined using 
the colorimetric method described by Li et  al. (2006). A 
quercetin standard was used to prepare the calibration standard 
curve to determine the TFC. A 0.5 ml aliquot of appropriately 
diluted methanol extract solution was taken in a test tube, to 
which 0.3 ml of 5% sodium nitrate solution was added. The 
mixture was kept at room temperature for 5 min. Then, 0.3 ml 
of 10% aluminum nitrate was added to each test tube, kept 
in a dark place for 6 min, and the reaction was stopped by 
adding 2 ml of 1 M sodium hydroxide. The absorbance of the 
extract solution and different concentrations of quercetin standard 
were measured at 510 nm. The standard calibration curve was 
prepared by plotting the concentration vs quercetin absorbance. 
Finally, The TFC was calculated using an established formula 
and was expressed as mg of quercetin equivalents.

The free radical scavenging activity of the quinoa seeds was 
assessed using the modified 1,1-diphenyl-2-picrylhydrazyl (DPPH) 

720

https://www.frontiersin.org/journals/plant-science
www.frontiersin.org
https://www.frontiersin.org/journals/plant-science#articles


Toubali et al.	 Biostimulants Improve Field-Droughted Quinoa Performance

Frontiers in Plant Science | www.frontiersin.org	 6	 March 2022 | Volume 13 | Article 860484

radical scavenging assays of Athamena et  al. (2010). A 50 μl 
aliquot of appropriately diluted methanol extract solution was 
placed in a test tube, to which 2 ml of freshly prepared 0.1 mM 
DPPH methanol solution was added. An equal amount of methanol 
was used as a control. After vigorously shaken incubation for 
20 min in a dark place at room temperature, the absorbance of 
the extract solution and different concentrations of ascorbic acid 
standard were measured at 517 nm. The scavenging activity was 
calculated using the following formula:

	
DPPH radical scavenging

A A

A

control sample

control

%� � � ��
�
�

�
�
��1100

The IC50 (half-maximal inhibitory concentration) value was 
also calculated for the dose inhibition curve in linear range 
by plotting the extract concentration vs. the corresponding 
scavenging effect.

Antioxidant Enzymes Activities of Quinoa
Ground samples (100 mg) were mixed with 4 ml of 0.1 M sodium 
phosphate buffer (pH 7) containing 5% insoluble 
polyvinylpyrrolidone (PVPP) and 0.1 mM ethylene diamine 
tetraacetic acid (EDTA). The homogenate was centrifuged at 
18,000 × g for 10 min at 4°C, and the supernatant was collected 
and used to measure antioxidant enzymes activities. Total 
soluble proteins were determined according to the technique 
described by Bradford (1976).

Superoxide dismutase (SOD, EC1.15.1.1) activity was assayed 
using the method of Beyer and Fridovich (1987). One unit of 
SOD activity was defined as the amount of enzyme leading to 
50% inhibition of nitro blue tetrazolium (NBT) reduction at 
25°C. The SOD activity was expressed at unit mg protein−1 min−1.

Ascorbate peroxidase (APX, EC1.11.1.11) activity was measured 
according to the method of Amako et al. (1994). APX was assayed 
as a decrease in absorbance at 290 nm for 1 min. The assay 
mixture contained 100 μl of extract sample, 50 mM potassium 
phosphate buffer (pH 7.6) including 0.2 mM EDTA, 100 μM H2O2, 
and 0.5 mM ascorbate. The reaction was initiated by adding the 
enzyme extract, and the decrease in absorbance was recorded. 
One enzyme unit was defined as μmol mg−1 protein oxidized 
ascorbate per min.

Peroxidase (POX, EC 1.11.1.7) activity was measured using 
the guaiacol test by monitoring the change of absorbance at 
470 nm. The activity was assayed for 3 min in a reaction solution 
containing 3 ml of 1 M potassium phosphate buffer (pH 7.0), 
20 mM guaiacol, 40 mM H2O2, and 0.1 ml enzyme extract in 
a 3 ml volume (Polle et al., 1994). POX activity was determined 
by its ability to convert guaiacol to tetraguaiacol 
(ε = 26.6 mM−1  cm−1). One unit of POX activity was defined 
as an absorbance change of 0.01 unit min−1.

Polyphenol oxidase (PPO, EC 1.14.18.1) activity was estimated 
by the method of Hori et al. (1997). The assay solution contained 
20 mM catechol in 0.1 M phosphate buffer (pH 7). The reaction 
was started by adding 100 ml of the enzymatic extract. PPO 
activity was expressed in enzyme unit mg−1 protein. One unit 
of PPO activity was defined as the amount of enzyme causing 
an increase in the absorbance of 0.001/min at 420 nm.

Soil Analyses
The physicochemical properties of agricultural field soil were 
analyzed at plant harvest on samples taken near the roots to 
assess the effect of compost and/or AMF applied alone or in 
combination with soil fertility. Five homogeneous rhizospheric 
soil samples at a 0–20 cm depth were collected for each treatment. 
The samples were dried and sieved to measure the pH, electrical 
conductivity (EC), total organic carbon (TOC), organic matter 
(OM), and assimilable phosphorus (AP). The pH and EC were 
measured in a diluted soil suspension 1/5 (v/v) using a pH 
meter HI 9025 and a conductivity meter HI-9033 (Hanna 
Instruments, Padua, Italy), respectively. Total TOC and OM were 
measured according to the method described by Aubert (1978), 
which consists of the oxidation of organic matter by potassium 
dichromate in the presence of sulfuric acid. The AP concentration 
was determined according to Olsen and Sommers (1982).

Statistical Analysis
Statistical analysis was carried out with the software package 
CoStat version 6.400 (CoHort Software). Data were analyzed by 
employing a three-way multivariate analysis of variance (MANOVA) 
followed by the Student–Newman–Keuls test using a significance 
level of 5% (p ≤ 0.05). The normality of residuals was tested using 
the Shapiro–Wilk test. Mycorrhizal root colonization rates were 
arcsin-square root transformed to fit the assumption of normal 
distribution. Different lower cases indicate significant differences 
among treatments at p ≤ 0.05. In order to integrate all the data, 
a complete dataset comprising all growth, physiological, and 
biochemical data was subjected to Principal Components Analysis 
(PCA). The PCA was performed using XLSTAT v. 2016 (Addinsoft, 
NY, United States). Initially, index values for each treatment were 
calculated by assessing the response of drought stress compared 
to its control value. The responses of all the traits under each 
treatment were combined and used as index values for PCA 
analysis. These index values were used to identify the correlation 
of response variable vectors and treatments across the ordination 
space. Percentage contributions of principal component (PC) 
variables are shown in Supplementary Table S2. The heatmap 
was performed using the software GraphPad® Prism v9.0 GraphPad 
(San Diego, CA, United  States). Data are presented as 
mean ± standard error (SE) of three independent biological replicates.

RESULTS AND DISCUSSION

Drought remains one of the most damaging environmental 
stresses limiting crop production worldwide. Increasing food 
supply significantly in an unstable environment in the required 
timeframe is time-consuming. Hence, it is essential to find 
eco-friendly strategies that allow plants to withstand drought, 
focus on biomass and functionality, ensure food security, and 
mitigate the damage occurring in drought-prone areas. To our 
knowledge, this is the first study to summarize the extent to 
which the effect of single and multiple combinations of 
endogenous AMF and/or compost-based amendments are crucial 
to improve the fitness and health of quinoa—an immense 
industrial crop—under field drought conditions. Therefore, this 
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method could be  used for designing a functionally reliable 
system which could be  termed “plant probiotics.”

Effect of Drought Stress and Biofertilizers 
on the Root, Plant Growth, and Yield
The AMF infection frequency and intensity were estimated in the 
root system of quinoa plants (Figure  1). Under field conditions, 
the non-inoculated plants exhibited mycorrhizal infections with or 
without stress. The addition of AMF alone successfully infected 
quinoa roots and showed the highest root mycorrhizal frequency 
(57%) and intensity (44%) regardless of the water regime. The 
application of drought stress significantly (p < 0.001, Supplementary  
Table S1) reduced mycorrhizal frequency and intensity in all the 
treatments. The negative effect of drought on the AMF colonization 
of quinoa plants is in line with several studies showing that 
mycorrhizal infection decreased in drought-treated host plants 
(Baslam and Goicoechea, 2012; Meddich et  al., 2015; Anli et  al., 
2020a). Drought induces inhibition of AMF spore germination 
and hyphal growth, thereby decreasing mycorrhizal colonization 
(Rydlová and Püschel, 2020). In addition, soil moisture plays a 

vital role in spore germination and/or development (Püschel et al., 
2021). The supply of compost significantly (p < 0.001, 
Supplementary Table S1) decreased mycorrhizal frequency by 
ca. 40 and 30% and intensity by ca. 50 and 30% in AMF-inoculated 
plants under non-stressed and stressed conditions, respectively. 
The application of organic amendments including compost and 
mineral nutrients may reduce AMF root colonization and activity 
owing to the release of mineralized P in the soil and/or diffusion 
of decomposition products, which reduces the establishment and 
maintenance of the symbioses (Gryndler et al., 2008; Baslam et al., 
2011). Other studies, in contrast, have revealed that compost 
application could have a positive effect on AMF growth and 
sporulation (Cavagnaro et  al., 2015; Anli et  al., 2020a,b). There 
may be several reasons for this favorable effect of compost on AMF; 
N- and humic acid-rich compost (Gryndler et al., 2009), moderate 
level of soil assimilable P (Yang et al., 2017), and/or compost with 
no AM  fungal spores that could outcompete the native microbial 
community once the compost is applied to the soil (Yang et al., 2018).

Several studies have been conducted which demonstrate the 
beneficial effects of AMF and/or compost on plant performance. 

A

B

FIGURE 1  |  Effects of water regimes (WW; well-watered or DS: drought stress) on AMF infection (A) frequency and (B) intensity of non-amended and non-
inoculated quinoa (control) and quinoa inoculated with arbuscular mycorrhizal fungi (AMF) and/or amended with compost (Comp). Data are mean ± SD. Means 
followed by the same letters are not significantly different at p < 0.05.
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Here, we  also showed that mycorrhizal symbiosis in the presence 
or absence of compost improved quinoa biomass and grain quality. 
In addition to the lower AMF colonization levels under drought 
stress, we  observed higher growth traits in the treated plants 
relative to those in the control non-amended and non-inoculated 
plants. These results indicate that compost supply and AMF 
colonization improved the growth of treated plants. Drought stress 
jeopardizes plant growth and causes a series of physiological, 
biochemical, and molecular changes. A large number of studies 
have reported that biofertilizers enhance the ability of plants to 
tolerate drought stress through multiple mechanisms in leaves 
and below-ground, including soil structure improvement, increased 
formation of soil aggregates, and increases in soil nutrient and 
moisture retention. Plant nutrient and water absorption have been 
found to be  accelerated due to the vast networks of extraradical 
mycelium, plant photosynthetic, and defense mechanisms which 
alleviate harmful reactive oxygen species (ROS) effects have been 
found to be improved and increases in the expression of drought-
resistance genes have been observed (Mo et  al., 2016). Here, 
we were interested in determining whether biofertilizer application 
would improve quinoa grain traits under drought stress.

The deleterious effect of water stress was observed on all 
growth parameters (shoot height, root elongation, and plant and 
grain dry weights) and quinoa yield cultivated under field conditions 
(Table  2). The results revealed that the growth traits and yield 
of plants were significantly (p < 0.001, Supplementary Table S1) 
reduced under water scarcity. However, biofertilizer application 
mitigated the negative effect of water deficit and improved the 
growth of quinoa as compared to the controls. The application 
of compost and AMF, separately or in combination, significantly 
increased plant biomass under stressed and non-stressed conditions 
compared to non-inoculated and non-amended plants. In fact, 
the highest plant growth values were obtained when the compost 
was combined with AMF (AMF + Comp). Under DS conditions, 
the AMF + Comp treatment increased plant dry weight (ca. 200%), 
grain dry weight (ca. 100%), shoot height (ca. 70%), root elongation 
(32%), and yield (ca. 100%) in comparison with stressed 
control plants.

The tolerance index data revealed that the quinoa variety 
used (Titicaca) was highly tolerant of water deficit (76%; 

Table  2). Our results are in agreement with previous reports 
(Finlay, 2008; Anli et al., 2020a), showing that AMF inoculation 
combined with compost application yielded the highest values 
of plant growth parameters. The beneficial effect of mycorrhizal 
symbiosis and compost application on the growth of quinoa 
under drought could be  explained by the greater uptake of 
low mobility nutrients, such as P and N contained in the 
substrate. Several studies have indicated that compost, AMF, 
and PGPR improve plant growth through the assimilation of 
immobile soil nutrients such as N and P (Tanwar et  al., 2013; 
Baslam et  al., 2014; Abdel Latef et  al., 2016; Al-Karaki, 2016; 
Barje et  al., 2016; Frosi et  al., 2016; Yang et  al., 2018; Raklami 
et al., 2019a; Anli et al., 2021). Previous reports have demonstrated 
that crops inoculated with AMF accumulated more N and P 
in leaves than non-mycorrhizal plants when subjected to drought 
stress (Meddich et  al., 2015). Nadeem et  al. (2014) showed 
that AMF could regulate mineral nutrition by solubilizing soil 
nutrients and producing plant growth regulators (i.e., hormones). 
This improvement in growth traits could also be  due to the 
growth-promoting mechanisms employed by AMF through the 
production of phytohormones and the solubilization of minerals 
(Finlay, 2008). In addition, compost is used as a soil amendment 
in agriculture to improve organic C supply and increase the 
storage capacity of water and nutrients in the soil, resulting 
in a higher photosynthesis rate, growth, and plant stress tolerance 
(Anli et  al., 2020a; Boutasknit et  al., 2021b). In this study, 
growth improvement was accompanied by better quantitative 
productivity. The significant boost in yield was observed in 
plants inoculated with AMF and amended with compost.

Biofertilizers Enhanced Nutrient Uptake 
and the Concentration of Nutrients in 
Quinoa Grains
Cereal crops such as quinoa provide key nutritional elements 
to the human diet. However, abiotic stresses can negatively impact 
the concentration and distribution of nutrients in cereal grains. 
Indeed, P, K+, and Ca2+ contents were significantly (p < 0.001, 
Supplementary Table S1) decreased under water-deficit conditions. 
In contrast, Na+ uptake was significantly (p < 0.001, 
Supplementary Table S1) higher in stressed plants). Elemental 

TABLE 2  |  Growth performance, yield, and tolerance index of non-amended and non-inoculated quinoa (control), and quinoa inoculated with arbuscular mycorrhizal 
fungi (AMF) and/or amended with compost (Comp) subjected to different water regimes (WW; well-watered or DS: drought stress).

Shoot height Root elongation Plant dry weight Grain dry weight Yield

(cm) (cm) (g/plant) (g/plant) (tons/ha)

WW

Control 97.3 ± 2.5c 44.2 ± 0.7de 5.7 ± 0.2e 15.6 ± 0.7d 3.9 ± 0.2d

AMF 116.7 ± 2.9b 53.7 ± 1.5b 18.0 ± 1.3b 24.0 ± 1.0b 6.0 ± 0.3b

Comp 110.3 ± 0.6b 43.3 ± 1.4e 14.9 ± 0.6c 21.5 ± 0.5c 5.4 ± 0.1
AMF + Comp 123.3 ± 3.0a 57.3 ± 1.4a 21.6 ± 0.5a 32.0 ± 2.6a 8.0 ± 0.7a

DS

Control 77.3 ± 2.9d 35.5 ± 0.9g 4.4 ± 0.4f 7.9 ± 1.4f 1.9 ± 0.3f

AMF 112.0 ± 1.7b 45.9 ± 1.9cd 9.5 ± 0.5d 15.0 ± 1.0d 3.8 ± 0.2d

Comp 108.0 ± 7.2b 39.2 ± 0.8f 7.1 ± 0.3e 12.0 ± 1.0e 3.0 ± 0.2e

AMF + Comp 110.0 ± 4.6b 47.2 ± 0.7c 9.7 ± 0.8d 15.6 ± 0.5d 3.9 ± 0.1d

Tolerance index (%)
76.72 ± 5.1

Values represent the mean ± standard deviation (SD; n = 3). Means followed by the same letters are not significantly different (p ≤ 0.05).
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concentrations, particularly macronutrients, were greater in 
biofertilizer-treated quinoa grain than in untreated plants (Table 3). 
Under water-deficiency conditions, the dual application of AMF 
and compost showed the most significant increase in P, K+, and 
Ca2+ nutrients and a maximum decrease in Na+ (74%) content 
as compared to control plants under the same condition. This 
was followed by the application of AMF alone, which registered 
a significant increase in P and Ca2+ uptake. Cakmak reported 
that biofortification of cereals by using breeding or fertilizer 
techniques is considered a viable way to increase the concentrations 
of essential nutrients in the grain (Cakmak, 2008). Several studies 
showed that AMF inoculation affects the yield and nutrition of 
crops (i.e., bread and durum wheat, barley, sorghum, legume, 
and other food crops; Lehmann et  al., 2014; Watts-Williams and 
Cavagnaro, 2014; Lehmann and Rillig, 2015), which has led to 
AMF being proposed as one part of the solution to food security 
(Thirkell et  al., 2017), but there has been little focus on the 
effects on the grain. In our study, the highest elemental 
macronutrients in quinoa grain in decreasing order were P, K, 
and Ca. Phosphorus element plays critical roles in plant function, 
as it is a building block of nucleic acids and phospholipids. Our 
data showed that AMF-colonizing quinoa root systems 
supplemented with compost increased the P concentration by 
ca. 10× compared to untreated plants under both WW and DS 
conditions. Mycorrhizae are beneficial particularly for P nutrition 
since the influx of P in mycorrhizal roots can be  3–5× higher 
than the P influx in non-mycorrhizal roots (Smith and Read, 
2008). This nutrient uptake is generally improved in AMF-treated 
plants (Smith and Smith, 2011) and is more important when 
different fungi colonize plant roots. Tian et  al. (2013) reported 
that different AMF species act differently in terms of growth, 
P uptake, and P transporter gene expression in maize and that 
simultaneous root colonization with these species induces the 
greatest expression of P transporters. Watts-Williams and Gilbert 
(2021) showed higher macronutrient P, Mg, K, and S, and 
micronutrient Zn concentrations in mycorrhizal barley grain than 
in the mock-inoculated plants.

Furthermore, several studies have indicated that compost and 
AMF improve plant growth by absorbing immobile soil nutrients 
such as N and P (Baslam et  al., 2014; Al-Karaki, 2016; Barje 
et al., 2016; Frosi et al., 2016; Raklami et al., 2019b). Colonization 

by AMF results in the establishment of extensive hyphal networks 
and the secretion of glomalin, supplying plants with water and 
nutrients (P, N, K+, Ca2+, and Zn), which improves soil structure 
and hence productivity (Ben-Laouane et al., 2020). AMF extraradical 
hyphae can spread ~12 cm further beyond the root system, thus 
providing a greatly enhanced absorption area over roots, allowing 
plants to absorb root-inaccessible mineral nutrients (Bonfante 
and Anca, 2009; Kiers et  al., 2011). Li et  al. (1991) revealed that 
>75% of P acquired by mycorrhizal plants could be  attributed 
to these extraradical hyphae. In addition, AMF modify root system 
elements, including morphology and diameter, and promote the 
development of a dense root system which improves plant 
functioning (Elsen et  al., 2003). Under water-deficit conditions, 
plants improve in root fineness, root-shoot ratio, root number, 
and root hair length to mitigate the deleterious effects. Our data 
may suggest a modification in AMF-induced root morphology 
resulting in improved uptake, as observed, of mineral elements, 
including P, K, and Ca. The addition of compost to low OM 
soil can provide essential nutrients for plant growth and development 
and promote the plant’s biological activity, which can further 
sustain the slow release of nutrients from the organic amendment 
(Scotti et  al., 2015). The societal implications of these results are 
that from a human nutrition perspective (bioavailability), quinoa 
plants treated with AMF provide a more nutrient-rich grain, 
thus contributing to greater nutrition for consumers.

Biofertilizers Restore Abnormalities in 
Photosynthetic Machinery and Metabolite 
Content in Quinoa Grown Under 
Droughted-Field Conditions
The grain yield of cereals is determined by the synergistic 
interaction between source activity and sink (developing grains) 
capacity. A strong source with sufficient reserves is necessary 
for grain filling, and a high sink capability promotes reserve 
remobilization from the source to the sink (Camargo et  al., 
2016). We  evaluated the protective role of compost-derived 
and rhizosphere-enriched AMF isolates application on 
chlorophylls as the major pigment used in photosynthesis under 
normal and drought conditions. Our results showed that 
concentration of Chl a, b, and total Chl significantly (p < 0.001; 
Supplementary Table S1) decreased under DS conditions 

TABLE 3  |  Seeds mineral composition of non-amended and non-inoculated quinoa (control) and quinoa inoculated with arbuscular mycorrhizal fungi (AMF) and/or 
amended with compost (Comp) subjected to different water regimes (WW; well-watered or DS: drought stress) after 4 months of cultivation.

Na+ Ca2+ K+ P

(mg/g DM) (mg/g DM) (mg/g DM) (mg/g DM)

WW

Control 0.46 ± 0.001e 7.59 ± 0.03c 3.90 ± 0.50g 0.02 ± 0.002e

AMF 0.46 ± 0.001f 9.65 ± 0.07a 11.47 ± 0.42c 0.32 ± 0.007a

Comp 0.39 ± 0.001g 9.01 ± 0.02b 11.54 ± 0.24b 0.03 ± 0.005de

AMF + Comp 0.28 ± 0.001h 9.45 ± 0.05a 13.60 ± 0.45a 0.22 ± 0.012b

DS

Control 1.61 ± 0.010a 6.35 ± 0.09f 2.31 ± 0.74h 0.01 ± 0.001f

AMF 1.09 ± 0.001c 6.71 ± 0.01d 6.67 ± 0.01f 0.04 ± 0.003d

Comp 1.14 ± 0.001b 6.46 ± 0.02e 6.71 ± 0.24e 0.02 ± 0.001de

AMF + Comp 0.92 ± 0.001d 7.61 ± 0.01c 7.17 ± 0.18d 0.10 ± 0.001c

Na+, sodium; Ca2+, calcium: K+, potassium; and P, phosphorus; Values represent the mean ± standard deviation (SD; n = 3). Means followed by the same letters are not significantly 
different (p ≤ 0.05).
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(Table  4). One of the most important responses of plants to 
drought stress is the decline in concentrations of photosynthetic 
pigments, which may be  due to a decrease in the protein, N, 
and Mg concentrations observed in the present study. A reduction 
in the chlorophyll content under water deficit suggests a 
breakdown of the chlorophyll structure and mechanisms of 
chloroplast dismantling (Rangani et  al., 2016). Both Chl 
biosynthesis and degradation are linked with photosystem (PS) 
assembly and disassembly because Chl molecules are intimately 
integrated within PS subunits. The PS II light collection system 
in plants consists of several chlorophyll-binding proteins that 
perform essential functions, including the efficient collection 
of light energy for photosynthesis (Rangani et  al., 2016). 
Concentrations of chlorophylls decreased in untreated and 
treated plants when subjected to drought. Concentrations of 
all pigments were significantly higher in treated plants than 
untreated plants. Applying biofertilizers induced a significant 
increase in the photosynthetic pigments as compared with 
non-inoculated with AMF and non-amended with compost. 
Indeed, the AMF and compost bicombination showed the 
highest values of these parameters under WW conditions. 
When water deficit was applied, all the biofertilizer treatments 
could maintain higher chlorophyll content than non-amended 
and non-inoculated control plants. A higher photosynthetic 
pigment under drought stress conditions suggests a better 
performance of the photosynthetic apparatus (Anli et al., 2020a; 
Ben-Laouane et  al., 2020). Similar results were found in maize 
(Quiroga et  al., 2017), quinoa (Ramzani et  al., 2017), and date 
palm (Anli et  al., 2020a). Hashem et  al. (2019) showed that 
organic amendment and AMF mitigated the abiotic stress-
induced decline in photosynthesis by improving chlorophyll 
biosynthesis. Several molecular and biochemical mechanisms 
have been proposed to explain the enhanced performance upon 
drought mediated by AM  symbiosis and/or compost in the 
host plant (Fileccia et  al., 2017; Balestrini et  al., 2020).

Since pseudocereals, including quinoa, are broadleaf plants 
with seeds characterized by excellent nutrient profiles that can 
be  ground into flour, providing a gluten-free alternative to 

regular cereal-based flour; we  next sought to analyze the 
carotenoids—can be  not only provitamin A but also strong 
antioxidants with various health-promoting properties—soluble 
sugars, and proteins in the leaves (source) and seeds (sink). 
Water deficit resulted in a significant decrease in carotenoid 
(32 and 15%), sugar (52 and 33%), and protein (33 and 32%) 
concentrations (p < 0.001; Supplementary Table S1) in quinoa 
grains and leaves, respectively, as compared to non-stressed 
untreated plants (Figure 2). The supply of biofertilizers induced 
a significant increase in these parameters compared to untreated 
plants regardless of the water regime. Under drought stress, 
the most significant increases (220 and 111%) were recorded 
for TSS content in grains and leaves, respectively, in plants 
treated with dual AMF and compost application. Quiroga et al. 
found similar results regarding carotenoid content in maize 
(Quiroga et  al., 2017). The synergistic effect of AMF and 
compost in improving the total content of carotenoids might 
be  due, at least partially, to nutrient availability (Fileccia et  al., 
2017). Tang et  al. (2015, 2016) suggested that quinoa seeds 
consumption over other cereals is a way to increase the intake 
of carotenoids. Copetta et  al. (2011) observed that the use of 
AMF and compost improved the quality of plants by improving 
their organic (sugar and protein) osmolyte composition through 
increasing the photosynthetic machinery. The increase in protein 
and sugar concentration could be  related to the increased 
mineral release from the compost and the improvement of its 
uptake by AMF, resulting in high phytohormone levels, thereby 
boosting the photosynthetic apparatus and source-sink dynamics. 
Previous studies showed that sugar metabolism genes tend to 
be upregulated in plants treated with beneficial microbes under 
abiotic stresses (Ahanger et  al., 2014; Bárzana et  al., 2015). 
Studies have revealed that enhancement of the accumulation 
of osmolytes, including proteins and sugars, is regulated through 
modulations in their assimilatory pathways with up- and 
downregulation of their synthesis and catabolism (Wu et  al., 
2017). Begum et al. (2019) suggested that the AMF inoculation 
of drought-stressed plants may have improved synthesis and 
downregulated the catabolism of osmolytes, resulting in significant 
increases in their accumulation. Ahanger et al. (2018) reported 
that crops exhibiting higher accumulation of osmolytes show 
improved tolerance and growth performance under stress through 
tissue water content and protein structure maintenance and 
functioning. Osmolyte accumulation is considered a ubiquitous 
response for accelerating water uptake under drought conditions, 
and the biofertilizer-mediated enhancement in their accumulation 
shown herein justifies the beneficial role of AMF and compost 
in improving the grain performance of quinoa under water-
deficit conditions. Keunen et  al. (2013) showed that sugars 
are key ROS scavengers and are assumed to regulate the 
interplay between ROS signaling and stress tolerance.

Biofertilizer Application Rescues Oxidative 
Stress Levels and Antioxidative Enzyme 
Activity in Quinoa Grains and Leaves
Drought stress and biofertilizers significantly (p < 0.001, 
Supplementary Table S1) affected MDA and H2O2 concentrations 

TABLE 4  |  Leaf chlorophyll content of non-amended and non-inoculated quinoa 
(control) and quinoa inoculated with arbuscular mycorrhizal fungi (AMF) and/or 
amended with compost (Comp) subjected to different water regimes (WW; well-
watered or DS: drought stress) after 4 months of cultivation.

Chlorophyll a Chlorophyll b Total 
chlorophyll

(mg/g DM) (mg/g DM) (mg/g DM)

WW

Control 5.75 ± 0.09e 0.69 ± 0.05d 6.45 ± 0.03e

AMF 9.03 ± 0.01b 1.61 ± 0.00b 10.65 ± 0.01b

Comp 8.48 ± 0.41c 1.68 ± 0.14a 10.17 ± 0.55c

AMF + Comp 10.84 ± 0.10a 1.83 ± 0.19a 12.68 ± 0.29a

DS

Control 3.87 ± 0.17f 0.54 ± 0.04e 4.41 ± 0.22f

AMF 6.23 ± 0.05d 1.13 ± 0.06c 7.36 ± 0.12d

Comp 6.46 ± 0.10d 1.23 ± 0.12c 7.69 ± 0.02d

AMF + Comp 6.40 ± 0.15d 1.30 ± 0.18c 7.70 ± 0.03c

Values represent the mean ± standard deviation (SD; n = 3). Means followed by the same 
letters are not significantly different (p ≤ 0.05).
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in quinoa leaves and grains (Figure  3). MDA and H2O2 
concentrations were markedly increased in leaves and grains 
in non-treated plants, especially under DS conditions. Drought-
induced oxidative damage resulting from increased ROS, 
including H2O2, leads to lipid peroxidation and membrane 
dysfunction, thus affecting normal cellular functioning. The 
H2O2 generated at various sites in different plant organelles 
may diffuse through membranes, causing damage over long 
distances. Increased membrane damage, lipid peroxidation, in 
crops due to excessive generation of ROS has been well 
documented. Drought influences plant growth transitions by 
causing a surge in H2O2 accumulation and impeding membrane 
integrity (Singh et  al., 2016). Stresses upregulate lipoxygenase 
activity and alter the poly-unsaturated fatty acid composition, 
leading to disruption in membranes’ structural and functional 
integrity (Nahar et al., 2016). Lipid peroxidation levels in leaves 
and grains in the droughted cultures were decreased in the 
presence of AMF and/or compost. Similarly to MDA 
concentrations, H2O2 levels were significantly lower in the 
cultures inoculated with AMF and/or amended with compost 
than in non-AMF and compost-free plants. Quinoa inoculated 
with mixed AMF species and amended with compost, the 
dual combination, showed the lowest oxidative stress values 

in leaves by 72 and 52% and grains by 70 and 50% in MDA 
and H2O2, respectively. These could be  attributed to reducing 
the ROS concentrations to minimal possible levels, thus protecting 
the major metabolic processes. A reduction in oxidative stress 
subsequently decreases the level of lipid peroxidation 
(Schützendübel and Polle, 2002), which is a process in which 
ROS obtain electrons from the lipid bilayer (cell membrane), 
leading to deleterious oxidation of most cell components. 
Maintaining low concentrations of ROS benefits tissues in 
regulating and integrating key developmental events, including 
cell proliferation, signaling, and programmed cell death (Neill 
et  al., 2002; Miller et  al., 2010).

Furthermore, the application of AMF and/or compost decreased 
the activity of the antioxidant enzymes in quinoa grains and 
leaves compared to untreated plants, regardless of the water 
regime applied. This decrease was more noticeable in the combined 
treatment for CAT (50 and 62%) and SOD (both 30%) activities 
in grains and leaves, respectively, under drought stress than in 
untreated plants (Figure  4). In contrast, in untreated quinoa 
plants, SOD, CAT, POX, and PPO activities were significantly 
increased (p < 0.001, Supplementary Table S1) under water shortage 
(Figure  4). The high antioxidant levels in quinoa grains and 
leaves grown in soil non-inoculated with AMF and non-amended 

A D

B E

C F

FIGURE 2  |  Effects of water regimes (WW; well-watered or DS: drought stress) on leaves and seeds (A,D) carotenoids, (B,E) total soluble sugar content, and (C,F) 
protein content of non-amended and non-inoculated quinoa (control), and quinoa inoculated with arbuscular mycorrhizal fungi (AMF) and/or amended with compost 
(Comp). Data are mean ± SD. Means followed by the same letters are not significantly different at p < 0.05.
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by compost, independently of the water regime, may be  linked 
to the damaging effect of the high level of H2O2 and MDA 
content. Several studies have shown increased antioxidant activity 
in drought-stressed plants, which detoxifies ROS damage and 
alleviates oxidative stress (Gill and Tuteja, 2010; Shahid et  al., 
2014; Meddich et  al., 2018). The significant increase in these 
enzymes limits cell damage and improves the antioxidant capacity 
of plants to defend themselves against stress, suggesting that 
AMF symbiosis and/or compost could help quinoa plants reduce 
the oxidative damage in response to water deficiency. Increased 
SOD activity prevents the generation of toxic hydroxyl radicals 
through the Haber-Weiss reaction, which can otherwise induce 
severe damage to the membrane and organelle functioning. CAT 
and peroxidases neutralize cytosolic H2O2 excess, while other 
enzymes, i.e., APX, AsA, and GSH act on the AsA-GSH pathway 
to neutralize plastidial and mitochondrial H2O2. In drought-stressed 
quinoa plants, biofertilizers mediated the upregulation of antioxidant 
functioning and redox homeostasis maintenance more than 
biofertilizer-treated plants under well-watered conditions and were 
thus able to prevent the harmful effects of drought stress to a 
considerable extent.

AMF and Compost Enhance the Bioactive 
Compounds of Quinoa Grains Under 
Droughted-Field Conditions
TPC, TFC, and DPPH were progressively influenced by drought 
stress and biofertilizer application. In this investigation, a significant 
decrease in the TPC (76%) and TFC (70%) under drought stress 
vs WW was observed in quinoa grains. However, the antioxidant 
activity determined by the DPPH radical scavenging activity 

showed a significant increase (42%) in the untreated treatment 
(Figure  5). The application of AMF and compost, separately or 
in combination, increased these parameters significantly more 
than in stressed controls. Indeed, AMF-inoculated quinoa yielded 
the highest TPC improvement (525%) in grains under drought 
stress. It has been reported that AMF symbiosis under drought 
improves non-enzymatic antioxidant activities, which counteracts 
water-deficit effects in other cereals (Bahraminia et  al., 2020). 
Previous studies demonstrated increased phenol and flavonoid 
content as drought severity increased (Gharibi et al., 2016; Siracusa 
et  al., 2017). In plant tissues under control conditions, Robbins 
showed that phenylalanine produced widely dispersed phenolic 
acids, i.e., hydroxycinnamic acids (Robbins, 2003). The most 
common forms of flavonoids are glycoside derivatives, even though 
these compounds occasionally occur as a glycone in plants (Sarker 
and Oba, 2018). Flavonoids represent 60% of total dietary phenolic 
compounds, with the most predominant flavonoids being flavonols 
and the most prevalent naturally occurring flavonols being the 
glycosides of quercetin (Harborne and Williams, 2000). Moreover, 
our observation provides supportive evidence for a similar result 
for cereal grains (Adom and Liu, 2002; Ma et  al., 2016; Kiani 
et  al., 2021). As observed in this study, the induction of the 
synthesis of phenolic compounds by mycorrhization has also 
been shown by Hazzoumi et  al. (2015), thus providing evidence 
of an active secondary metabolism. The increase in phenolic 
metabolism in response to mycorrhization would be  responsible 
for the resistance of mycorrhizal plants to drought. The plants 
would respond more quickly and produce large quantities of 
phenolic compounds that can intervene in the defense reactions. 
Furthermore, phenols and flavonoids may be  involved as signal 

A C

B D

FIGURE 3  |  Effects of water regimes (WW; well-watered or DS: drought stress) on leaves and seeds (A,C) lipid peroxidation (MDA) and (B,D) hydrogen peroxide 
(H2O2) content in seeds of non-amended and non-inoculated quinoa (control), and quinoa inoculated with arbuscular mycorrhizal fungi (AMF) and/or amended with 
compost (Comp). Data are mean ± SD. Means followed by the same letters are not significantly different at p < 0.05.
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molecules in plant-AMF interactions (Morandi et al., 1984), where 
some new phenolic molecules are produced during the 
establishment of AMF colonization (Charitha Devi and Reddy, 
2002). Interestingly, Fiasconaro et al. reported that compost-treated 
soil increased TPC in peppers grown under drought conditions 
(Fiasconaro et  al., 2019).

The high antioxidant activity induced by DPPH activity 
suggested the accumulation of phenolic compounds, which play 
an essential role in scavenging ROS under stressful conditions 
(Gengmao et  al., 2015). Furthermore, high levels of phenols 
in plants can markedly improve their resilience during exposure 
to water stress and lead to better adaptation and survival (Liu 
et  al., 2011). This accumulation of the essential non-enzymatic 
antioxidants, TPC and TFC, provides further evidence that 
phenol and flavonoid compounds play vital physiological and 
biochemical roles in cells, particularly in ROS scavenging and 
in helping overcome stresses (Tohidi et al., 2017; Sharma et al., 
2019), and in particular, those evoked by oxidative stress during 

drought stress (Hura et  al., 2007). From a societal and human 
nutrition perspective, the increase of these bioactive compounds 
in biofertilizer-treated quinoa grains could be  very useful in 
preventing various diseases, including cancer and cardiovascular 
disease. Thus, the “empowerment of these compounds in plants, 
especially in grains, can limit human diseases (Uttara et  al., 
2009) and take the food industry to another level of quality/
functionality.”

Biofertilizers Improved Soil Fertility Traits 
in Post-harvest Agricultural Soil
The results of soil analyses after the cultivation of quinoa and 
the application of the different treatments are shown in Table  5. 
Compared to the initial properties (Table 1), the soil TOC, OM, 
and P were significantly improved after biofertilizer application 
(p < 0.01, Supplementary Table S1). pH values decreased after 
the experiment in quinoa plants treated with AMF + Comp reaching 
a pH value of 7.7 under stressed conditions. The dual application 

A E

B F

C G

D H

FIGURE 4  |  Effects of water regimes (WW; well-watered or DS: drought stress) on leaves and seeds antioxidant enzyme activity (A,E) superoxide dismutase (SOD), 
(B,F) catalase (CAT), (C,G) peroxidase (POX), and (D,H) polyphenol oxidase (PPO) of non-amended and non-inoculated quinoa (control), and quinoa inoculated with 
arbuscular mycorrhizal fungi (AMF) and/or amended with compost (Comp). Data are mean ± SD. Means followed by the same letters are not significantly different at 
p < 0.05.
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TABLE 5  |  Main characteristics of different treatments on agricultural soil physicochemical parameters after harvest.

pH EC TOC OM P

(mS/cm2) (%) (%) (ppm)

WW

Control 7.99 ± 0.08a 0.74 ± 0.01d 1.14 ± 0.05d 1.97 ± 0.09d 29.98 ± 1.65c

AMF 7.91 ± 0.07ab 0.89 ± 0.01bc 2.14 ± 0.02c 3.70 ± 0.04c 33.70 ± 3.67c

Comp 7.88 ± 0.11ab 0.80 ± 0.00cd 2.67 ± 0.07b 4.60 ± 0.21b 36.62 ± 2.10b

AMF + Comp 7.81 ± 0.00ab 0.76 ± 1.35d 2.94 ± 0.02a 5.07 ± 0.04a 44.32 ± 3.59a

DS

Control 8.02 ± 0.07a 0.74 ± 0.01d 1.00 ± 0.08e 1.74 ± 0.14e 29.72 ± 4.86c

AMF 7.93 ± 0.04ab 0.93 ± 0.04b 2.11 ± 0.11c 3.64 ± 0.20c 30.52 ± 4.66c

Comp 7.95 ± 0.06ab 0.96 ± 0.01b 2.65 ± 0.10b 4.57 ± 0.17b 35.29 ± 3.59b

AMF + Comp 7.71 ± 0.16ab 1.16 ± 0.15a 3.02 ± 0.06a 5.22 ± 0.11a 43.78 ± 3.64a

EC, electric conductivity; TOC, total organic content; OM, organic matter; and P, available phosphorus. Values represent the mean ± standard deviation (SD; n = 3). Means followed 
by the same letters are not significantly different (p ≤ 0.05).

of biofertilizers significantly improved the concentrations of OM 
and TOC by ca. 200% and AP by ~50% under droughted-field 
conditions. The improved soil physicochemical properties after 
harvest under water deficit and biofertilizer application, especially 

compost, could be  due to the adequate and balanced quantity 
of nutrients and OM provided by this amendment and the 
processes launched by chemical and biological activity. Montiel-
Rozas et  al. showed that the application of organic amendments 
soil microbial activity, increasing OM degradation and 
mineralization processes (Montiel-Rozas et  al., 2016). Similarly, 
Gaiotti et  al. have highlighted that the inoculation with 
microorganisms and application of compost effectively improved 
soil quality, especially OM and mineral nutrition (Gaiotti et  al., 
2017). Moreover, AMF could promote soil quality via multiple 
mechanisms such as P solubilization, soil structure and aggregates 
via glomalin production (Ben-Laouane et  al., 2020, 2021). 
Biofertilizers are not fertilizers in themselves but potentially 
enhance the release of naturally reserved nutrients in the soil 
(Schütz et  al., 2018). Pii et  al. (2015) showed that microbial 
inoculants enhance the decomposition process fostering the release 
of essential plant nutrients produced from the natural process 
of OM decomposition and which induce overall crop productivity. 
Thus, the application of nutrient-rich biofertilizers made from 
organic amendments and microorganisms that can induce such 
phenomena as P solubilization and mineral absorption is essential 
in the recovery of soil nutrients under water deficit and to 
enhance plant life growth and yield. Therefore, in this study, 
scaling up the biofertilizer formulation and application in field 
trial provided optimum growth conditions for maintaining the 
viability of the microorganisms, under unfavorable conditions, 
and added to the compost carrier to ensure that the nutrients 
are made available to the plant. Thus, the need to use a cheap 
and readily available organic matter coupled with indigenous 
microorganism strains should be  an integral component of 
agricultural practice and industrial methods to enhance soil quality 
and essential nutrient content, due to the direct and indirect 
effects, and hence to increase yield performance and stimulate 
the concentration and distribution of nutrients in quinoa.

Principal Component Analysis and Heat 
Map Revealed the Potential of Biofertilizer 
Applications to Mitigate Drought and 
Support Better Quinoa Grains
The principle component analysis (PCA; Figure  6A) and heat 
map (Figure 6B) were performed to elaborate on the interactions 

A

B

C

FIGURE 5  |  Effects of water regimes (WW; well-watered or DS: drought 
stress) on seed antioxidant properties (A) total phenolics, (B) total flavonoids, 
and (C) DPPH (2,2-diphenyl-1-picrylhydrazyl) of non-amended and non-
inoculated quinoa (control), and quinoa inoculated with arbuscular mycorrhizal 
fungi (AMF) and/or amended with compost (Comp). Data are mean ± SD. 
Means followed by the same letters are not significantly different at p < 0.05.
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across the different treatments applied and traits. The PCA 
shows that treatments and variables were associated (83%) with 
the first (PC1) and the second (PC2) components, of which 
PC1 was the major component (71%; Figure  6A and 

Supplementary Table S2). The heat map analysis indicates 
that the highest values of soil fertility (TOC, OM, and AP), 
plant growth (PH, RE, PDW, and SDW), yield, and grain 
traits (K, TSS, protein, and carotenoids) were found in 

A

B

FIGURE 6  |  The principal component analysis (PCA) (A) and heat map (B) measured variables and applied treatments. AMF, arbuscular mycorrhizal fungi 
consortium; AP, soil available phosphorous; Ca2+, seed calcium; Caros, seed corotenoid; Caros, L; leaf carotenoid; CAT, seed catalase activity; CAT, L, leaf catalase 
activity; Chl, leaf chorophyll; Comp, compost; DS, drought stress; EC, electrical conductivity; F%, AMF colonization frequency; I%, AMF colonization intensity; K+, 
seed potassium; Na+, seed sodium; OM, organic matter; P, seed phosphorus; PDW, plant dry weight; PPO, seed polyphenol oxidase activity; PPO, L, leaf PPO; 
POX, seed peroxidase activity; POX, L, leaf POX; Prot, seed protein; Prot, L, leaf protein; RE, root elongation; SDW, seed dry weight; SH, shoot height; SOD, seed 
superoxide dismutase activity; SOD, L, leaf SOD; TFC, seed total flavonoid; TOC, total organic carbon; TPC, seeds total phenol; TSS, seed total soluble sugar; TSS, 
L, leaf total soluble sugar; and WW, well-watered.
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AMF + Comp-treated quinoa. DPPH radical scavenging activity 
and EC registered the highest values in the dual inoculation 
and compost under DS conditions. The single application of 
AMF was correlated with F%, I%, and grain P and Ca, under 
WW conditions, and with grain TPC and TFC under stressful 
conditions. Regarding irrigation, the drought stress conditions 
were associated mainly with low nutrient and bioactive compound 
content in grains, oxidative damage, and low soil fertility, 
leading to reduced grain quality and yield. In fact, the lowest 
values for these parameters were recorded in the controls under 
drought conditions, which showed the highest accumulation 
of Na+, oxidative stress markers (H2O2 and MDA), and detoxifying 
enzymes (SOD, CAT, PPO, and POX).

In general, our study demonstrates that the combination 
of AMF + Comp was the most efficient treatment to improve 
the yield and performance parameters of quinoa grains, 
principally regarding the concentration of the non-enzymatic 
antioxidants of phenolic and flavonoid compounds, under 
drought stress. Moreover, under the same condition, the dual 
combination improved plant growth, yields, and grain quality 
seemed to be  influenced by the increase in grain nutrient 
status (P, K, and Ca2+).

CONCLUSION

Drought is the most important environmental stress factor that 
significantly reduces plant growth, biochemical processes, and 
crop production and nutritive quality worldwide. Taken together, 
our data suggest that drought stress limited quinoa growth, yield, 
and grain nutritional status/bioactive compounds and increased 
grain stress indicators. The overall conclusion of this study is 
that reinforcing the root system and altering the microbial population 
around the plant’s rhizosphere, thereby disturbing the biological 
activities of the soils’ ecosystem, increase the soil’s traits, and in 
turn, quinoa yield/productivity and grain quality under normal 
and droughted-field conditions. AMF and the provision of green 
compost have an influential role in improving and preserving 
quinoa grain yield and functionality under water shortage conditions 
by boosting their bioactive compounds, including flavonoid and 
phenolic compound concentrations, ultimately improving the 
beneficial health effects for the final consumer. The potential of 
such native AMF + compost-based fertilizer applications could help 
plant growth, performance, and grain biofortification and mitigate 
global drought—a global mitigation strategy that farmers could 
implement as it is eco-friendly, cost-effective, easy to apply, and 
precludes the need for further subsidies.

Altogether, our results suggest that using a locally produced 
compost and water stress-adapted endogenous AMF can 
benefit the vegetative growth of crops and the quality of the 

grain. This is an important finding since grain biofortification 
under water limitation is one of the main effects of climate 
change in agricultural areas worldwide, where the use of 
efficient biotechnological tools can partially counter the 
deleterious effects of drought. In the application of industrial 
biotechnology, it is more attractive and more promising to 
reveal the powerful features of natural consortia and organic 
amendments and combine to execute new functions. This 
knowledge is crucial to boost grain quality and bioactive 
compounds at the industrial and pharmaceutical levels and 
has the potential for extensive application with all the 
subsequent benefits for humanity.
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The application of nanoparticles (NPs) has been proved as an efficient and promising
technique for mitigating a wide range of stressors in plants. The present study elucidates
the synergistic effect of iron oxide nanoparticles (IONPs) and silicon nanoparticles
(SiNPs) in the attenuation of Cd toxicity in Phaseolus vulgaris. Seeds of P. vulgaris were
treated with IONPs (10 mg/L) and SiNPs (20 mg/L). Seedlings of uniform size were
transplanted to pots for 40 days. The results demonstrated that nanoparticles (NPs)
enhanced growth, net photosynthetic rate, and gas exchange attributes in P. vulgaris
plants grown in Cd-contaminated soil. Synergistic application of IONPs and SiNPs
raised not only K+ content, but also biosynthesis of polyamines (PAs), which alleviated
Cd stress in P. vulgaris seedlings. Additionally, NPs decreased malondialdehyde
(MDA) content and electrolyte leakage (EL) in P. vulgaris plants exposed to Cd
stress. These findings suggest that stress alleviation was mainly attributed to the
enhanced accumulation of K+ content, improved antioxidant defense system, and
higher spermidine (Spd) and putrescine (Put) levels. It is suggested that various forms of
NPs can be applied synergistically to minimize heavy metal stress, thus increasing crop
production under stressed conditions.
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INTRODUCTION

Mining operation, industrial waste, and pollutants emitted
during agricultural and industrial operations (Palansooriya et al.,
2020; Raghib et al., 2020) release substantial quantities of toxic
heavy metals (As, Cd, Hg, Pb) into the environment. The
quantity of harmful heavy metals in the soil environment has
steadily increased over time, which produces negative effects
on plant growth and their developmental process, which is
a great challenge for the sustainability of agriculture (Afzal
et al., 2019). Among the numerous heavy metals, Cd content in
the environment has risen owing to excessive use of chemical
fertilizers and pesticides besides mining sources (Seshadri et al.,
2016; Manzoor et al., 2019). Although the concentration of Cd
reported in the environment is low, it is considered extremely
toxic due to its higher mobility in media and living cells (Rahman
and Singh, 2019; Kaya et al., 2020a), which is raising concerns
for agriculture. It was reported that Cd exposure reduces seed
sprouting, root elongation, shoot development, and the number
of leaves per plant (Kaya et al., 2020b; Seifikalhor et al., 2020). In
addition, it also results in the overproduction of reactive oxygen
species (ROS) (Moradi-Marjaneh et al., 2019), which influence
plant physiological, biochemical, and molecular characteristics
(Raza et al., 2020). Plants can avoid, tolerate, and immobilize
heavy metals in soil (Kumar and Prasad, 2018; Mei et al., 2020)
by activating signaling molecules that regulate ROS production,
phytohormone synthesis, and calcium calmodulin pathways (Bali
et al., 2019). The activated pathways include the production of
nitric oxide (NO), glutathione, phytohormones, and antioxidant
enzymes (Dias et al., 2019; Rady et al., 2019), which lead to Cd
chelation and reduced oxidative damage.

Nanoparticles (NPs) with a size of 100 nm exhibit unique
properties such as increased reaction site, high surface activity,
better catalytic efficiency, and unique magnetic characteristics
(Yang et al., 2017, 2018; Wang et al., 2019), which have assisted
in agriculture promotion by alleviating abiotic stress in plants
(Adeel et al., 2019). Many researchers have reported that NPs
improve seed germination, rhizome development, and quality of
crops cultivated in stressed conditions (Ghafariyan et al., 2013;
Palchoudhury et al., 2018; Kah et al., 2019). Nanotechnology
research offers a new pathway for soil pollution remediation
(Liu et al., 2021), since it has the potential to enhance plants’
antioxidative defense systems, thus reducing the bioaccumulation
of ROS in plants (Usman et al., 2020; Wang et al., 2020). As
documented, NPs when applied in soil (Li et al., 2021) or sprayed
via foliar (Toumey, 2020), results in a reduction of Cd and Pd
toxicity in rice seedlings (Hussain et al., 2020). It was observed
that the Si improved hydraulic conductivity in applied plants
through enhancing K+ concentration in xylem sap resulting in
improved xylem hydraulic conductivity and osmotic gradient
(Chen et al., 2016). Similarly, exogenously applied Fe modulates
K+ uptake and translocation in crop plants (Okturen Asri and
Sonmez, 2014).

Potassium is a crucial phytonutrient required by plants for
the maintenance of growth (Jaiswal et al., 2016), stomatal
conductance, gaseous exchange (Hasanuzzaman et al., 2018),
photosynthate production, and antioxidative defense system

(Xu et al., 2020). Approximately 10% of plant biomass is
composed of K, which not only acts as a co-factor for various
enzymes involved in photosynthesis and protein stabilization, but
it also hinders Cd-translocation and escalates the production of
crucial amino acids, carbohydrates, and nitrogenous compounds.
Potassium improves plant stress tolerance by regulating the
biosynthesis of polyamines (Karimi, 2017). Polyamines regulate
physiochemical procedures of plants under normal conditions
and also induce modification in the expression level of
stress-responsive genes besides detoxifying metals by vacuolar
compartmentalization (Spormann et al., 2021).

Considering the background information, we hypothesized
that the synergistic effect of NPs can mitigate Cd stress; and
regulate polyamine synthesis, K+ metabolism, and antioxidant
enzymes. Therefore, the objective of the present study was to
explore the individual and combined role of IONPs and SiNPs
application in mitigation of Cd toxicity through regulation of K+
metabolism and antioxidant enzymes in P. vulgaris exposed to
Cd-contaminated conditions.

MATERIALS AND METHODS

A total of 85 soil samples were collected (0–30 cm) from an
agricultural field (2-ha area) in the vicinity of the campus site.
The soil was sieved through a 4 mm mesh to remove plant parts,
debris, then thoroughly mixed and conditioned for 1 week at
35% of water holding capacity (WHC) before the experiment.
The physicochemical properties of the soil such as pH, electrical
conductivity (EC), organic matter, and metal content (Cd, Zn,
Fe, Ni, Pb) were measured using standard protocols (Bouyoucos,
1962; Page et al., 1982). The physicochemical properties of
the soil were as follows; pH (7.13), EC (1.87), and organic
content (0.45%). The total concentration of Cd, Zn, Fe, Ni,
and Pb in soil was quantified as 5.87, 34.98, 37.91, 13.28, and
35.18 mg/kg, respectively. The soil was contaminated by mixing
CdCl2. Cadmium concentrations in the soil were kept as 0 mM
CdCl2, 1 mM CdCl2, 1.5 mM CdCl2, and 2 mM CdCl2. Both
IONPs and SiNPs were purchased from Alfa Aesar. A pilot project
was carried out to find out the toxic concentration of Cd that
affects the growth of P. vulgaris. A 10 mg/L IONPs and 20 mg/L
SiNPs were found to be effective against selected Cd toxic levels.
Iron oxide nanoparticles (IONPs) obtained from Alfa Aesar were
having 99% purity, size 15–25 nm, and 4.67 density. Silicon
nanoparticles obtained from Alfa Aesar were having 98% purity,
size 40–100 nm, and 4.7 density. The solution used during the
experiment was prepared using deionized H2O.

Seed Priming With Iron Oxide
Nanoparticles and Silicon Nanoparticles
Seeds of P. vulgaris were surface sterilized using 2.5% sodium
hypochlorite solution for 2 min and then washed with deionized
H2O to remove chlorophyll (Chl) contents. IONPs and SiNPs
were weighed and added in deionized H2O followed by
ultra-sonication for half-hour and their desired concentrations
(IONPs = 10 mg/L) and (SiNPs = 20 mg/L) were achieved. After
that sterilized seeds of P. vulgaris were soaked in an NP solution.
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In the case of the control treatment, seeds were treated with
deionized H2O. In the next step, soaked seeds were dried and
stored at 4◦C for further experiments.

Seed Sowing and Greenhouse
Conditions
The current study was executed at the university site (32◦′N,
74◦′E, 236m altitude). Ten seeds were sown in plastic pots
of 40 × 45 cm containing 20kg treated soil. These pots
were kept in the greenhouse condition with an average
temperature of 20/15◦C (day/night), average humidity of 50/70%
late afternoon/morning, and a natural photoperiod. After
germination, thinning was done and 8 plants were retained per
pot. Regular weeding was done and plants were watered daily to
uphold 70% of the field maximum moisture capacity throughout
the growth period.

Determination of Growth and Leaf
Relative Water Content
Plants were uprooted after 40 days and growth characteristics
(root and shoot fresh weight, root and shoot dry weight) were
estimated. Leaf relative water content (LRWC) values from
P. vulgaris leaf samples were estimated using the following
equation as given by Smart and Bingham (1974);

LRWC(%) = LFW− LDW/LTW− LDW × 100

Where LRWC = Leaf relative water content
LFW = Leaf fresh weight
LDW = Leaf dry weight
LTW = Leaf turgid weight

Estimation of Photosynthetic Pigments
Arnon method (1949) was used for the estimation of
photosynthetic pigments. Approximately 100 mg leaf extract was
mixed with 80% acetone and centrifuged for 5 min at 10,000 rpm.
The optical density (OD) of filtrates was then measured using a
spectrophotometer (Hitachi U-2001, Tokyo, Japan).

Determination of Malondialdehyde
Content and Electrolyte Leakage
Malondialdehyde (MDA) content was determined according to
the method of Cavalcanti et al. (2004). Briefly, 0.5 g samples were
homogenized using mortar and pestle in 4 mL of trichloroacetic
acid (TCA) (1% w/v) at 4◦C. The homogenous mixture was then
centrifuged for 20 min at 12,000 rpm to collect the supernatant.
One milliliter of this supernatant was added to 3 mL of reaction
mixture containing TCA (20% w/v) and thiobarbituric acid (0.5%
w/v). The reaction mixture was incubated at 95◦C for half-
hour and the reaction was stopped by placing it in an ice bath.
The absorbance value of the fraction was measured at 440,
532, and 600 nm.

The method of Blum and Ebercon (1981) was used for the
determination of electrolyte leakage. A dry leaf sample (0.2 g)
was floated in deionized H2O (50 mL) for 24 h at room

temperature with shaking. The electrolyte content in the solution
was quantified and recorded as CO. After 20 min of boiling the
sample, the electrolyte content in the solution was recorded as
C1. Electrolyte leakage was measured in percentage as per the
following formula:

Relative electrolyte leakage = CO/C1 × 100

Determination of Antioxidant Enzymes
About 1 g leaf samples were homogenized in a solution
of potassium phosphate buffer solution (100 mM), polyvinyl
pyrrolidone (1% w/v), ethylenediamine tetraacetic acid (0.1 mM)
and triton X-100 (0.5%). The homogenate was filtered through
cheesecloth and centrifuged at 18,000 rpm for 20 min at 4◦C. The
resultant supernatant was used for the estimation of antioxidative
enzymes and was stored at –80◦C for analysis. The method of
Aebi (1974) was used for the determination of catalase (CAT)
activity. Briefly, potassium phosphate buffer (50 mM) and plant
extract were used in the reaction (3 mL). To start the reaction,
10 mM H2O2 was added. 1 unit of CAT is defined as the
number of enzymes, which release 1/2 of peroxide oxygen from
10 mM H2O2 solution in 100 s at 25◦C. Superoxide dismutase
(SOD) activity was measured according to the method of Beyer
and Fridovich (1987). The reaction mixture (30 mL) for the
determination of SOD was composed of potassium phosphate
buffer (50 mM), methionine (9.9 mM), nitroblue tetrazolium
(57 mM), and plant extract. The reaction mixture was started
by light illumination. One unit of SOD is defined as the enzyme
which causes a 50% decrease of SOD inhabitable reduction.

Determination of Proline Content
To determine proline content, dry leaf samples (0.5 g) were
extracted in sulfosalicylic acid (3%) and then filtered (Bates
et al., 1973). Afterward, 2 mL of leaf extract was mixed in
ninhydrin solution (2 mL) and glacial acetic acid (2 mL). Plant
samples were incubated at 100◦C for 1 h and cooled in an
ice bath. Four milliliters of toluene was vigorously added to
the mixture. The absorbance value was calibrated at 520 nm
using a spectrophotometer. Proline content was estimated using
a standard curve.

Determination of Cadmium Content
Following Cd treatment, P. vulgaris seedlings were rinsed with
deionized H2O. Seedlings were dried at 80◦C for 24 h. The
plant material was digested in HNO3:HCLO4. About 1 g plant
sample was homogenized in 50 mM Tris (hydroxymethyl)
aminomethane (Tris–HCl), 250 mM sucrose, and 1 mM
DL-dithiothreitol. The homogenous mixture obtained was
centrifuged at 3,000 rpm for 5 min for the isolation of the cell
wall. The supernatant obtained was centrifuged at 20,000 rpm
for 45 min. Cd was determined using ICP (ICP-AES, Thermo
Elemental, United States) (Wang et al., 2009).

Determination of Nutritional Content
A flame photometer (Jenway PFP-7) was used for the
determination of nutritional content (Mo+, Ca+, K+, Mn+) from
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the digested plant samples. K+ content was quantified with the
help of a standard solution.

Determination of Gaseous Exchange
Assessments of gaseous exchange attributes, net CO2 uptake,
net photosynthesis (Pn), stomatal conductance (Gs), and
transpiration rate (E), were performed at 10:00 a.m. at 27◦C
during the daytime on completely expanded leaves using a
portable gas exchange system (Holá et al., 2010).

Determination of Polyamine Activity
The concentration of hydrogen peroxide produced during
polyamine oxidation assisted in the estimation of polyamine
oxidase (PAO) activity. The foliage plant sample was mixed
with potassium phosphate buffer (0.1 mM at pH 6.5 in an pre-
chilled mortar and pestle. The resultant supernatant (0.5 mL)
was obtained by centrifugation of this mixture at 10,000 g at
4◦C for 20 min followed by mixing with 4-aminoantipyrine/N,N-
dimethylaniline solutions (0.4 mL), 0.2 mL horseradish POD (250
U/mL), and 5 mL of K3PO4 buffer (100 mM at pH 6.5). For
the determination of polyamine oxidase, putrescine (30 mL of
20 mM) was homogenized in enzyme extract to initiate reaction
according to Zhao et al. (2004).

Determination of Nitric Oxide Content
Nitric oxide activity was quantified using the nitric oxide
detection kit (Solarbio Life Science, Beijing, China) following the
manufacturer’s instructions.

Estimation of Soluble Protein Content
Leaf samples (1 g) were extracted using KH2PO4 (4 mL at pH 6.8)
following centrifugation at 3,600 rpm for 30 min. The resultant
supernatant was collected and a 20 µL aliquot of the extract
was collected and homogenized with the Bradford color reagent
(1 mL). The spectrophotometer calibration was carried out at
595 nm as per the procedure described by Bradford (1976).

Statistical Analysis
Data reported in the experiment was mean of 5 replicates.
Statistical package XL-STAT was carried out for analysis of
variance (ANOVA). Subsequently, Tukey’s test was conducted to
determine the significant differences among the values.

RESULTS

Effect of Iron Oxide Nanoparticles and
Silicon Nanoparticles on Growth
Attributes of Phaseolus vulgaris
Table 1 shows the role of IONPs and SiNPs, alone or in
combination, on the growth of P. vulgaris seedlings grown in
normal and Cd-contaminated soil. Synergistic application of NPs
improved shoot fresh weight and root fresh weight by 39 and
40%, respectively, as compared to IONPs-only treated P. vulgaris
seedlings grown in non-contaminated soil. When P. vulgaris
seedlings were exposed to 2 mM CdCl2, combined treatment of
IONPs and SiNPs increased shoot fresh weight and root fresh
weight by 45 and 19%, respectively, as compared to SiNP-treated
P. vulgaris seedlings grown in Cd-contaminated media. Likewise,
combined and synergistic treatments involving NPs enhanced
root dry weight and shoot dry weight in P. vulgaris seedlings
grown in normal and Cd-contaminated conditions (Table 1).

Effect of Iron Oxide Nanoparticles and
Silicon Nanoparticles on Leaf Relative
Water Content and Net Photosynthetic
Rate of Phaseolus vulgaris
When P. vulgaris seedlings were grown in non-contaminated
media, combined treatment of IONPs and SiNPs enhanced
LRWC content by 9 and 4% in comparison with IONPs-only
and SiNPs-only treatment, respectively. A similar trend of net

TABLE 1 | Effect of IONPs and SiNPs on root fresh weight, shoot fresh weight, root dry weight, shoot dry weight, leaf relative water content, and net photosynthetic rate
of Phaseolus vulgaris grown in different concentrations of Cd.

Treatments Root FW
(g plant−1)

Shoot FW
(g plant−1)

Root DW
(g plant−1)

Shoot DW
(g plant−1)

LRWC (%) Net Photosynthetic
rate (µmol m−2 s−1)

Cd0 + IONPs 4.21 ± 0.45ab 25.12 ± 1.89b 0.33 ± 0.0021b 2.76 ± 0.54bc 82 ± 6.76 1.98 ± 0.35cd

Cd0 + SiNPs 3.76 ± 0.37cd 23.18 ± 1.46bc 0.28 ± 0.0031bc 2.34 ± 0.38bc 86 ± 5.27 2.19 ± 0.76c

Cd0 + IONPs + SiNPs 5.89 ± 0.89a 34.98 ± 2.87a 0.56 ± 0.0039a 3.54 ± 0.39a 90 ± 5.87 3.17 ± 0.38a

Cd1 + IONPs 3.78 ± 0.37c 21.12 ± 1.78c 0.21 ± 0.0035cd 2.09 ± 0.54cd 78 ± 3.98 2.19 ± 0.57bc

Cd1 + SiNPs 2.56 ± 0.87de 18.98 ± 1.67d 0.28 ± 0.0076bc 2.56 ± 0.43c 80 ± 4.18 2.67 ± 0.18bc

Cd1 + IONPs + SiNPs 4.18 ± 0.48b 24.78 ± 1.09bc 0.39 ± 0.0072ab 2.98 ± 0.15ab 90 ± 5.28 3.08 ± 0.24ab

Cd2 + IONPs 2.76 ± 0.27d 18.23 ± 1.04de 0.17 ± 0.0043d 1.89 ± 0.76 d 72 ± 3.67 1.09 ± 0.12d

Cd2 + SiNPs 2.23 ± 0.45de 20.89 ± 1.09cd 0.26 ± 0.0021c 2.08 ± 0.45cd 80 ± 4.27 1.89 ± 0.38cd

Cd2 + IONPs + SiNPs 3.89 ± 0.48bc 23.89 ± 1.34bc 0.32 ± 0.0028b 2.65 ± 0.16c 92 ± 4.87 2.76 ± 0.17b

Cd3 + IONPs 1.89 ± 0.56e 13.76 ± 1.09f 0.17 ± 0.0021d 1.09 ± 0.78e 63 ± 3.87 0.98 ± 0.002d

Cd3 + SiNPs 2.67 ± 0.72de 15.27 ± 1.38e 0.13 ± 0.0065de 1.56 ± 0.37de 76 ± 4.76 1.67 ± 0.21cd

Cd3 + IONPs + SiNPs 3.89 ± 0.51bc 18.28 ± 1.02de 0.28 ± 0.0078bc 2.78 ± 0.28b 84 ± 5.98 2.09 ± 0.54bc

Here IONPs, SiNPs, Cd0, Cd1, Cd2, Cd3 indicates iron oxide nanoparticles, silicon nanoparticles, 0 mM CdCl2, 1 mM CdCl2, 1.5 mM CdCl2, 2 mM CdCl2. Different
letters indicate significant difference among the treatments (P ≤ 0.05).
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FIGURE 1 | Effect of IONPs and SiNPs on intercellular CO2 concentration and stomatal conductance of Phaseolus vulgaris grown in different concentrations of Cd.
Here IONPs, SiNPs, Cd0, Cd1, Cd2, and Cd3 indicate iron oxide nanoparticles, silicon nanoparticles, 0 mM CdCl2, 1 mM CdCl2, 1.5 mM CdCl2, and 2 mM CdCl2.
Different letters indicate significant difference among the treatments (P ≤ 0.05).

photosynthetic rate was observed in P. vulgaris seedlings exposed
to different concentrations of CdCl2 (Table 1).

Effect of Iron Oxide Nanoparticles and
Silicon Nanoparticles on Gas Exchange
Parameters of Phaseolus vulgaris
In the case of P. vulgaris seedlings grown in non-contaminated
soil, synergistic application of IONPs and SiNPs increased
intercellular CO2 concentration and stomatal conductance by
8 and 18%, respectively, in comparison with alone application
of IONP and SiNP treatment. When P. vulgaris seedlings
were treated with 1 mM CdCl2, 1.5 mM CdCl2, and 2 mM
CdCl2, intercellular CO2 concentration decreased by 20, 29, and
43%, respectively, as compared to Cd0 treatment. Synergistic
application of IONP and SiNP increased intercellular CO2

concentration in P. vulgaris seedlings grown in 1.5 mM CdCl2
by 22 and 7%, respectively, in comparison with alone treatments
of IONPs and SiNPs. Likewise, synergistic application of IONP
and SiNP enhanced stomatal conductivity in P. vulgaris seedlings
grown in Cd0-treatment and Cd-contaminated soil (Figure 1).

Effect of Iron Oxide Nanoparticles and
Silicon Nanoparticles on
Malondialdehyde Content and
Electrolyte Leakage in Phaseolus
vulgaris
Figure 2 shows that the application of IONPs and SiNPs reduced
MDA content and EL leakage in P. vulgaris seedlings grown in
non-contaminated and Cd-polluted soil. Synergistic application
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FIGURE 2 | Effect of IONPs and SiNPs on MDA content and EL of Phaseolus vulgaris grown in different concentrations of Cd. Here IONPs, SiNPs, Cd0, Cd1, Cd2,
and Cd3 indicate iron oxide nanoparticles, silicon nanoparticles, 0 mM CdCl2, 1 mM CdCl2, 1.5 mM CdCl2, and 2 mM CdCl2. Different letters indicate significant
difference among the treatments (P ≤ 0.05).

of IONPs and SiNPs reduced MDA content by 50 and 20%
as compared to individual application of IONPs and SiNPs,
respectively, in P. vulgaris seedlings grown in 1.5 mM CdCl2-
contaminated soil.

Electrolyte leakage was also reduced in P. vulgaris seedlings
treated with combined application of IONPs and SiNPs, in
comparison with individual treatments. In the case of P. vulgaris
seedlings grown in 2 mM CdCl2, combined application of IONPs
and SiNPs reduced EL by 56 and 21%, respectively, in comparison
with individual treatments of IONPs and SiNPs (Figure 2).

Effect of Iron Oxide Nanoparticles and
Silicon Nanoparticles on Polyamine
Content in Phaseolus vulgaris Seedlings
Figure 3 shows the effect of IONPs and SiNPs on spermidine
(Spd) and putrescine (Put) content of P. vulgaris seedlings
grown in normal and Cd-contaminated soil. Application of

IONPs and SiNPs, alone or in combination, escalated Spd
and Put content in P. vulgaris. Combined treatment of IONPs
and SiNPs enhanced Spd content by 91% as compared to
individual application of SiNPs in P. vulgaris seedlings grown
in 1 mM CdCl2. Likewise, Put content also increased when
P. vulgaris seedlings were treated with IONPs and SiNPs in
combination. The combined application of IONPs and SiNPs
enhanced Put content by more than onefold in comparison
with SiNPs-only treatment in P. vulgaris seedlings grown in
2 mM CdCl2.

Effect of Iron Oxide Nanoparticles and
Silicon Nanoparticles on Nitric Oxide and
Proline Content of Phaseolus vulgaris
Nitric oxide and proline (Pro) content are considered
as stress markers in plants. During the current study,
IONPs and SiNPs enhanced nitric oxide and proline
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FIGURE 3 | Effect of IONPs and SiNPs on PAs content of Phaseolus vulgaris grown in different concentrations of Cd. Here IONPs, SiNPs, Cd0, Cd1, Cd2, and Cd3
indicate iron oxide nanoparticles, silicon nanoparticles, 0 mM CdCl2, 1 mM CdCl2, 1.5 mM CdCl2, and 2 mM CdCl2. Different letters indicate significant difference
among the treatments (P ≤ 0.05).

content in P. vulgaris seedlings grown in normal and Cd-
contaminated soil. In the case of P. vulgaris seedlings
grown in control conditions, synergistic application of
IONPs and SiNPs enhanced NO content by 44 and 50%,
respectively, in comparison with individual application of
IONPs and SiNPs. When P. vulgaris seedlings were exposed
to 2 mM CdCl2, combined application of IONPs and SiNPs
enhanced NO content by more than onefold and 60%
as compared to IONPs-only and SiNPs-only treatment.
Similarly, IONPs and SiNPs also enhanced proline content in
P. vulgaris seedlings grown in normal and Cd-contaminated
conditions (Figure 4).

Effect of Iron Oxide Nanoparticles and
Silicon Nanoparticles on the Activity of
Antioxidant Enzymes in Phaseolus
vulgaris
Figure 5 explains the role of IONPs and SiNPs on the activity
of SOD and CAT in P. vulgaris seedlings grown in control
and Cd-contaminated conditions. In the case of P. vulgaris
seedlings grown in Cd0 treatment, combined application of
IONPs and SiNPs improved the activity of SOD by 41 and 71%,
respectively, in comparison with IONPs-only and SiNPs-only
treatment. Synergistic treatment of IONPs and SiNPs enhanced
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FIGURE 4 | Effect of IONPs and SiNPs on nitric oxide and proline content of Phaseolus vulgaris grown in different concentrations of Cd. Here IONPs, SiNPs, Cd0,
Cd1, Cd2, and Cd3 indicate iron oxide nanoparticles, silicon nanoparticles, 0 mM CdCl2, 1 mM CdCl2, 1.5 mM CdCl2, and 2 mM CdCl2. Different letters indicate
significant difference among the treatments (P ≤ 0.05).

SOD content by 72 and 90% as compared to individual treatments
of IONPs and SiNPs, respectively, in P. vulgaris seedlings grown
in 2 mM CdCl2. Likewise, combined treatment of IONPs and
SiNPs enhanced CAT activity in P. vulgaris seedlings grown
in normal and CdCl2-contaminated conditions. The combined
application of IONPs and SiNPs escalated CAT activity by 71
and 50%, as compared to IONPs-only and SiNPs-only treatment,
respectively, in P. vulgaris seedling exposed to 2 mM CdCl2.

Effect of Iron Oxide Nanoparticles and
Silicon Nanoparticles on Cadmium
Uptake of Phaseolus vulgaris
Table 2 shows that NP treatment reduced Cd uptake in
P. vulgaris seedlings grown in CdCl2-contaminated soil.
Synergistic application of IONPs and SiNPs reduced Cd uptake
by 68% in P. vulgaris seedling grown in 2 mM CdCl2.

Effect of Iron Oxide Nanoparticles and
Silicon Nanoparticles on Photosynthetic
Pigmentation of Phaseolus vulgaris
Table 3 shows the role of IONPs and SiNPs on photosynthetic
pigmentation of P. vulgaris grown in normal and Cd toxic
conditions. IONPs and SiNPs orchestered carotenoids content,
Chl a, Chl b, and total Chl content in P. vulgaris seedlings.

Effect of Iron Oxide Nanoparticles and
Silicon Nanoparticles on the Nutritional
Content of Phaseolus vulgaris
Table 4 describes the role of IONPs and SiNPs on the nutritional
content of P. vulgaris seedlings grown in normal and different
concentrations of CdCl2. A combined application of IONPs and
SiNPs increased K+ content by 31 and 24%, respectively, as
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FIGURE 5 | Effect of IONPs and SiNPs on SOD and CAT activity of P. vulgaris grown in different concentrations of Cd. Here IONPs, SiNPs, Cd0, Cd1, Cd2, and Cd3
indicate iron oxide nanoparticles, silicon nanoparticles, 0 mM CdCl2, 1 mM CdCl2, 1.5 mM CdCl2, and 2 mM CdCl2. Different letters indicate significant difference
among the treatments (P ≤ 0.05).

compared to IONPs-only and SiNPs-only treated P. vulgaris
seedlings grown in non-contaminated potted soil.

DISCUSSION

Cadmium toxicity reduces the ability of plants to absorb key
nutrients (Mg, Ca, P, K) and water content from soil (Yang
et al., 2020). Potassium is considered as crucial for plant
growth, development, and metabolomics (Hasanuzzaman et al.,
2018) because it alleviates abiotic stresses (Raza et al., 2021)
by restricting transportation and accumulation of heavy metals
in plants (Kerchev et al., 2020). Additionally, potassium not
only immobilizes heavy metal content (Liu et al., 2018) but
also behaves antagonistically to Cd and detoxifies Cd within
plants (Shamsi et al., 2008). Cadmium is a non-essential metal

and is involved in the hindrance of plant growth (Shah et al.,
2020a) by causing a reduction in water content, biomass,
fresh and dry weight of plants, as well as disruption in redox
reaction (Raza et al., 2020). Potassium application stabilizes
chlorophyll architecture, which leads to the regulation of
photosynthate production (Hasanuzzaman et al., 2018). It was
also documented that K+ application enhanced growth and
yield in apple dwarf rootstock seedlings (Xu et al., 2020) via
Cd assimilation by increased accumulation of K+ in plants
(Norvell et al., 2000). In addition, the increase in K+ enhanced
the activity of antioxidant enzymes and reduced MDA content
in plants exposed to Cd toxicity. The results of the present
study also indicated that synergistic application of IONPs and
SiNPs enhanced K+ content in P. vulgaris seedlings grown in
normal and Cd-contaminated soil. In the present study, IONPs
and SiNPs treatment increased LRWC in P. vulgaris seedling
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TABLE 2 | Effect of IONPs and SiNPs on root Cd content, shoot Cd content,
translocation factor, and metal tolerance index of Phaseolus vulgaris grown in
different concentrations of Cd.

Treatments Root (µg g−1 DW) Shoot (µg g−1 DW)

Cd0 + IONPs ND ND
Cd0 + SiNPs ND ND
Cd0 + IONPs + SiNPs ND ND
Cd1 + IONPs 0.013 ± 0.002 0.05 ± 0.0002
Cd1 + SiNPs 0.014 ± 0.003 0.04 ± 0.0001
Cd1 + IONPs + SiNPs 0.005 ± 0.004 0.002 ± 0.0003
Cd2 + IONPs 0.017 ± 0.001 0.009 ± 0.0001
Cd2 + SiNPs 0.015 ± 0.003 0.007 ± 0.0004
Cd2 + IONPs + SiNPs 0.019 ± 0.008 0.005 ± 0.0002
Cd3 + IONPs 0.021 ± 0.005 0.003 ± 0.0005
Cd3 + SiNPs 0.041 ± 0.0003 0.006 ± 0.0007
Cd3 + IONPs + SiNPs 0.049 ± 0.002 0.029 ± 0.0006

Here IONPs, SiNPs, Cd0, Cd1, Cd2, Cd3 indicates iron oxide nanoparticles, silicon
nanoparticles, 0 mM CdCl2, 1 mM CdCl2, 1.5 mM CdCl2, 2 mM CdCl2.

(Table 1). Before, it was also reported that SiNP treatment
enhanced gas exchange characteristics in plants exposed to Cd-
contaminated media (Ur Rahman et al., 2021). Cadmium stress
destabilized photosynthetic apparatus, yet IONPs and SiNPs
application reduced injury to photosynthetic machinery. Iron

oxide nanoparticles increased root and shoot length in Arachis
hypogaea plants (Rizwan et al., 2019). In the present research,
it was noted also that that synergistic application of IONPs and
SiNPs increased photosynthesis and gas exchange characteristics
in P. vulgaris seedlings.

Proline is crucial for the sustenance of metabolomics in plants
(Ahmad et al., 2019). It was noted in the present investigation
that P. vulgaris seedlings treated with IONPs and SiNPs showed
an increased level of proline under Cd stress. The increased
level of proline in NP-treated plants might lead to activation of
proline synthesizing genes involved in the regulation of water
content in plants.

Membrane stability is an essential characteristic required for
the effective survival of plants under abiotic stress since damage
to it will lead to cellular death. MDA is an indicator of cellular
damage and membrane stability (Shah et al., 2020b). Under
stress conditions, the generation of MDA and peroxidation
of lipids increased causing damage to plants. In this study,
Cd stress amplified MDA and EL in P. vulgaris plants grown
in Cd-contaminated soil. Cadmium decreases the stability of
membranous molecules due to the enhanced accumulation of
ROS. Previous researchers revealed the role of IONPs and SiNPs
in alleviating abiotic stresses in plants.

TABLE 3 | Effect of IONPs and SiNPs on carotenoids, total chlorophyll content, Chlb, and Chla of Phaseolus vulgaris grown in different concentrations of Cd.

Treatments Carotenoids Total Chlorophyll Chlb Chla

Cd0 + IONPs 4.87 ± 0.89ab 1.42 ± 0.071a 0.55 ± 0.032ab 0.87 ± 0.043
Cd0 + SiNPs 3.78 ± 0.76b 1.10 ± 0.032bc 0.34 ± 0.026c 0.76 ± 0.031
Cd0 + IONPs + SiNPs 4.93 ± 0.51a 1.19 ± 0.024bc 0.65 ± 0.016a 0.54 ± 0.017
Cd1 + IONPs 3.23 ± 0.47bc 0.81 ± 0.027c 0.35 ± 0.034bc 0.46 ± 0.026
Cd1 + SiNPs 3.02 ± 0.39c 0.66 ± 0.046 0.28 ± 0.026cd 0.38 ± 0.027
Cd1 + IONPs + SiNPs 3.16 ± 0.23bc 1.3 ± 0.037b 0.41 ± 0.017b 0.89 ± 0.031
Cd2 + IONPs 3.09 ± 0.42bc 0.78 ± 0.045c 0.31 ± 0.015cd 0.47 ± 0.025
Cd2 + SiNPs 2.89 ± 0.25cd 0.65 ± 0.067cd 0.23 ± 0.019cd 0.42 ± 0.027
Cd2 + IONPs + SiNPs 3.87 ± 0.31ab 0.96 ± 0.047bc 0.37 ± 0.023bc 0.59 ± 0.015
Cd3 + IONPs 2.78 ± 0.18cd 0.79 ± 0.067cd 0.24 ± 0.021cd 0.55 ± 0.036
Cd3 + SiNPs 2.67 ± 0.24d 0.65 ± 0.078cd 0.21 ± 0.054d 0.44 ± 0.045
Cd3 + IONPs + SiNPs 3.54 ± 0.26bc 1.13 ± 0.037ab 0.38 ± 0.018bc 0.75 ± 0.029

Here IONPs, SiNPs, Cd0, Cd1, Cd2, Cd3 indicates iron oxide nanoparticles, silicon nanoparticles, 0 mM CdCl2, 1 mM CdCl2, 1.5 mM CdCl2, 2 mM CdCl2. Different
letters indicate significant difference among the treatments (P ≤ 0.05).

TABLE 4 | Effect of IONPs and SiNPs on Mo+, Ca+, K+, and Mn+ of Phaseolus vulgaris grown in different concentrations of Cd.

Treatments Mo+ content (meq. g−1 DW) Ca+2 content (meq. g−1 DW) K+ content (meq. g−1 DW) Mn+2 content (meq. g−1 DW)

Cd0 + IONPs 21.78 ± 1.87ab 13.56 ± 1.03b 14.87 ± 1.02bc 30.89 ± 2.56b
Cd0 + SiNPs 17.56 ± 1.08cd 15.78 ± 1.09ab 15.76 ± 1.13b 25.78 ± 1.47c
Cd0 + IONPs + SiNPs 27.98 ± 1.56a 19.87 ± 1.27a 19.56 ± 1.07a 45.98 ± 2.58a
Cd1 + IONPs 17.98 ± 1.08c 10.89 ± 1.07cd 12.56 ± 1.23cd 22.65 ± 1.45cd
Cd1 + SiNPs 15.82 ± 1.23d 11.25 ± 1.12bc 13.76 ± 1.09c 18.65 ± 1.38de
Cd1 + IONPs + SiNPs 20.56 ± 1.34b 15.89 ± 1.06ab 16.78 ± 1.56ab 24.98 ± 2.45cd
Cd2 + IONPs 13.98 ± 1.07d 10.46 ± 1.18c 09.87 ± 0.97d 14.76 ± 1.43e
Cd2 + SiNPs 14.89 ± 1.04de 11.34 ± 1.14bc 11.57 ± 1.09cd 16.34 ± 1.28de
Cd2 + IONPs + SiNPs 19.78 ± 1.37bc 12.45 ± 1.09bc 14.27 ± 1.06bc 21.59 ± 1.92d
Cd3 + IONPs 10.34 ± 1.08f 9.56 ± 1.07de 7.65 ± 0.67ef 12.98 ± 1.03ef
Cd3 + SiNPs 12.87 ± 1.17e 11.67 ± 1.56d 10.78 ± 1.08e 14. 45 ± 1.78e
Cd3 + IONPs + SiNPs 13.89 ± 1.67de 14.87 ± 1.45cd 14.87 ± 1.09de 25.89 ± 2.67c

Here IONPs, SiNPs, Cd0, Cd1, Cd2, Cd3 indicates iron oxide nanoparticles, silicon nanoparticles, 0 mM CdCl2, 1 mM CdCl2, 1.5 mM CdCl2, 2 mM CdCl2. Different
letters indicate significant difference among the treatments (P ≤ 0.05).
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The total antioxidant activity of a plant is a good indicator
of how well the plant’s antioxidant system is functioning in the
presence of oxidative stress. Plants have a variety of antioxidative
defense systems to deal with oxidative stress, particularly those
produced by the generation of excess ROS as a result of
abiotic stress. Superoxide peroxidase (SOD) is the first line of
defense that is involved in the conversion of superoxide anion
to peroxide. Catalase (CAT) is also a crucial antioxidant that
plays an important role in plants’ defensive approach to abiotic
stresses. This enzyme is involved in the conversion of H2O2
to O2 and H2O. Current research reported that IONPs and
SiNPs enhanced the activity of CAT in P. vulgaris seedlings
exposed to Cd stress.

Nanoparticles reduced MDA levels, while they increased
peroxidase (POD) and SOD activity in metal-stressed wheat
plants (Sardar et al., 2022). Additionally, osmoregulators control
the structure of organelles and macromolecules in plants by
adjusting osmosis and aid in the reduction of Cd-induced
toxicity in plants (Thind et al., 2021). In the present study, we
also noticed that Cd inhibited the production of total soluble
proteins and proline concentration in P. vulgaris seedlings. The
findings of the present study were in line with the findings
of Azizi et al. (2021). Application of NPs in the present
study enhanced proline accumulation in Cd treated P. vulgaris
seedlings. Enhanced accumulation of proline and soluble sugar
may be due to augmented proline playing some vital roles in
scavenging ROS, adjusting osmotic equilibrium and determining
the membrane attributes in plants exposed to stress (Aswani
et al., 2019). Many authors investigated the positive effect
of NPs on the enhancement of proline accumulation under
stress conditions in broad bean plants in addition to adjusted
antioxidant enzyme activities, soluble sugars, and amino acids
(Sadak and Bakry, 2020). Furthermore, Azimi et al. (2021)
claimed that NP supply can decline salt stress in tomatoes by
improving photosynthetic machinery, phenolics, and antioxidant
enzyme activities and yield as well.

Cadmium phytotoxicity increased the formation of ROS and
produced oxidative burst by interfering with the antioxidant
defense system (Kamran et al., 2021), which promotes the MDA
content due to the high accumulation of lipid peroxidation
of the membrane. During the normal metabolism, the plants
have established well-organized antioxidant enzyme defense
mechanisms to eliminate the ROS (Fan et al., 2020). This is
because SOD acts as the first line of defense in plants against
ROS. Superoxide dismutase converts the O2

− to less toxic
H2O2, and it forms the first line of defense in the antioxidant

system of plants; to this end, CAT scavenges the H2O2 to water
and oxygen molecules (Orabi and Abou-Hussein, 2019). The
ameliorative influence of the NPs on Cd stress was also assessed
by Hussain et al. (2018) in the wheat plant. This apparently will
promote antioxidant impairments by decreasing H2O2 and MDA
content and enhancing the activities of SOD, CAT, and increased
tolerance against abiotic toxicity (Sharma et al., 2019).

CONCLUSION

Cadmium toxicity enhanced oxidative stress in P. vulgaris
seedlings. Application of IONPs and SiNPs escalated the activity
of antioxidant enzymes besides incrementation in K+ content.
Additionally, synergistic application of IONPs and SiNPs increase
NO content and Pro content in P. vulgaris seedlings grown in
normal and CdCl2-polluted soil. Cd-stress alleviation is credited
to increased activity of antioxidant enzymes and maintenance of
PAs and K+ metabolism. It is further added that mechanisms
and molecules involved in the interaction of different NPs can
be exploited for the mitigation of numerous stresses in plants.
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There has been much interest in the incorporation of organic molecules or biostimulants
into foliar fertilizers with the rationalization that these compounds will enhance the
uptake, or subsequent mobility of the applied nutrient. The objective of this research
was to investigate the effects of an inositol-based plant stimulant on the mobility and
accumulation of foliar-applied zinc (Zn) in wheat plants (Triticum aestivum L.). High-
resolution elemental imaging with micro-X-ray fluorescence (µ-XRF) was utilized to
examine Zn distribution within the vascular bundle of the leaf and whole grains. The
inclusion of myo-inositol with Zinc sulfate, significantly increased Zn concentration
in shoots in contrast to untreated controls and Zn sulfate applied alone. Foliar Zn
treated plants increased Zn in grains by 5–25% with myo-inositol plus Zn treated plants
significantly increasing grain Zn concentration compared to both Zn treated and non-
treated controls. XRF imaging revealed Zn enrichment in the bran layer and germ, with
a very low Zn concentration present in the endosperm. Plants treated with Zn plus myo-
inositol showed an enhanced and uniform distribution of Zn throughout the bran layer
and germ with an increased concentration in the endosperm. While our data suggest
that foliar application of myo-inositol in combination with Zn may be a promising strategy
to increase the absorption and mobility of Zn in the plant tissue and subsequently to
enhance Zn accumulation in grains, further research is needed to clarify the mechanisms
by which myo-inositol affects plant metabolism and nutrient mobility.

Keywords: biofortification, foliar fertilizer, biostimulant, wheat, zinc, µ-XRF

INTRODUCTION

Wheat (Triticum aestivum L.) is a cereal grass widely cultivated for their edible grains. Among
widely cultivated food crops, wheat plays a particularly important role in daily energy intake,
especially in the developing world. Modern wheat cultivars are however a poor source of
micronutrients (e.g., Zn and Fe) and when used as a dominant part of daily calorie intake, a wheat
based diet often fails to meet human Zn and Fe requirements (Cakmak et al., 2010). To meet
human dietary needs in wheat dominant diets, it is estimated that grain Zn concentrations should
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be increased from the current average of 20–35 mg kg−1 to
greater than 50 mg kg−1 (Cakmak et al., 2010). Foliar fertilization
can be used to effectively enrich Zn grain though the efficiency
of transport of foliar applied Zn to grain is generally low
(Erenoglu et al., 2011).

Foliar application of nutrients in crop plants is an important
agricultural practice world-wide (Fernández et al., 2013). Foliar
fertilization is essential where soil conditions such as high pH,
limit the availability of soil applied fertilizers and where there
is a need to ensure nutrient adequacy at critical stages of plant
growth (Tian et al., 2015). Many factors may influence the
efficacy of foliar fertilizers such as the physiological status and
phenological stage of the plant, the mobility of the nutrient within
the plant, or the presence of abiotic stresses (Fernández and
Brown, 2013; Fernández et al., 2013). For example, Zn fertilizers,
when applied via foliar fertilization, must readily penetrate the
leaf and remain soluble to promote the translocation from leaves
to phloem-fed tissues (White and Broadley, 2011; Saa et al.,
2018). However, it has been reported that foliar application
of common sources of Zn such as Zinc sulfate (ZnSO4) and
Zn-EDTA may not improve the mobility of Zn in plant
tissues (Doolette et al., 2018). Thus, enhancing the efficiency
of the foliar applied nutrients by adopting new strategies is of
great importance not only from an economic, agronomic and
environmental point of view, but also as a means to correct
human nutrient deficiencies.

The use of plant biostimulants, such as inositol compounds,
is emerging as a central feature in plant biochemistry and
physiology (Yakhin et al., 2017). Inositol which is well known
for acting as a stress-ameliorator in plants (Hu et al.,
2018; Mukherjee et al., 2019) may also control multiple
aspects of plant signaling and physiology (Jia et al., 2019).
Previous reports suggest that exogenous application of inositol
could not only alleviate stress but also alter gene expression
involved in cell wall biosynthesis, regulation of phytohormones,
redox reactions, and chromosome modifications (Chatterjee
and Majumder, 2010; Donahue et al., 2010; Ye et al.,
2016). In addition, some inositol isoforms (e.g., myo-inositol)
may act as a strong chelator of metal cations possibly
facilitating absorption and transport of nutrients. Given the
important role of inositol in cellular functioning, especially
its protective functions under biotic and abiotic stresses,
surprisingly little is known about exogenous application of
inositol in plants such as responses to nutrient availability and
effects on mobility.

The development of new techniques that will help improve
the efficacy of foliar applied nutrients by enhancing the
absorption, translocation, and its utilization by plants
with the ultimate goal of improving the quality and yields
of crops is mandatory. Due to its capacity to potentially
facilitate ion transmembrane transport, we hypothesize
that myo-inositol applied in combination with Zn may
increase its absorption, transport, and accumulation in
plant tissues. Here, our goal was to provide comprehensive
information on the mobility and distribution of foliar applied
zinc, with or without myo-inositol, in wheat leaves and its
accumulation and localization in grains using X-ray fluorescence

(XRF) synchrotron-based techniques which represents a
powerful tool for characterizing in vivo nutrient mobility and
distribution in plants.

MATERIALS AND METHODS

Plant Culture
Sterilized wheat seeds (Triticum aestivum L., cv. Patwin 515)
were soaked in deionized water for 24 h and then germinated in
containers filled with a soil mixture containing (% of volume)
40% peat, 35% silica clay, 20% perlite, and 5% gravel. 10-day-
old seedlings of uniform height were transplanted into each
5L pot, one plant per pot, and the pots were transferred to a
controlled environment greenhouse with day/night temperature
of 25/20◦C and day/night humidity of 70/85%. Lighting was
provided by LED grow lights with 16-h day length. Plants were
watered as needed with a nutrient solution [1.2 mM KNO3,
0.8 mM Ca(NO3)2, 0.8 mM NH4NO3, 0.3 mM KH2PO4, and
0.2 mM MgSO4, 12 µM Fe-EDTA, 0.25 µM Na2B8O13·4H2O,
1.5 µM MnSO4, 0.25 µM ZnSO4, 0.5 µM CuSO4, and 0.04 µM
Na2MoO4]. Each treatment and analyses were conducted in four
biological replicates.

Foliar Treatments
During stem elongation (flag leaf ligule and collar visible)
plants were treated with the following treatments: water sprayed
control (no added Zn, “-Zn-CK”), zinc sulfate control (added
Zn, “+Zn-CK”), myo-inositol (no added Zn, “-Zn+Ino”), and
myo-inositol plus zinc sulfate (added Zn, “+Zn +Ino”). ZnSO−4

was applied at the final concentration of 250 mg L−1, and
myo-inositol was applied at the concentration of 0.25% v/v.
The selected concentration was based on previous experiments
(data not shown). Myo-inositol was selected due to its capacity
to potentially facilitate ion transmembrane transport. The
treatments were applied to the leaves of wheat 8 h before darkness
(10 a.m.). The soil was covered to prevent inadvertent spray drift.
Foliar application was repeated 15 days after initial application.
To avoid the possibility that the effect of the foliar spray was a
consequence of alleviation of secondary nutrient deficiency, all
plants were grown with continuous and abundant soil nutrient.

Elemental Analysis
At plant maturity, shoot and grains were collected and prepared
for elemental analysis. The wheat grains were removed from
panicles and dehusked, and several dehusked grains were set aside
for X-ray fluorescence (XRF) imaging. Leaves and grains were
oven-dried at 65◦C for 72 h and ground using a stainless-steel
mill (0.2-mm screen). Ground, dry plant samples (0.1 g) were
digested with concentrated trace-metal grade (TMG) HNO3.
Total concentrations of elements (i.e., Zn, Fe, Cu, and Mn) in
the filtrates were analyzed using inductively coupled plasma mass
spectroscopy (ICP-MS; Agilent 7500a, United States). Standard
Reference Material (SRM) Tomato Leaves (NIST 1573a) were
used to verify the results and gave excellent recoveries for all the
elements of interest (≥94%).
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Elemental Mapping
µ-X-Ray Fluorescence Sample Preparation
Mid-sections of leaves were obtained from plants treated with
different foliar treatments. Leaf cross-sections (30 µm) were
sectioned with a cryotome (LEICA, CM1850) at a temperature
of −20◦C. Single sections of each treatment were selected under
light microscopy for their ultrastructural integrity and then
freeze-dried under −20◦C for 3 days prior to XRF analysis. The
dehusked grains were set in epoxy (EPO-TEK 301-2FL) resin,
cured, and cut into thin sections.

µ-X-Ray Fluorescence Analyses
X-ray fluorescence imaging of the grain and leaf thin sections
was conducted at the Stanford Synchrotron Radiation Laboratory
(SSRL) at beam lines 10–2 and 2–3. Experiments at Beam Line
10–2 were recorded at 10500 eV, using a 20 µm (H) × 20 µm
(V) beam spot size, a 20 µm × 20 µm pixel size, and 200 ms
dwell time per pixel. The incident X-ray beam of 2 µm at beam
line 2–3 was focused using a pair of Kirkpatrick–Baez mirrors,
and the incident beam was monochromatized using a Si(111)
double-crystal monochromator. Micro-XRF maps were obtained
by rastering the beam at 5 µm steps, with a count time of 100 ms
per step. Fluorescence intensities of P, S, Cl, K, Ca, Mn, Fe, Ni,
Cu, and Zn were monitored. Fluorescence signal intensities for
Zn and any other elements were calculated with SMAK (Sam’s
Microprobe Analysis Kit, Version 1.5).

Experimental Design and Statistical
Analysis
The experimental design was a randomized complete design
with a full factorial structure. Each treatment and analyses were
conducted in four biological replicates. Analysis of variance
(ANOVA) was performed with SigmaPlot (Systat Software,
Inc., Version 14.0). If significant differences (P < 0.05) were
identified, a Tukey test was used to distinguish differences
between the groups.

RESULTS

Grain Yield and Plant Biomass
Plant biomass and yield were determined at full plant maturity
(Figure 1). Treatments did not significantly affect plant biomass
(i.e., straw) or yield (i.e., whole grain mass) however the use
of myo-inositol increased grain yield on average by up to 15%
compared to -Zn-CK.

Total Zn Concentration in Shoots and
Grains
All treatments affected shoot zinc concentrations (Figure 2).
Shoot Zn concentrations ranged from 15.2 to 53.1 mg kg−1 and
were significantly affected by both Zn treatments, with +Zn+Ino
treated plants having significantly more zinc than the non-treated
control (-Zn-CK) by nearly fourfold and significantly increasing
shoot Zn by 13 mg kg−1 approximately 40% in contrast to +Zn-
Ino treatments. Total zinc concentrations in shoots were lowest

for the control and myo-inositol treated plants, while shoot zinc
in plants treated with zinc alone or applied with myo-inositol was
significantly higher (p = 0.001).

Similar, though smaller trends were observed in the grains
where Zn-treated plants both with and without myo-inositol had
increased zinc concentration compared with non-treated control
(Figure 2). In the absence of added zinc, myo-inositol had no
effect on grain zinc levels, with the addition of both myo-inositol
and Zn grain zinc levels increased by 20 ppm (p < 0.05). Zinc
values in unpolished grains ranged from 55.5 to 75.6 mg kg−1 for
-Zn-CK and +Zn+Ino treatments, respectively. On average, Zn
treated plants increased zinc in grains by 5–25% with +Zn+Ino
significantly increasing grain zinc concentration compared to
both Zn-treated (p = 0.018) and non-treated controls (p = 0.003).

Distribution Patterns of Zinc in Leaf and
Grain of Wheat Plants
Micro-XRF mapping was performed to investigate the effects of
different foliar applied Zn and myo-inositol treatments on the
distribution and localization of zinc in leaves of wheat at full
plant maturity. The cross sections of wheat leaves are composed
of upper and lower epidermis, parenchyma, and vascular tissue
(xylem and phloem). Spatial imaging of zinc was also performed
on cross-sections of unpolished wheat grains collected during
plant harvest. The cross sections of unpolished wheat grains are
composed of bran layer, endosperm, and germ. The normalized
XRF intensities of each map indicates the relative distribution for
each individual element.

X-ray fluorescence images showed that wheat leaves
exhibited differential zinc distribution on plant tissue
with a higher degree of distribution to the mesophyll and
vascular tissues (Figure 3). When adjusted to the same
relative scale, the zinc distribution on the +Zn-CK and
+Zn+Ino treated plants was much more extensive and
higher in fluorescence intensity than on the −Zn-CK
and −Zn+Ino treated plants with +Zn+Ino treated plants
showing a higher intensity when compared to +Zn-CK treated
plants. This finding corroborates with the ICP-MS data
(Figure 2), suggesting that myo-inositol applied via foliar
spray in combination with Zn may facilitate solute movement
into plant cells.

Images obtained from a longitudinal cross-section of
wheat grains show the distribution of zinc (Figure 4). In
−Zn-CK and −Zn+Ino treatments, zinc was distributed
in highest concentration in the bran layer and germ, with
a very small concentration present in the endosperm.
For +Zn-CK and +Zn+Ino treated plants, zinc was also
present in highest concentration in the bran layer and
germ, but exhibited an increased concentration in the
endosperm, with +Zn+Ino showing an enhanced and uniform
distribution of zinc throughout the grain. Furthermore,
intensity analysis across a single scan line through the
grain confirmed that the peak of Zn intensities in the bran
layer, endosperm, and germ was noticeably increased in the
+Zn+Ino treatment.
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FIGURE 1 | Grain yield (A) and plant biomass (B) of wheat treated with different foliar fertilizers. Data points and error bars represent means and SE of four
replicates. Different letters denote significant differences (p < 0.05, n = 4).

FIGURE 2 | Zinc (Zn) concentrations in shoots (A) and grains (B) of wheat plants treated with different foliar fertilizers. Data points and error bars represent means
and SE of four replicates. Different letters denote significant differences (p < 0.05, n = 4).

All treatments showed the same pattern of distribution for
other plant nutrients (data not shown). Iron, manganese, and
copper follow a similar allocation pattern as zinc. Calcium was
distributed throughout the grain with highest levels in the germ
and bran layer, and lowest in the endosperm. Potassium and
phosphorus follow a similar distribution pattern as calcium, with
potassium being more abundant in the endosperm.

Plant Nutrients
Of the other plant nutrients analyzed (i.e., Fe, Mn, and Cu),
none were significantly affected by the treatments compared to
the −Zn-CK suggesting that foliar application of Zn and myo-
inositol, alone or in combination, may increase total grain zinc in
wheat without negatively affecting grain Fe, Mn, or Cu (Figure 5).

In the shoots, +Zn-CK treatment increased the concentration
of Mn (155.9 mg kg−1) and Cu (4.5 mg kg−1), and slightly
decreased Fe (21.7 mg kg−1) concentration compared to the
−Zn-CK (Mn: 148.8 mg kg−1; Cu: 3.8 mg kg−1, and Fe: 24.6 mg

kg−1). −Zn+Ino also enhanced Mn (151.9 mg kg−1) and Cu
(3.9 mg kg−1), and reduced Fe concentration (18.3 mg kg−1).
+Zn+Ino increased Mn concentration by 13% (168.5 mg kg−1)
and Cu by 15% (4.4 mg kg−1) but did not affect Fe concentration
(23.7 mg kg−1).

In grains, +Zn-CK, −Zn+Ino, and +Zn+Ino decreased Mn
concentration by 5% (71.2 mg kg−1), 10% (68.0 mg kg−1),
and 4% (72.4 mg kg−1), respectively, compared to the −Zn-CK
(75.4 mg kg−1). Fe and Cu concentration in −Zn-CK, +Zn-
CK,−Zn+Ino, and +Zn+Ino treatments were consistent showing
concentrations of 57.7 and 10.1 mg kg−1, 56.1 and 9.3 mg kg−1,
50.8 and 9.4 mg kg−1, and 61.4 and 10.0 mg kg−1, respectively.

DISCUSSION

Zinc sulfate (ZnSO4) and Zn-EDTA are two common forms of
foliar-applied Zn fertilizers (White and Broadley, 2009, 2011).
However, low or limited mobility of zinc in leaves when applied
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FIGURE 3 | Microscope cross section (A) and µ-XRF elemental maps (B–E) for Zn (red), Fe (green), and Mn (blue) of wheat leaf treated with different foliar fertilizers:
−Zn-CK (B), +Zn-CK (C), −Zn+Ino (D), and +Zn+Ino (E). Pixel brightness for µ-XRF map (B–E) is displayed in RGB, with the brightest spots corresponding to the
highest elemental fluorescence. Scale bar: 200 µm. n = 4, representative images shown.

FIGURE 4 | Micro X-ray fluorescence (µ-XRF) elemental maps for Zn of grains collected from wheat plants subject to different foliar fertilizers: −Zn-CK (A), +Zn-CK
(B), −Zn+Ino (C), and +Zn+Ino (D). Pixel brightness for µ-XRF maps (A–D) is displayed in RGB, with the brightest spots corresponding to the highest elemental
fluorescence. Scale bar: 400 µm. n = 4, representative images shown.
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FIGURE 5 | Concentrations of Fe (A,B), Mn (C,D), and Cu (E,F) in leaves and grains of wheat plants treated with different foliar fertilizers. Data points and error bars
represent means and SE of four replicates (p < 0.05, n = 4).

in the form of SO4 (Tian et al., 2015) or chelated with EDTA
(Doolette et al., 2018) has been reported. To improve the
efficacy of foliar applied Zn, we focused on developing new
strategies aiming to increase Zn transport from leaf surface to

phloem-fed tissues and subsequently improving its transport and
accumulation in grains.

Results from the present study showed clearly increased
accumulation of Zn in both leaf and grains of wheat after
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the application of ZnSO4 in combination with myo-inositol,
while ZnSO4 applied alone increased shoot Zn significantly but
had only slightly increased Zn distribution and accumulation
in grains (Figures 2–4). Myo-inositol applied alone slightly
increased shoot Zn concentrations (Figure 2A) suggesting this
product may also influence root Zn uptake or Zn transport
of previously acquired Zn, this effect is being examined in
separate experiments. The significant positive effect of +Zn+Ino
on shoot (Figure 2A) and grain (Figure 2B) Zn concentrations
and changes within organ Zn distribution suggests myo-inositol
may alter both Zn penetration into the shoot tissue and the
subsequent intercellular mobility of acquired Zn. While Zn
has been reported as having a poor leaf penetration and low
mobility in the phloem (White and Broadley, 2011), this study
showed evidence that myo-inositol may improve Zn mobility
in the plant tissue (Figure 3) resulting in greater phloem Zn
transport, and higher grain Zn concentrations (Figure 4) than
ZnSO4 alone.

The role of inositol in plant metabolism is uncertain. Inositol
may function in various plant signaling pathways, such as
energy homeostasis, phosphate sensing, and immune responses
(Williams et al., 2015). However, its existence and function
in plants is newly emerging and little is known about its
use as a plant stimulant. Inositol has been proposed to be
an important component for stomatal regulation in plants
as it is implicated in abscisic acid-mediated signaling (Perera
et al., 2008). Recently, (Hu et al., 2018) showed that exogenous
application of myo-inositol not only improved the photosynthetic
activity and plant growth in Malus hupehensis plants, but also up-
regulated stomatal apertures allowing those plants to modulate
transpirational water losses and the uptake of CO2. While the
mechanisms of absorption of solutes through the stomata are
not very well understood (Fernández and Brown, 2013), it can
be highly significant as the number of stomata contributing
to uptake proved to be highly variable in the leaf surface
(Eichert et al., 2008). For example, in Vicia faba, exogenously
administered phosphatidyl-inositol induced stomatal opening
and swelling in guard cell protoplasts (Lee et al., 2007). Thus,
by up-regulating stomatal apertures, myo-inositol application
may result in an improved distribution of permeability on the
leaf surface possibly enhancing the diffusion of solutes into the
stomatal pores. Li et al. (2019) studying the pathways in which
foliar-applied ZnSO4 moves through the sunflower leaf surface,
considering the potential importance of the cuticle, stomata and
trichomes, demonstrated that there is no indication that the
stomata played a major role in the foliar absorption of ZnSO4.
This corroborates our hypothesis where ZnSO4 applied alone
increased Zn in plant tissue only by twofold, while myo-inositol
applied in combination with ZnSO4 in the same concentration
(250 mg L−1) enhanced plant Zn by nearly fourfold compared
to the control, possibly by modulating stomatal opening and
increasing Zn absorption by the leaf.

An oxidized form of inositol is also the most common and
important sugar implicated in polysaccharide synthesis for cell
walls (Loewus and Murthy, 2000; Cui et al., 2013). In addition
to cell wall biosynthesis, inositol and its derivatives provide
components for other vital pathways such as, but not limited to,

biotic and abiotic stress response, plant growth and development,
signaling transduction, and substrate transportation (Ye et al.,
2016). Some recent studies have reported the benefits of non-
foliar applied myo-inositol in plants under different conditions
(Liu et al., 2006; Lee et al., 2007; Perera et al., 2008; Zhai
et al., 2016; Belgaroui et al., 2018; Mukherjee et al., 2019). For
example, in apple rootstock Malus hupehensis, root-applied myo-
inositol alleviates salt-induced inhibition of growth not only
acting in antioxidant defenses, but also mediating Na+ and
K+ homeostasis and the osmotic balance (Hu et al., 2018).
In contrast, very little is known regarding foliar application
of myo-inositol and its possible benefits in plants. It has been
reported that Zn is coordinated to P as Zn-Phytic acid (inositol-
6-phosphate), which is composed of six Pi molecules linked to a
myo-inositol, in roots and in leaves of Arabidopsis lyrata (Sarret
et al., 2003; Bouain et al., 2014). According to Bouain et al.
(2014), the occurrence of co-regulation of Pi–Zn nutrition in
cells of intact plants may impact both P and Zn uptake and
transport within a plant body. When exposed to a combination
of ZnSO4 and myo-inositol, wheat plants showed an increased
accumulation of Zn in both shoots and grains. We speculated
that the increased Zn concentration in response to myo-inositol
application might be a gene-mediated response strategy related
to ion transmembrane transport, leading to absorption of Zn as
it has recently been shown that exogenous myo-inositol could
alter gene expression and signaling transduction in plant cells
(Ye et al., 2016). Furthermore, several genes related to substance
transport in response to myo-inositol application were identified
suggesting that myo-inositol might act as a regulator mediating
the transportation of carbohydrates and other substances.
However, no further evidence on its implication in the regulation
of Zn transport and/or signaling has been discovered. Therefore,
further research should focus on the role of myo-inositol in
co-regulating Zn transport and signaling crosstalk.

On the basis of existing knowledge of inositol function
in plants we propose two main mechanisms to explain the
increased plant Zn accumulation and transport due to myo-
inositol application (1) myo-inositol may have changed plant
stomatal regulation and increased Zn absorption by wheat leaves;
and (2) myo-inositol may have changed cell permeability by
gene-mediated response strategy related to ion transmembrane
transport, facilitating Zn absorption by the leaf. To our
understanding, this is the first study utilizing µ-XRF to show
visual evidence for the in situ investigation of Zn in wheat
leaves and grains after foliar application of myo-inositol. We
found that myo-inositol significantly affected Zn transport and
distribution in leaf and grains of wheat. Additionally, myo-
inositol treated plants increased plant yield by 5–15% compared
to the controls. The results suggested that myo-inositol could
affect the physiological status of plant cells and might also
influence the mobility of Zn in the plant tissue. The observations
above introduce many important points considering the form
in which foliar applied Zn penetrates the leaf and how Zn
is redistributed in leaf tissue when applied in combination
with myo-inositol. While further research is required to better
understand the specific absorption or uptake pathway of different
foliar Zn fertilizers and/or plant stimulants, the results show
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evidence that myo-inositol may improve the efficiency of foliar-
applied ZnSO4.

CONCLUSION

The diet of much of the world’s population is based on cereals
such as wheat that contain insufficient amounts of numerous
nutrients (e.g., Zn, Fe, Cu, and Mn) to meet daily needs.
Our results showed that foliar application of myo-inositol in
combination with Zn may be a promising strategy to increase
the absorption and mobility of Zn in the plant tissue and
subsequently to enhance Zn accumulation in grains without
affecting other essential metals such as Fe, Mn and Cu or
decreasing grain yield. Further research is needed to clarify the
mechanisms by which myo-inositol affects plant metabolism and
to identify stimulant properties that can considerably increase
grain micronutrients under a wide range of field conditions to
maximize plant response to foliar applications.
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Today’s agriculture faces many concerns in maintaining crop yield while adapting
to climate change and transitioning to more sustainable cultivation practices. The
application of plant biostimulants (PBs) is one of the methods that step forward to
address these challenges. The advantages of PBs have been reported numerous times.
Yet, there is a general lack of quantitative assessment of the overall impact of PBs on crop
production. Here we report a comprehensive meta-analysis on biostimulants (focus on
non-microbial PBs) of over one thousand pairs of open-field data in a total of 180 qualified
studies worldwide. Yield gains in open-field cultivation upon biostimulant application
were compared across different parameters: biostimulant category, application method,
crop species, climate condition, and soil property. The overall results showed that (1)
the add-on yield benefit among all biostimulant categories is on average 17.9% and
reached the highest potential via soil treatment; (2) biostimulant applied in arid climates
and vegetable cultivation had the highest impact on crop yield; and (3) biostimulants were
more efficient in low soil organic matter content, non-neutral, saline, nutrient-insufficient,
and sandy soils. This systematic review provides general biostimulant application
guidelines and gives consultants and growers insights into achieving an optimal benefit
from biostimulant application.

Keywords: meta-analysis, biostimulant, crop yield, sustainable agriculture, open-field trial, climate, soil quality

INTRODUCTION

By 2050, the risk of hunger is predicted to rise by 30% due to climate change and the expected
population increase (Van Dijk et al., 2021). To meet future food production requirements, the
impact of climate change on crop production needs to be addressed. How we will achieve
this ambitious goal is currently debated. Various conventional (e.g., fertilization) and novel
bioengineering strategies (e.g., genetically modified crops) are extensively developed to boost
crop production and ensure food security and safety (Bailey-Serres et al., 2019). As a general
consensus is emerging synthetic fertilizers that cause environmental threats to the local and global
ecosystems (Koli et al., 2019), plant biostimulants (PBs) are potentially a tool to mitigate climate
change-induced stress and reduce the dependency on chemical fertilizers (Hunter et al., 2017). The
European Commission aims to replace 30% of chemical fertilizers with bio-based alternatives by
2050 (Hansen, 2018). The application of PBs, is a more sustainable agricultural practice to preserve
crop yield under reduced fertilizer conditions (Gupta et al., 2020). The global market value of PBs
is expected to reach USD 3 billion in 2021, with a cumulative annual growth rate (CAGR) of about
13% until 2025 (EBIC, 2021). Nevertheless, there is no clear view of how efficient PBs really are.
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The European Commission has categorized PBs under the
framework of fertilizing products [Regulation (Eu) 2019/1009,
2019]. Briefly, it states that PBs are products that stimulate
plant growth and improve one or more additional functions:
nutrient use efficiency, abiotic stress tolerance, crop quality
traits, and availability of confined nutrients in the soil or plant
rhizosphere. Furthermore, Regulation (EU) 2019/1009 cataloged
two distinct categories based on whether the stimulatory
bioactivity is of microbial or non-microbial origin, and this
may require an even more refined classification (Rouphael and
Colla, 2020). Within the most accepted subcategories, microbial
PBs consist of arbuscular mycorrhizal fungi (AMF) and plant
growth-promoting rhizobacteria (PGPR) (Rouphael and Colla,
2020). Commonly, 6 subcategories of non-microbial PBs are
distinguished: chitosan (Chi), humic and fulvic acids (HFA),
animal and vegetal protein hydrolysates (PHs), phosphites (Phi),
seaweed extracts (SWE), and silicon (Si). More recently, an
additional group of PBs that have receivedmuch attention are the
plant extract-based PBs (PE) (excluding SWE) and are included
as a separate class of PBs (Du Jardin, 2015; Bio4Safe, 2021). Aside
from these complexmixtures of PBs, products with a single active
compound are not included in this review because we consider
that the majority of PBs are complex mixtures (Du Jardin, 2015;
García-García et al., 2020). The European Biostimulant Industry
Council (EBIC) proposed several general principles to regulate
and justify the claims made by manufacturers with regards to
PBs efficiency (Ricci et al., 2019). A European legal framework
for PBs regarding standardization of sampling, denominations,
marking, and test methods are currently under development and
will be fully released in 2024 (CEN Technical Committees, 2021).
Therefore, sufficient high-quality and credible experimental
data is required from PBs producers to support the claims
of PBs products and provide valuable practical advice for
the users. Recently, a biostimulant database was launched for
growers, gathering PBs product information, plant trails, and
scientific data on crop quality, water nutrient use efficiency, and
stress tolerance (Bio4Safe, 2021). However, an overall in-depth
evaluation of PBs performance is still missing.

Crop yield enhancement is a popular claim listed in the
product description of many PBs (Ricci et al., 2019). As various
environmental factors and management practices influence yield
performance (Liliane and Charles, 2020), empirical knowledge
that depends on different experimental conditions is of critical
value for the farmer. Because of the variability in agronomic
management and environmental conditions, studies with similar
or identical PBs have resulted in different effectiveness data
(Schütz et al., 2018). As crop yield is a multi-trait property, meta-
analysis has been conducted to gain insight into the impact of soil
property (Oldfield et al., 2019), climate change (Challinor et al.,
2014), and microbial PBs application (Schütz et al., 2018). Hence,
effectiveness remains poorly understood to what extent these
variables affect non-microbial PBs (designated as biostimulants
in later text).

In this study, we performed a meta-analysis to (1)
estimate crop yield improvement by biostimulants, (2)
understand the relationship between crop yield and
biostimulant application method, and (3) assess the impact of

environmental variables on the performance of biostimulants in
open-field cultivation.

MATERIALS AND METHODS

Literature Review
Thomson Reuters’ Web of Science, Elsevier’s Scopus, and
Google Scholar were queried until July 2021 for peer-reviewed
publications identified using the keywords “biostimulant AND
crop AND (yield OR biomass)”. Additional studies were also
selected based on citations occurring in the selected papers and
relevant reviews. Studies were selected for the analyses using
five criteria: (1) crop yield data were obtained from open-field
trials or walk-in tunnels (open on both sides), excluding pot and
greenhouse experiments; (2) marketable crop yield was reported
as it represents traceable agro-economic value; (3) the studies
contained pairwise comparisons between single biostimulant-
treated and corresponding non-treated control plants, using the
same application method under the same geo-climatic and crop
management; (4) the yield means, their standard deviation (SD),
and the number of replications were provided separately; (5)
the studies were written in English and available in full text. A
total of 1,108 paired observations from 181 empirical studies
(Supplementary Data 1) were identified after two rounds of
screening of titles, abstracts, and full texts analyzed in this study
following the PRISMA-P statement (Supplementary Figure 1)
(Page et al., 2021).

Data Collection
Experimental crop yield data were collected from the
original tables or extracted from the attached figures using
WebPlotDigitizer (Rohatgi, 2020). The methodology section
obtained other information, including the field site location,
crop species, soil properties, biostimulant product information,
application method, dose, frequency, and whether interannual
studies were performed. All data were compiled in one dataset
(Supplementary Data 2) after conversion to uniform metrics for
each variable.

Moderator Variables
Four main groups of moderator variables were considered
to investigate further potential crop yield effectors, including
experimental-, plant-, climate-, and soil-related parameters.
Table 1 shows the classifications of all categorical moderators.

Biostimulant Categories and Methods of Application
The classification of biostimulants was based on the main
bioactive substances: Chi, HFA, PHs, Phi, SWE, Si, and
PE (Du Jardin, 2015; Rouphael and Colla, 2020). Detailed
information about the available natural resources and the
major bioactive compounds of these biostimulants are shown
in Supplementary Table 1. Moringa leaf extract (MLE) was
separated as a subgroup of interest, and the rest were other PE
under the PE group.

The application methods are specified as foliar, soil, and
seed treatment. Direct biostimulant application in the soil and
introduction via irrigation water were considered soil treatments.
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TABLE 1 | The description of classifications involved in categorical moderators.

Categorical moderators Classifications involved

Climate categoriesa A (Af, Am, As, Aw); B (BWk, BWh, BSk, BSh); C (Cfa, Cfb, Csa, Csb, Cwa); D (Dfa, Dfb, Dfc, Dsa).

Crop species in categories Cereals (wheat, maize, oat, barley, rice, quinoa); Fruits (including nuts) (grape, mango, apricot, cherry, plum, mandarin,
blueberry, apple, strawberry, pear, pistachio nut, papaya, citrus, sugarcane); Legumes (soybean, faba bean, black gram,
common bean, pea, cowpea, mung bean, snap bean); Others (fennel, berseem clover, cardoon, dragonhead, geranium,
sesame, lemon, hyssop, grass mixture, ryegrass, timothy, alfalfa, cotton, basil, honeysuckle, rape, vetch, chamomile, olive,
zinnia, sugar beet, niger, milk thistle, meadow, mint, red clover); Root/tuber crops (potato); Vegetables (eggplant, rocket,
tomato, okra, sweet pepper, onion, pepper, lettuce, garlic, broccoli, carrot, endive, cabbage, spinach, cucumber, celery).

Degree of soil pH Strongly acid (5.1–5.5); Moderately acid (5.6–6.0); Slightly acid (6.1–6.5); Neutral (6.6–7.3); Moderately alkaline (7.9–8.4);
Strongly alkaline (8.5–9.0).

Degree of soil salinity by ECe (dS/m) Nonsaline (0–2.0); Slightly saline (2.1–4.0); Moderately saline (4.1–8.0); Strongly saline (>8.1).

Soil P Levels (ppm) Very low (<16); Low (16–25); Medium (26–35); Optimal (>36).

Soil K levels (ppm) Very low (<61); Low (61–60); Medium (91–130); Optimal (>131).

aAccording to Köppen-Geiger climate classification (Peel et al., 2007) on main climates, A, equatorial; B, arid; C, warm temperate; D, snow; on precipitation: W, desert; S, steppe; f,

fully humid; s, summer dry; w, winter dry; m, monsoonal; on temperature: h, hot arid; k, cold arid; a, hot summer; b, warm summer; c, cool summer.

Biostimulant application frequency indicates the total number
of foliar applications, where “0” indicates continuous treatment
with a specific time interval. The biostimulant application dose
was only defined within dose-response studies, where “1” was
used for the highest biostimulant concentration, “0” for non-
treated conditions, and the other doses were expressed as
corresponding relative concentrations. For interannual studies,
annual crop cultivation was labeled as “0” while the rest
of continuous crop production was marked as the order of
successive years.

Crop Categories and Environmental Parameters
Cultivated crop species were grouped into 6 main crop categories
(cereals, vegetables, fruits, legumes, root/tuber crops, and other
crops) following the Food and Agriculture Organization of the
United Nations (FAO) classification of agricultural crops (FAO,
2005). In addition, sugar crops (sugar cane and sugar beet),
medicinal plants (e.g., cardoon, zinnia, and basil), oilseed crops
(rapeseed and olive), grasses (e.g., alfalfa, ryegrass, and timothy),
spice crops (cinnamon and fennel), and fiber crops (cotton) were
added to the “other crops” class due to the limited number of
relevant studies.

The locations, including city and country names, were
converted to latitude and longitude with decimal degree
coordinates. Next, the climate zone was categorized according
to the Köppen-Geiger climate classification (Peel et al., 2007)
using R software version 4.0.2 (R Core Team, 2020) equipped
with package “kgc” version 1.0.0.2 (Bryant et al., 2017). Finally,
the geographical map of the identified studies was visualized
using ArcMap (Esri, 2020). Four main climates (equatorial,
arid, warm temperate, and boreal) and six subclasses (desert,
steppe, monsoonal, summer dry, winter dry, and fully humid)
are determined by vegetation and temperature and precipitation,
were covered in this study. As regular irrigation was commonly
applied during cultivation, studies with artificial drought stress
experiments were excluded.

For soil physicochemical properties, soil texture was assigned
to 12 classes according to the fractions of clay, silt, and sand

particles in the topsoil (0–30 cm), as described by the soil
texture triangle (Soil Science Division Staff, 1993). Soil acidity
and alkalinity, a measure for soil reaction, were expressed as
soil pH measured in water or converted in CaCl2 or KCl
(Land Resources Management Unit Commission, 2010). The
soil pH levels ranged from 3.5 to 8.4 and were split into six
groups (strongly acid, moderately acid, slightly acid, neutral,
moderately alkaline, and strongly alkaline) triangle (Soil Science
Division Staff, 1993). Electrical conductivity (EC) of soil standard
saturated paste extract (ECe), a measure for soil salinity, was
represented as the standard EC, and EC measured in soil-water
extracts were converted (Kargas et al., 2018). The degree of soil
salinity was allocated into five levels (non-saline, slightly saline,
moderately saline, and strongly saline) for all soils (Smith and
Doran, 1997). The soil organic matter (SOM) was considered a
critical indicator of soil health (Soil Health Institute, 2018). SOM
was transposed from available soil organic carbon (SOC), which
assumedly contributed to 58% of the mass of SOM (Edwards,
2021). Soil total nitrogen (N) indicates the percentage of organic
and inorganic N forms (Marx et al., 1996). Furthermore, soil
available nutrients for plant uptake are associated with three
macronutrients, N, phosphorus (P), and potassium (K) content
(ppm concentrations), where soil available N content (ppm) only
includes plant-available nitrate- and ammonium-N (Horneck
et al., 2011). For easier understanding in agronomy guide, soil
fertility was interpreted to four levels (very low, low, medium,
and optimal) based on available P and K concentrations and the
expected yield potential without fertilization for most agronomic
crops (Snyder et al., 1993).

Missing Values
If the studies only provided the dry biomass, the fresh weight was
computed according to the calculated water contents (Spungen,
2005). When outcome errors were unavailable in the original
text, the SD was estimated in percentage based on the mean
SD of the existing studies per crop category (Schütz et al.,
2018). The estimated SD for cereals was 4.25%, legumes 13.4%,
root/tuber crops 9.51%, vegetables 9.67%, fruits 16.5%, and for
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other crops (grasses andmedical plants 8.84%, sugar crops 1.55%,
oilseed crops 8.92%). Thus, more importantly, the availability of
complete raw datasets combined with other descriptive records
of trail-related conditions is critical for proper statistical analysis
and justifying biostimulant claims of manufacturers (Ricci et al.,
2019).

Data Analysis
The primary outcome of crop yield was defined as the fresh
weight (kg·m−2) of marketable product, in the case of cereals, the
seed or grain yield, shoot biomass for most vegetables or other
crops, fruit yield for fruits, and tuber yield for root/tuber crops.
The yield response (%) to biostimulant application was calculated
using the Equation (1),

Yield response (%)=
Yieldwith biostimulant

Yieldwithout biostimulant
×100% (1)

where “Yieldwith biostimulant” is the crop yield after treatment
with a single biostimulant product and “Yieldwithout biostimulant”
is the crop yield under non-treated control conditions. A meta-
analysis was conducted in R with package “metafor” version 3.0-
2 (Viechtbauer, 2010). First, the effect size was calculated with
log-transformed ratios of the means and confidence intervals
(CI) of each means, with yield response as the main outcome.
The variables were assigned according to the major influencing
factors of crop production. Next, random-effect models (RE)
were fitted with categorical moderators using the restricted
maximum-likelihood (REML) estimator method. For categorical
moderators, forest plots were applied to visualize the meta-
analyses. On the other hand, linear meta-regression analysis
on continuous variables was conducted by fitting mixed-effect
models (ME). The ME performance was evaluated by R2 for
variance explained (Nakagawa and Schielzeth, 2013). We also
investigated the between-study heterogeneity by determining
I2 of each model (Inthout et al., 2016). To further explore
the causes of heterogeneity, influence diagnostics was applied
to remove outlier cases with large DFBETAS (indicating the
change of SDs after study exclusion from model fitting).
As a result, twenty-one of the 1,108 studies were removed.
Additionally, to eliminate the systematic publication bias in
meta-analysis, we evaluated the comprehensiveness of collected
data by assessing the asymmetry of the funnel plot with the
“regtest” function. Since the asymmetry test was not significant (p
> 0.05) (Supplementary Figure 2), we thus addressed no issues
on publication bias in our dataset and included all the data for
this study.

RESULTS

Following a literature survey and selection using the quality
criteria described previously, 1,087 paired observations in 180
studies were retained for data extraction and comparison.
Most of these studies were performed in the Eurasian and
Mediterranean regions under arid and warm temperate climates.
The smaller subsection of studies was from the Americas and
Southeast Asia, and a single study was conducted in Southern
Africa and one in Australia (Figure 1).

PE Is the Most Efficient Biostimulant
The average yield increases induced by reported biostimulant
applications in open-field varied between 8.5 and 30.8% between
the category (Figure 2). The overall average in crop yield
response was 17.9% (CI 16.7–19.0%). The best performing
category was PE, with a yield increase of 26.6% (CI 23.1–30.1%).
Amongst MLE showed the highest improvement (+30.8%; CI
26.1–35.6%) while other PE (+22.3%; CI 17.2–27.3%). The
biostimulant group with the lowest yield enhancement was Phi
(+8.6%; CI 4.6–12.5%), and it was derived from the smallest
dataset with 18 comparisons from three studies. The other four
biostimulant categories, Chi, HFA, PHs, and SWE, showed an
intermediate increase of 14.8–17.1%. Regarding the impact of the
commercial status of biostimulants, non-marketed biostimulants
tended to represent a stronger yield enhancement effect (+21.8%;
CI 20.0–23.5%) than commercially purchased products (+14.4%;
CI 12.7–16.0%). For SWE, commercial or non-commercial
sources resulted in a similar yield increase of about 16.5–18.0%.
The variation in results was the largest for Si, while SWE showed
the most consistent yield increase.

Yield Effectiveness Affected by
Biostimulant Application Method
Since the application methodology is an important efficacy
determinant, the yield increase across different application
methods (foliar, seed, and soil) and associated variables
(frequency, dose, and interannual application) were compared
(Figure 3). An unexpected result was that soil treatment, an
indirect application method, resulted in the most substantial
yield increase (+28.8%; CI 24.0–33.6%). Foliar treatments,
representing over 85% of the studies, and seed application were
similar in an average yield increase of about 17.0% (Figure 3A).
In several studies, different dilutions of the biostimulant were
tested. Here, we set the highest dose to “1” and calculated the
effectiveness of dose responses (Figure 3B). The positive yield
effect increased with higher doses, as was expected. However,
the regression slope was very shallow, indicating that the doses
applied were, in general, close to the saturation level. Single spray
applications resulted in a comparably stronger yield increment
(+14.9%; CI 12.3–17.6%) with subsequent sprayings of up to
four times, resulting in only a slight further increase in yield
reaching 16.6–18.6% (Figure 3C). More frequent spraying was
counterproductive, with lower yield benefits between 11.3 and
14.3%. When comparing the use of biostimulant within annual
or continuous crop production studies, a slightly higher yield
improvement in the first 2 years of interannual cultivation was
observed (∼18.3–20.4%) rather than the single growth season
(+16.7%; CI 15.0–18.4%) (Figure 3D). However, the efficiency of
biostimulant application decreased in the third year (+12.9%; CI
10.6–15.3%) in interannual studies.

Vegetables Respond the Most to Yield
Improvement
The effectiveness of biostimulant application was compared
across different crop types: cereals, fruits, legumes, root/tubers,
vegetables, and other crops (Figure 4). A sound comparison was
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FIGURE 1 | The locations of the open-field studies included in the meta-analysis as displayed on the Köppen-Geiger climate classification (Peel et al., 2007) on the
world map (Esri, 2009). The studies were grouped based on the six crop categories of cultivation (cereals, legumes, vegetables, fruits, root/tuber crops, and other
crops).

possible because the number of studies was similar across the
different crop types. Vegetable crops showed the highest and
roots/tubers the lowest yield benefit, differing by more than two-
fold (+22.8% compared to +10.6%). Legumes were significantly
better at responding to biostimulant applications than fruits,
cereals, and other crops.

Yield Effectiveness Varied in Climate and
Soil Properties
The impact of climate conditions on biostimulant performance
was analyzed by comparing the yield increase across four main
climate categories (equatorial, arid, warm temperate, and boreal)
and six precipitation types (desert, steppe, monsoonal, summer
dry, winter dry, and fully humid) (Figure 5). The effect of
biostimulant was most positive in climates with seriously limited
water availability (arid and desert). Moreover, yield gain showed
a clear negative trend with increased precipitation, with fully
humid climate conditions as the least favorable for biostimulant
efficiency. Overall, water availability was revealed as a critical

factor, positively correlating with the effect of biostimulants.
At the same time, temperature negatively impacted the more
extreme side of the spectrum. Next, we compared soil physical
and chemical parameters: textures, pH, salinity, and SOM
(Figure 6). For most soil types, the average effect of biostimulant
was within the same interval range. However, pure clay had
a clear lower impact (+13.5%), even though soils with a high
clay component were among the best scoring soils (e.g., silty
clay loam; +26.3%) (Figure 6A). In general, regarding the soil
pH levels, mild soil acidity or alkalinity were better than soils
with a neutral or more extreme low or high pH (Figure 6B).
Moderate alkaline soil reveals the highest potential response
to biostimulant application. Soil salinity strongly positively
correlated with biostimulant effectiveness (Figure 6C), in line
with the water availability correlation shown in Figure 5.
Finally, we compared biostimulant effectiveness across soils with
different SOM content. Here, we found a robust negative trend
between SOM and yield response after biostimulant application
(Figure 6D). A negative correlation was also observed with
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FIGURE 2 | Percentage yield response to biostimulant application affected by the biostimulant category and the commercial status of biostimulant products. The
point size correlates to the estimate’s precision, and the error bars represent 95% confidence intervals (CI) of mean estimated effect sizes. The number of
comparisons and studies is indicated in each line. The combined effect estimates and the heterogeneity test on the random-effect model (RE) are summarized at the
bottom, where the heterogeneity test is significant (p < 0.001) and I2 ≥ 75% implies substantial heterogeneity. Chi, Chitosan; HFA, humic and fulvic acids; PHs,
protein hydrolysates; Si, silicons; Phi, phosphite; SWE, seaweed extracts; PE, plant extracts; MLE, moringa leaf extract.

increasing soil total N (%) and soil available N content (ppm)
(Figures 7A,B). Concerning soil P and K levels, the analysis
revealed that biostimulants function better in poor soils deficient
in P and K nutrients (Figures 7C,D).

DISCUSSION

Biostimulant Effectiveness
A large body of published data demonstrates the positive impact
of numerous types of biostimulants on a wide range of crops
using different application methods under various conditions.
However, for biostimulants to become standard practice, these
products will require consistency and reproducibility in the
beneficial effects they are claimed to have on crop production. A
standardization for measuring the effectiveness of biostimulants
is required to distinguish the good from the bad (Ricci et al.,
2019). Variation in biostimulant effectiveness is expected as
different crops respond differently to biostimulants, and the
environmental conditions are likely also influencing the effects.
Therefore, a one-to-one comparison of biostimulant effectiveness
based on published data is not likely to be very reliable. In this
study, we looked at the bigger picture and queried the literature

for data published on the effectiveness of biostimulants. To
allow for sound comparisons, the study focused on biostimulants
derived from natural resources categorized according to their
origin and chemical properties (Geelen and Xu, 2020) and
restricted to crop yield experiments in open fields that are closer
to an application and commercialization target. The main result
from the meta-analysis was that it revealed correlations between
biostimulant effectiveness and impactors that have, insofar as we
are aware, not previously been completely recognized.

Since most authors wish to report successful biostimulants,
it is fair to assume that publications are biased toward the
positive. This does, however, not prevent the identification of
correlations between the effects and the materials and application
conditions used. With the high yield gain found, one would
expect widespread use of biostimulants in many crop production
systems. This is currently not the case, and we, therefore, assume
that the average yield increase reported here is an overestimation
of what can be expected in a commercial context. Noteworthy
here is that the efficiency of non-commercial products was
7% higher than commercial ones (Figure 2). Indeed, a more
conservative estimation of the yield increase is warranted, and
there is a need for a more systematic collection of yield data
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FIGURE 3 | Percentage yield response to biostimulant application affected by the different application management practices, including (A) application method, (B)
frequency, (C) concentration, and (D) interannual studies. The point size correlates to the estimate’s precision, and the error bars represent 95% confidence intervals
(CI) of mean estimated effect sizes. The number of comparisons and studies is indicated in each line or legend. The combined effect estimates and the test of
heterogeneity on the models [random-effect models (RE) in (A,B,D), and mixed-effect model (ME) in (C)] were summarized at the bottom, where the heterogeneity
test is significant (p < 0.001) and I2 ≥ 75% implies substantial heterogeneity.

FIGURE 4 | Percentage yield response to biostimulant application affected by the crop categories. The point size correlates to the estimate’s precision, and the error
bars represent 95% confidence intervals (CI) of mean estimated effect sizes. The number of comparisons and studies is indicated in each line. The combined effect
estimates and the heterogeneity test on the random-effect model (RE) were summarized at the bottom, where the heterogeneity test is significant (p < 0.001) and I2 ≥

75% implies substantial heterogeneity.

to conclude the effectiveness of commercial crop production
systems (Geelen and Xu, 2020). Previously, a meta-analysis
focusing on humic substances under controlled environment and
field studies reported an estimated just above 20% of the increase

in dry weight of shoot and root (Rose et al., 2014), which is close
to the yield gain we found (+17.9%) (Figure 2). In the case of
microbial PBs, Schütz et al. (2018) found that the yield benefit
in field trials was between +8.5 and +20.0%. Taken together, the
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FIGURE 5 | Percentage yield response to biostimulant application affected by the climate categories that were subgrouped into main climates and precipitation types.
The point size correlates to the estimate’s precision, and the error bars represent 95% confidence intervals (CI) of mean estimated effect sizes. The number of
comparisons and studies is indicated in each line. The combined effect estimates and the heterogeneity test on the random-effect model (RE) were summarized at the
bottom, where the heterogeneity test is significant (p < 0.001) and I2 ≥ 75% implies substantial heterogeneity.

published data show some level of consistency across the different
biostimulants analyzed. Chemical fertilizers also contribute to
a yield gain, and here the average contribution was estimated
to be around 40–60% (Stewart et al., 2005). Considering that
biostimulants are commonly applied as supplements under
conventional fertilization schemes and in many cases usually
contain NPK fertilizers, the net positive effect of the bioactive
ingredients is expected to be a considerable fraction of the total
yield gain. Nevertheless, biostimulants sustainably improve the
yield and provide a solution to reducing the dependency on
synthetic fertilizer.

The extent of yield improvement varied across categories,
with PE and MLE as the best performing biostimulants
(Figure 2). MLE has been historically tested on many different
crops displaying beneficial effects on seed germination, plant
growth and yield, nutrient use efficiency, quality traits, and
tolerance to abiotic stresses (Zulfiqar et al., 2020). The significant
profitability and variability in MLE and other PE efficacy might
be due to their complex composition of plant metabolites,
containing many macro and mineral nutrients, osmoprotectants,
and antioxidants (Soares et al., 2021). PE also likely contains
plant hormones, which, in small quantities, are known to
harbor the capacity to stimulate crop production (Harms and
Oplinger, 1988). None of the MLE products used are, insofar
we know, commercialized. This contrasts with SWE, for which
more than 60% of the products analyzed are commercialized.

Moreover, from over 40% of the total dataset, we estimated
the effect of SWE products with more confidence compared
to the other biostimulant categories. The consistency in yield
benefits linked with SWE application is likely a result of the
standardization of SWE extraction and formulation methods.
The use of SWE as a plant growth regulator can be traced
back as far as the Roman Empire (Henderson, 2004), with
the first commercial product marketed in 1952 (Milton,
1952). The technology of SWE production has developed
into a mainstream hot-alkaline extraction method involving
specific manufacturing conditions, allowing strong consistency
in production and quality (Craigie, 2011). However, the more
recently discovered biostimulants like PE show batch variations,
and their processing methodology is not well-established
(García-García et al., 2020).

While many biostimulants are typically complex mixtures,
Phi and Si are simple inorganic salts. Despite their less complex
chemical composition, the average effectiveness of Phi was the
lowest, and that of Si showed the greatest variability. Compared
to these products, PBs consisting of complex mixtures were
more effective, and it will be a challenge to determine their
mechanism of action. It also remains to be demonstrated
whether the complex biostimulants exert stronger bioactivity
because of synergistic interactions between bioactive ingredients
(García-García et al., 2020). Therefore, further standardization
in biostimulant production procedures is forecasted to improve
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FIGURE 6 | Percentage yield response to biostimulant application affected by the soil properties, including soil (A) texture, (B) pH, (C) salinity, and (D) organic matter
(%). The point size correlates to the estimate’s precision, and the error bars represent 95% confidence intervals (CI) of mean estimated effect sizes. The number of
comparisons and studies is indicated in each line or each legend. The combined effect estimates and the heterogeneity test on the models [random-effect models
(RE) in (A–C), and mixed-effect model (ME) in (D)] were summarized at the bottom, where the heterogeneity test is significant (p < 0.001) and I2 ≥ 75% implies
substantial heterogeneity.

the consistency in effectiveness and reproducibility on yield
gaining benefits.

Impact of Biostimulant Application
Methodology
Biostimulants applied via soil resulted in about 10% higher
yield benefits than foliar and seed applications (Figure 3A). This
outcome is surprising as foliar and seed applications deliver the
biostimulants directly to the plant, allowing faster uptake of the
bioactive ingredients (Niu et al., 2021). For instance, surface
spraying acts more directly and results in rapid responses to
ripen fruits (Fernández and Eichert, 2009). Soil application of
biostimulants likely has a different mode of action related to
nutrient uptake efficiency or enhancing microbial activity on and
around the crop. Nutrient availability is a major yield factor that
can be improved by either providing higher levels of mineral
or organic nutrients or by altering the microbial community
interacting with the root system (Schütz et al., 2018; Kour et al.,
2019; Oldroyd and Leyser, 2020). HFA, PHs, SWE, and PGPR
have been shown to stimulate micro and macronutrient uptake
efficiency, either by direct activation of ion transporters, mineral

utilization, or improving soil quality and mineral recycling (for
an extensive review, see Halpern et al., 2015).

Foliar application is the favored method because it can
be merged with conventional spraying practices. Remarkably,
single biostimulant sprays were nearly as effective as multiple
applications (Figure 3C). This suggests that the yield benefit is
likely due to nutrient supply and other rapid-growth stimulation
induced upon spraying the crop once or twice. Also noteworthy
is that applications above 4 times resulted in a negative trend with
lower efficiency. The diminishing returns of higher biostimulant
application frequencies may be caused by changes in the
uptake and assimilation rate of effective agents throughout the
germination, vegetative, and reproductive plant developmental
stages (Bulgari et al., 2019). Colla et al. (2015) recommended
lowering the dosage when frequently applying biostimulant to
avoid growth inhibition caused by overdose. In general, the
efficiency of biostimulants depends on the plant’s nutrient uptake
rate, which is highest prior to maximum growth rates depending
on the crop type (Jones et al., 2011; Nguyen et al., 2019).
For example, SWE application was best during the tilling stage
(Stamatiadis et al., 2021) and best during the seedling stage of
sugarcane (Chen et al., 2021). Moreover, the sensitivity of plants
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FIGURE 7 | Percentage yield response to biostimulant application as affected by the macronutrient levels, including (A) soil total N (%), (B) soil available N (ppm), soil
(C) P, and (D) K levels. The point size correlates to the estimate’s precision, and the error bars represent 95% confidence intervals (CI) of mean estimated effect sizes.
The number of comparisons and studies is indicated in each line or each legend. The combined effect estimates and the heterogeneity test on the models
[mixed-effect models (ME) in (A,B), and random-effect models (RE) in (C,D)] were summarized at the bottom, where the heterogeneity test is significant (p < 0.001)
and I2 ≥ 75% implies substantial heterogeneity.

is regulated by their daily circadian clock that also may influence
the effectiveness of the biostimulant (Belbin et al., 2019). It is
thus suggested to spray biostimulants in the early morning or
late afternoon because of the open stomata (Specialty Fertilizers,
2015). Summarily, we strongly advise following the optimized
biostimulant application in crop management.

Comparison Between Crop Categories
Vegetable and legume crops showed the highest gain in yield
upon biostimulant application (Figure 4). A previous meta-
analysis study on the crop yield improvement via biofertilization
withmicrobial PBs argued that vegetables require higher fertilizer
concentrations for optimal growth, and legumes engage in
symbiotic nitrogen fixation, which is stimulated upon the
addition of microbial PBs (Schütz et al., 2018). As our
analysis included only non-microbial PBs, the stronger legume
response is not likely attributed to the stimulation of symbiotic
interactions with nitrogen-fixing bacteria. It is currently unclear
why vegetable and legume crops are more responsive to
biostimulant application.

Biostimulants Are More Efficient Under
Suboptimal Growing Conditions
Overall, biostimulants showed the strongest crop yield effects
in soils of low quality (acid and alkaline soils, saline soils,

barren soils with low SOM, and P- or K-deficient soils)
(Figures 6B–D, 7C,D). In these soils, the cation exchange
capacity (CEC) is inherently nutrient-poor (Brown and Lemon,
2021). Soil rich in clay component or SOM, for instance,
has a higher CEC value and typically retains higher levels
of nutrients, and therefore supporting sustained crop growth
and higher yield (Bayu, 2020). The yield gap of cultivation in
poor soils is thus much larger than in fertile soils (Evans and
Fischer, 1999). Therefore, we suggest combining biostimulant
applications with “Integrated FertilityManagement” tomaximize
yield potential and reduce crop loss risk under climate
change scenarios.

Open-field production systems are exposed to variations
in climate conditions and, therefore, at risk of abiotic
and biotic stresses and degradation of the soil conditions
(drought, salinity, nutrient deficiency) (Challinor et al., 2014;
Mickelbart et al., 2015). Biostimulants are propagated as a
solution to safeguard crop yield under suboptimal growth
conditions (Yakhin et al., 2017). In agreement with this view,
the effectiveness of biostimulant application was the highest
under suboptimal growing conditions of arid climates with
low precipitation conditions (Figure 5). A similar conclusion
was made from a meta-analysis on the yield improvement
using microbial PBs (Schütz et al., 2018). In arid climate
conditions, crops are exposed to more extreme temperature
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conditions, which strongly impacts crop fertility (Thakur
et al., 2010; Deryng et al., 2014; De Storme and Geelen,
2014). How PBs can mitigate environmental stresses is not
well understood. Exogenously applied compounds may elicit
a stress response that prepares the plant for subsequent
stresses caused by limitations in water, soil fertility, or
unfavorable temperature conditions (Ahmad et al., 2019).
Molecules that can elicit a stress response are present in
biostimulants and have been shown to induce stress-related
genes (Geelen and Xu, 2020; González-Morales et al., 2021).
Phytohormones are also commonly present in biostimulants, and
their interactions with plants are known to enhance osmolyte
accumulation and tolerance to stress (Sharma et al., 2019).
In addition, plant-derived biostimulants contain antioxidants
and improve the adaptation to unfavorable growing conditions
by eliminating reactive oxygen species (ROS) (Drobek et al.,
2019). Therefore, the bioactive compounds in biostimulants
may evoke either stress alleviation (e.g., suppression of ROS)
or induce stress response factors that trigger the immunity
against abiotic stresses (Brown and Saa, 2015), validating
the hypothesis that biostimulants are more effective under
suboptimal growth conditions.

CONCLUSIONS

This review underscores the importance of evaluating
the biostimulant application methodology and the crop
cultivation conditions. The study indicates that the impact
of biostimulant application on crop yield depends on the
type of products and application management. Our results
also provide various environment-specific assessments of
biostimulant performance in open-field conditions, which can
be used to set up more effective farming practices for future
biostimulant application strategies. In conclusion, biostimulants
improve crop yield by reducing yield reductions under stress
conditions. This approach can help improve food security
for the growing world population under increasing climate
change threats.
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Applying phosphate-solubilizing bacteria (PSB) as biofertilizers has enormous potential

for sustainable agriculture. Despite this, there is still a lack of information regarding

the expression of key genes related to phosphate-solubilization (PS) and efficient

formulation strategies. In this study, we investigated rock PS by Ochrobactrum sp.

SSR (DSM 109610) by relating it to bacterial gene expression and searching for

an efficient formulation. The quantitative PCR (qPCR) primers were designed for PS

marker genes glucose dehydrogenase (gcd), pyrroloquinoline quinone biosynthesis

protein C (pqqC), and phosphatase (pho). The SSR-inoculated soil supplemented

with rock phosphate (RP) showed a 6-fold higher expression of pqqC and pho

compared to inoculated soil without RP. Additionally, an increase in plant phosphorous

(P) (2%), available soil P (4.7%), and alkaline phosphatase (6%) activity was observed

in PSB-inoculated plants supplemented with RP. The root architecture improved by

SSR, with higher root length, diameter, and volume. Ochrobactrum sp. SSR was

further used to design bioformulations with two well-characterized PS, Enterobacter

spp. DSM 109592 and DSM 109593, using the four organic amendments, biochar,

compost, filter mud (FM), and humic acid. All four carrier materials maintained

adequate survival and inoculum shelf life of the bacterium, as indicated by the field

emission scanning electron microscopy analysis. The FM-based bioformulation was

most efficacious and enhanced not only wheat grain yield (4–9%) but also seed

P (9%). Moreover, FM-based bioformulation enhanced soil available P (8.5–11%)

and phosphatase activity (4–5%). Positive correlations were observed between the

771
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PSB solubilization in the presence of different insoluble P sources, and soil available P,

soil phosphatase activity, seed P content, and grain yield of the field grown inoculated

wheat variety Faisalabad-2008, when di-ammonium phosphate fertilizer application was

reduced by 20%. This study reports for the first time the marker gene expression of

an inoculated PSB strain and provides a valuable groundwork to design field scale

formulations that can maintain inoculum dynamics and increase its shelf life. This may

constitute a step-change in the sustainable cultivation of wheat under the P-deficient

soil conditions.

Keywords: marker genes, gcd, pqqC, pho, Ochrobactrum, FESEM, bioformulations, FISH

INTRODUCTION

Phosphorus (P) is an essential keymacro-nutrient for the optimal
plant growth (Brito et al., 2020; Chandran et al., 2021) and
a crucial element for various physiological and biochemical
functions at plant cellular level (Bechtaoui et al., 2021). The
complex dynamics of P in soil makes it a limited resource
for plant uptake (Bindraban et al., 2020). To satisfy the rising
P nutrition requirements of crops and to boost agricultural
production, the conventional agriculture relies on agrochemicals,
a practice that compromises the human and environmental
health (Akanmu et al., 2021). Further, the global P input into
croplands is expected to increase by up to 86% by 2050 (Mogollón
et al., 2018), and thus sustainable means for P fertilization are
urgently needed.

The application of bacteria that are beneficial for crop
production, commonly termed as plant growth-promoting
bacteria, has been adopted as a potent, biological alternative
for the mineral fertilization. The bacterial inoculants can be
used as biofertilizers and biostimulants to improve the soil
nutrient availability, plant nutrient uptake and assimilation,
and root growth, since their biological activities include, e.g.,
mineral and organic phosphate solubilization (PS), nitrogen
fixation, siderophore, and indole-3-acetic acid production
(Castiglione et al., 2021). Among the plant beneficial bacteria,
the biofertilizer group phosphate-solubilizing bacteria (PSB)
are promising candidates to satisfy the P requirements of the
plants by converting unavailable soil inorganic (Pi) and organic
(Po) forms of phosphate into plant-available orthophosphates
through dissolution and absorption (Chen and Liu, 2019).
The Pi-solubilizing microorganisms secrete organic acids to
dissolve phosphate minerals, whereas the organic phosphates are
hydrolyzed by acid and alkaline phosphatases as well as phytases
(Liu et al., 2020). In general, the application of PSB in soil
decreases the pH locally and consequently makes the P bound
in minerals available to the plant and strengthens the activity of
other beneficial microorganisms (Etesami et al., 2021).

At present, the research on the genes of PSB related
to Pi solubilization is mainly focused on pyrroloquinoline
quinone–glucose dehydrogenase (gcd) and six redox–coenzyme
pyrroloquinoline quinone genes pqq A, B, C, D, E, F, and G
(Bhanja et al., 2021). By contrast, the organic phosphates are
hydrolyzed by acid phosphatases, alkaline phosphatases, and
phytases (inositol phosphate phosphatases) that are encoded by

phosphatase (pho) genes (Sarr et al., 2020). The knowledge on
the genetic potential of PSB is still scanty, and the molecular
studies to understand how PSB brings out the P solubilization
are inconclusive (Liu et al., 2018).

In spite to the wide varieties of PSB, i.e., Acinetobacter,
Bacillus, Enterobacter Ochrobactrum, and Pseudomonas, there
are still relatively limited studies on P-solubilizing pathways and
expression patterns of genes related to phosphate-solubilizing
that need to be further studied. For this reason, the first aim of
this work was to construct primers and to provide expression
analysis of key PS related genes, i.e., gcd, pqqC, and pho of
selected PSB.

Although an elite strain with a high and consistent PS activity
is an essential prerequisite for the development of successful
inoculant, the non-biological components for bioformulations
are still key bottlenecks in commercial development of the
inoculants (Mendoza-Suárez et al., 2021). The choice of carrier
material is fundamental, because carrier is the sole delivery
vehicle of live microorganism from the production unit to the
plants in the field (Vassilev et al., 2020). The main roles of a
good carrier material are as follows: (i) To provide an optimal
microenvironment for microorganisms to maintain microbial
viability and longer shelf life without any need for special
storage and (ii) to support the strain(s) competitive abilities
with the usually much better adapted, native soil microflora
(Soumare et al., 2020). Besides, the carrier material must be
readily available, easily pulverized and sterilized, cost-effective,
compatible with the environment, acquiescent to nutrient
supplement, and un-harmful to the user (Koskey et al., 2021).
The carrier materials can be organic [e.g., compost (CM), biochar
(BC), peat, biogas, humic acid (HA), slurry, etc.] or inorganic
(e.g., talc, perlite, lignin, zeolite, etc.) origin, or even synthesized
from specific compounds (Mitter et al., 2021). The by-products
from the food and agricultural industries are also important
sources for the development of biostimulants. The PSB-based
carrier materials can include extracts from food waste, manures,
vermicomposting, aquaculture waste streams or even sewage
treatments (Madende and Hayes, 2020).

Despite the great potential and long-term expedient effects,
the biostimulants/biofertilizers still face major challenges
that limit their use in agriculture. These challenges are often
associated with limited shelf life and survival of inoculated
strain in the field, in variable environments and with
different host plants (Mitter et al., 2021). For this reason,
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the various commercial bioinoculants did not function under
field conditions with a similar efficacy as in greenhouse or
laboratory conditions (Stamenkovi et al., 2018; Santos et al.,
2019; Vassilev et al., 2020). Mostly, the reasons for that were
inadequate formulations with carriers that did not support the
survival and growth of the microorganisms and/or were not
stable under field conditions (Fasusi et al., 2021). Furthermore,
the simultaneous application of two or more plant growth
promoting rhizobacteria (PGPR) as consortium can improve the
plant growth and can cause substantial increment in the crop
yield (Shahzad et al., 2017; Backer, 2018; Mpanga et al., 2019).
Bacteria in the consortium can efficiently colonize in rhizosphere
than single bacterium (Molina-Romero et al., 2021) and they not
only reduce the application chemical fertilizers but also allow the
plants to utilize P already present in the soil (Lobo et al., 2019).
Hence, the second aim of this study was to design a successful
bioformulation based on PSB consortium with optimal shelf life
and agro-industrial by-products as sole carbon source/organic
amendments. We expected that this approach is expedient
for developing a robust and effective alternative for mineral
P fertilization.

We hypothesized that (H1) the autochthonous PSB that can
solubilize different unavailable forms of phosphate, may have
the genetic potential to express key genes responsible for PS
and improve root architecture concomitantly under P-deficient
conditions. We assumed (H2) that designing biostimulants based
on a PSB consortium and using different agro-industrial by-
products as organic amendments could result in a product with
a long shelf life and survival in the wheat rhizosphere. We also
expected (H3) correlations between P solubilization from the
different insoluble phosphate sources by PSB and increased soil
available P, consequently also resulting in improved wheat root
growth, and grain yield.

MATERIALS AND METHODS

The PSB and Evaluation of Their
P-Solubilization Potential in Different
Insoluble P Sources
The PSB Enterobacter spp. ZW9, ZW32 (GenBank accession
numbers MK422617 and MK817561) and Ochrobactrum sp. SSR
(GenBank accession number MK422612) used in this study
were isolated from the wheat rhizosphere and characterized
in our previous study (Yahya et al., 2021). These PSB are
non-pathogenic, compatible with each other and were also
submitted to DSMZ (https://www.dsmz.de/) culture collection
under the accession numbers DSM 109610 and DSM 109592,
DSM 109593 for Ochrobactrum sp. SSR, Enterobacter sp. ZW9
and Enterobacter sp. ZW32, respectively.

In the current study, an in vitro assay was carried out to
assess the P-solubilization potential of P-solubilizing bacteria
SSR, ZW32 and ZW9 in the presence of different insoluble P
sources. The three PSB strains were cultured in rock phosphate
(RP) broth medium (Nguyen et al., 1992) and phytate broth
medium (Howson and Davis, 1983) supplemented with insoluble
P sources, i.e., RP and phytate, respectively. The flasks were kept

at 28± 2◦C and 180 rpm. An un-inoculated medium was used as
a control. The P-solubilizing abilities of PSB were quantitatively
estimated at 3, 5, 7, 10, and 15 days post-inoculation (DPI). To
get the cell-free supernatant, the cultures were centrifuged at
4,000 rpm for 10min at 4◦C. The supernatant obtained was used
for available P quantification as described by Murphy and Riley
(1962) using the molybdenum blue method.

Expression Analysis of Genes Responsible
for P-Solubilization in Soil Amended With
RP Using Quantitative Real-Time PCR
(qRT-PCR)
Based on the in vitro P-solubilizing efficacy and genetic potential
(Table 1), Ochrobactrum sp. SSR was selected for expression
analysis of PS-related genes as compared to the other two
potential PSB (Enterobacter spp. ZW32 and ZW9). Therefore,
a pot experiment was carried out in the soil amended with
RP to evaluate the effect of SSR inoculation on wheat growth
and root architecture concomitantly with expression of key PS
related genes.

Effects of Ochrobactrum sp. SSR
Inoculation on Wheat Plants and Soil
Amended With RP
The PSB Ochrobactrum sp. SSR was evaluated for phosphate-
solubilizing potential in soil amended with insoluble RP
under the greenhouse conditions at National Institute for
Biotechnology and Genetic Engineering (NIBGE), Faisalabad
(31◦25

′
0
′′
N 73◦5

′
28

′′
E). Seeds of the wheat variety Faisalabad-

2008 were surface sterilized with sodium hypochlorite (1.5%)
and sequentially washed with sterile water. For the inoculum
preparation, a single colony of SSR was grown in Luria–Bertani
(LB) broth medium at 28 ± 2◦C for 24–48 h. Sterilized seeds
were inoculated with SSR (1 × 109 CFU ml−1) for 30min. Un-
inoculated seeds dipped in LB medium were used as control.
Two seeds per treatment were sown in cylindrical pots (10-cm
diameter) filled with 300-g soil (loam texture, 0.57 % organic
matter, pH 8, and 2mg kg−1 available P) per pot.

The four biological treatments, i.e., T1: SSR-inoculated seeds
and soil amended with 45-mg P in the form of RP; T2: Un-
inoculated seeds and soil supplemented with 45-mg P in the form
of RP; T3: SSR-inoculated seeds and soil without RP; T4: Un-
inoculated seeds and soil without RP, each with six biological
replicates, were arranged in a completely randomized design. All
pots were provided with basic nutrient solution (Hoagland and
Arnon, 1950) before sowing. Then T1 and T2 were provided
with Hoagland without any P source while, T3 and T4 received
Hoagland solution with complete nutrients. After germination,
two plants per pot were grown and pots were watered as
per requirement.

The plants were uprooted 30 days after sowing (DAS) and
the plant growth parameters, i.e., root length, shoot length, plant
dry, and fresh weight were determined. The root morphological
parameters, i.e., root length (cm), root surface area (cm2), root
volume (cm3), root length per volume (cm m−3), root diameter
(cm), number of crossings, number of forks, and tips were

Frontiers in Microbiology | www.frontiersin.org 3 May 2022 | Volume 13 | Article 889073773

https://www.dsmz.de/
https://www.frontiersin.org/journals/microbiology
https://www.frontiersin.org
https://www.frontiersin.org/journals/microbiology#articles


Yahya et al. Synergistic Biostimulants Formulation for Wheat

TABLE 1 | The qPCR primers for quantification of genes encoding for proteins involved in PS, i.e., gcd, pqqC, and pho.

Bacterial strain Primer name Primer sequence Product length

(bp)

Gene length (bp) Reference

Ochrobactrum sp. SSR F26_pqqC_F GGGCTTGACCCCGACTATGT 360 783 This study

R26_pqqC_R CGACGGCATCCTGCTTTTCC

F_pqqE_F TTYTAYACCAACCTGATCACSTC 725 - Perez et al., 2007

R_pqqE_F TBAGCATRAASGCCTGRCG

F12_gcd_F TCACGACCTCTGGGACTACG 847 2439 Rasul et al., 2021

R12_gcd_R CTTCCACAATTCCCGACCCG

P12_gcd_F ATGTCACGGGCGTCGATCTG 131 265 This study

P12_gcd_R CGTGATCATCGGTCCGCCTA

P26_pqqC_F GCTTTGCGGTGGGTGCTT 78 222 This study

P26_pqqC_R GTTCTGTCAGCGACGATGCG

P30_phosphatase_F ATGCGCGACCGAAAGACC 19 191 Rasul et al., 2021

P30_phosphatase_R TGCTGGCGACGAGACGAA

measured by using a rhizoscanner (Epson photo scanner V-700,
USA) accompanied with WinRHIZO software (Regent Int. Co.,
Ltd. Canada).

Plant P was analyzed by the tri-acid digestion method
according to Tandon (1993). Rhizosphere soil was analyzed for
available P by the Olsen method (Olsen, 1954) and alkaline
phosphatase activity by following the p-nitrophenyl method
(Tabatabai and Bremner, 1969).

Quantitative Real Time PCR (qRT-PCR)
To validate the persistence of inoculated PSB, wheat rhizosphere
soil was collected from inoculated treatments of the pot
experiment at 30 DAS and qRT-PCR was performed for
expression analysis of PSB genes. Strain-specific (Ochrobactrum
sp. SSR) primers for genes, i.e., glucose dehydrogenase (gcd),
pyrroloquinoline quinone biosynthesis protein C gene pqqC and
phosphatase (pho) responsible for P solubilization were used for
expression analysis.

Primers Designing and Phylogenetic Analysis of

PS-Related Genes
The primers for the amplification of pqqC genes ofOchrobactrum
sp. SSR, encoding proteins involved in inorganic P solubilization
were designed according to Rasul et al. (2021). The primers for
gcd and pho gene of Ochrobactrum sp. SSR have been designed
and reported in our preceding study (Rasul et al., 2021). The
primers used in PCR amplification to evaluate the functionality
and to authenticate the predicted sizes of amplicons (Table 1).
The PCR conditions were 98◦C for 3min, followed by 35 cycles
of 95◦C for 60 s followed by 54◦C for 60 s, 72◦C for 60 s and
final elongation at 72◦C for 10min. The amplified PCR-products
were run on agarose gel (1%) at 80V for 45min. The PCR
products were purified using PCR purification kit (QIAGEN
Science, USA) and sequenced by Macrogen (Seoul, Korea). The
obtained sequences were aligned and compared to sequences
available at NCBI (https://www.ncbi.nlm.nih.gov/) and deposited
to GenBank. Phylogenetic analysis was carried out by using

MEGA6 software by using maximum likelihood method (Kumar
et al., 2016).

Primer Design for qRT-PCR
Gcd and pqqC primers for qRT-PCR were designed for
Ochrobactrum sp. SSR and were used in PCR amplifications to
verify the amplification of the predicted amplicon sizes (Table 1).
The primers for pho gene were designed and reported in the
previous study (Rasul et al., 2021). The Gcd gene was selected as
reference gene to normalize and validate qRT-PCR experiment
by screening relative expression (based on fold change values) of
candidate genes, i.e., pqqC and pho genes.

The RNA Extraction and cDNA Synthesis
The RNAwas extracted from the soil with FastRNA spin Kit (MP,
Biomedical, USA) by following the manufacturer’s instructions.
The cDNA was synthesized using First-Strand cDNA Synthesis
Kit (Invitrogen, California, USA). The quality and quantity
of cDNA were analyzed using Nanodrop 2000 (Thermo 262
Scientific, United States).

Expression Analysis by qRT-PCR
Bio-Rad RT-PCR (Bio-Rad, Hercules, USA) with SYBR Premix
ExTaq kit (Takara Bio, USA) were used for expression analysis. A
25-µL reaction mixture contained 12.5-µL SYBR Green Master,
0.2-µL forward primer (10µM), 0.2-µL reverse primer (10µM),
2-µL cDNA, and 10.1 µL deionized water. The amplification
conditions were as follows: The initial denaturation at 95◦C for
5min, 35 cycles of 95◦C for 30 s followed by 54◦C for 30 s, and
72◦C for 30 s. The melting curve was analyzed from 54◦C to
determine the primer specificity.

The data were calculated as described by Javaid et al. (2016)
and the expression level of target gene pqqC and pho were
normalized with the Ct-value of reference gene (gcd). All samples
were analyzed in three replicates.
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Designing of Bioformulations Based on
PSB-Consortium and Organic
Amendments
Four different carrier materials, i.e., BC, CM, filter mud
(FM), and HA were used to design bioformulations with
PSB consortium comprising of well characterized strains
(Ochrobactrum sp. SSR, Enterobacter spp. ZW32, and ZW9).
The BC was obtained from wheat straw by pyrolysis in an
automated furnace at 350◦C with a resident time of 1 h and at
a constant heat rate, i.e., 10◦C min−1 (Abbas et al., 2020). The
CMwas derived from cow dung together with nitrogen-rich plant
material and was obtained from Microbial Ecology Lab (NIBGE,
Pakistan). The FM was obtained from decantation and filtration
of sugarcane waste product (Suleman et al., 2018). The HA was
extracted by alkali treatment of lignite as described by Ghani et al.
(2021).

The standard procedures were followed for the
characterization of carrier materials. The pH of the carrier
materials was estimated by using pH meter (Phs-3c, Rex, China)
according to Thomas (1996). The electric conductivity of soil
was determined by using electric conductivity meter (DDS307A,
Rex, Shanghai; Rhoades, 1993). The soil organic matter was
estimated by Walkley black wet digestion method (Nelson and
Sommers, 1996). Kjeldal method was used to measure total
nitrogen (Bremner and Mulvaney, 1982). Elemental analysis of
N and C was further validated by using CHNS analyzer (Perkin
Elmer, Massachusetts, United States). The total P was determined
by vanadate-molybdate method (Olsen, 1954).

The carrier materials were ground, sieved through 2-mm
sieve and autoclaved. For the development of consortium, PSB
strains, i.e., Ochrobactrum sp. SSR, Enterobacter spp. ZW32,
and ZW9 were grown in LB broth medium separately at 28
± 2◦C for 24–48 h. The consortium (1 × 109 CFU ml−1) was
developed by mixing equal volume of each of the bacterium that
are grown in LB. The bacterial suspension was mixed uniformly
and aseptically with the carrier material to allow an adequate
evenness to the final mix. Each carrier was prepared aseptically
by adding 300ml of bacterial suspension to 700 g of carrier
and mixed well. The negative controls were also prepared by
aseptically adding 300ml of un-inoculated LB broth to 700 g of
carrier. Each bioformulation and negative controls were prepared
in triplicates, stored in polythene bags and were incubated at
28◦C until the sampling time (Pastor-Bueis et al., 2019).

Shelf Life Study of Bioformulations
The survival of the inoculated PSB was assessed in all tested
formulation at different time intervals, i.e., after 15, 30, 60, 90,
180, and 270 days. Three samples from each formulation were
collected at each sampling date and analyzed for survival of the
PSB inoculum. The bacterial viability was estimated for each
sample by four-fold serial dilutions on LB agar and NBRIP
(National Botanical Research Institute’s Phosphate) (Nautiyal,
1999) agar supplemented with tri-calcium phosphate as source
of P. The mean values of PSB viable count per gram of carrier
material was calculated at each time interval and plotted on
logarithmic scale (Pastor-Bueis et al., 2019).

Morphological and Elemental Analysis of
Bioformulations by Scanning Electron
Microscopy With Energy Disruptive X-Ray
Spectroscopy Microanalysis (SEM/EDS)
Morphology or surface features of PSB inoculated and un-
inoculated bioformulations were observed using field emission
scanning electron microscopy (FESEM). The predominant
chemical elements were determined by element microanalysis
through EDS with a JEOL SEM microscope JSM 6490-LV model
at a voltage range 10–20 kV and 1,000–10,000 magnification
(Shahzad et al., 2019).

In-vivo Evaluation of Bioformulations in
Earthen Pots Under Net House Conditions
The bioformulations were evaluated for their impact on wheat
grain yield and plant P content under net house conditions
at NIBGE, Faisalabad (31◦23’45.1 “N, 73◦01’3.4”E) in earthen
pots through wheat-growing season November 2018 to April
2019. The seeds of wheat variety Faisalabad-2008 were surface
sterilized as illustrated in preceding section. After sterilization,
the seeds were pelleted with each bioformulation (@ 50-kg
seeds kg−1carrier material), separately and kept for 30min.
Un-inoculated pelleted seeds (with carrier materials) were used
as control.

The sowing was done in the earthen pots (30-cm diameter)
filled with 12-kg soil (loamy texture, pH 8.2, soil available P
1.9mg kg−1 and organic matter 0.6%) and watered prior to
sowing. The soil was supplemented with 80% recommended di-
ammonium phosphate (DAP) dose (i.e., 20% reduced DAP).
Eight treatments, six biological replicates, and four plants per
pot were arranged in two factorial completely randomized design
(Supplementary Table S2). Fertilizers were applied as per the
recommendations, where DAP (150-mg kg−1 soil) and urea (75-
mg kg−1 soil) in split doses were supplemented at the time of
sowing and with first and second watering.

After 35 days of sowing plants were uprooted and multiple
plant growth parameters (root length, shoot length, and plant
dry weight) were evaluated. At maturity, plants were harvested
and wheat yield parameters, i.e., number of tillers, grain
yield, plant biomass, and plant height were recoded. Plant P
content (Tandon, 1993), available P (Olsen, 1954), and alkaline
phosphatase activity of soil (Tabatabai and Bremner, 1969) were
analyzed by standard protocols.

In planta Evaluation of Bioformulation for
Wheat Yield Parameters Under Field
Conditions
Microplot Experiment
Based on the improved wheat yield and higher P-solubilizing
potential in the net house experiment, the FM-based
bioformulation was selected and evaluated in microplots at
NIBGE. Each microplot was of the size of 1.5× 1.5 m.

Three biological replicates for three treatments including
seeds primed with bioformulation and soil supplemented with
80% of the recommended dose of DAP, i.e., 20% reduced dose and
un-inoculated controls supplemented with 80 and 100% DAP
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doses, respectively, were arranged in randomized complete block
design. Seed pelleting of the wheat variety, Faisalabad-2008, was
carried out as described in the previous section. The seeds were
sown with the help of a dibbler in microplots. Fertilizers were
applied as per recommendations (N: P, 15:100-kg ha−1). The
DAP and urea in split doses were applied at the time of sowing
and subsequently with first and second irrigations.

Field Trial
A field trial was conducted to evaluate the selected
bioformulation during winter season of November 2019–April
2020 at NIBGE, Faisalabad (31◦23’45.1 “N, 73◦01’3.4”E).Three
biological replicates for three treatments, i.e., seeds primed
with selected bioformulation provided with 80% recommended
dose of DAP and un-inoculated controls supplemented with
80 and 100% doses of DAP, respectively were arranged in
randomized complete block design. The seeds were sown by
drill method in a plots size of 6m × 6m. Doses of fertilizers,
treatments, and controls were similar to that applied in
microplot experiment. While, standard agronomic practices
were maintained throughout the experiment.

Estimation of Wheat Yield Parameters,
Seed P, Available Soil P, and Phosphatase
Activity
At maturity, the plants from both microplots and field trial were
harvested and wheat yield parameters, i.e., number of tillers,
grain yield, plant biomass, and plant height were recoded. Plant
P content (Tandon, 1993), available P (Olsen, 1954), and alkaline
phosphatase activity of soil (Tabatabai and Bremner, 1969) were
analyzed by standard protocols.

Detection of Inoculated PSB
The survival of inoculated PSB was evaluated through the
viable count method (Somasegaran and Hoben, 2012). The
persistence of inoculated PSB was confirmed by fluorescent
in situ hybridization (FISH) equipped with confocal laser-
scanning microscopy (CLSM) (Amann et al., 1995). Inoculated
Ochrobactrum sp. SSR was detected by hybridizing the Cy3-
labeled ALF1b probe.While FLUOS-labeled probe “EUB338” was
used for the total bacterial population (Manz et al., 1996). An
Argon–Ion laser was used for excitation of FLOUS at 488 nm and
Cy3 at 514 nm. FV10-ASW 1.7 software was used for imaging
(Schneider et al., 2012).

The morphological characteristics and multiple plant growth
promoting traits, i.e., phosphate solubilization, production of
gluconic acid, and zinc solubilization of re-isolated PSB were
compared to that of inoculated PSB (Yasmin et al., 2016).

Statistical Analysis
The data derived from in vitro experiments, pot experiment
and field trials were statistically analyzed by ANOVA. The least
significant difference (LSD) compared the variations between
the treatments at 1 and 5% confidence level for lab assessments
and field trials respectively, by using software STATISTIX-
10 (Tallahassee, FL, USA). For the principal component
analysis SPSS 23.0 software (SPSS Inc., USA) was used. Box

plots were generated for analysis of wheat yield parameters
and soil parameters in an earthen pot experiment by using
Origin Software 2020b (Origin Lab Corporation Northampton,
MA, USA).

RESULTS

The PSB and Evaluation of Their
P-Solubilization Potential in Different
Insoluble P Sources
All tested PSB strains, i.e., Ochrobactrum sp. SSR, Enterobacter
spp. ZW32, and ZW9 exhibited P-solubilizing activity in RP
medium and phytate medium (Supplementary Table S1). The
highest level of solubilized P from RP (112 µg ml−1) was
detected with SSR 15 DPI. The maximum P solubilization from
phytate occurred 10 DPI for ZW32 and 3 DPI for ZW9 and SSR
(Supplementary Table S1). The P released from phytate by SSR
at 15 DPI (22 µg ml−1) was considerably lower than from RP
(112 µg ml−1) (Supplementary Table S1).

Phylogenetic Analysis of Genes
Responsible for P-Solubilization
The PQQ biosynthesis protein C related gene pqqC (GenBank
under accession number OL342768) was amplified from genomic
DNA of SSR. It showed 98% identity to pqqC nucleotide sequence
of Ochrobactrum sp. (Figure 1).

Expression Analysis of gcd, PqqC, and pho

Genes by qRT-PCR
The persistence of Ochrobactrum sp. SSR in wheat rhizosphere
was estimated by gene expression analysis of the gcd, pqqC,
and pho genes gene. Among the tested treatments, the highest
abundance of SSR was observed in RP amended soil. The
supplementation of the soil with RP led to increased gcd, pqqC,
and pho expression level (Figure 2D).

The relative expression level of pqqC and pho gene was 23-
fold and 29-fold higher than reference gene gcd in SSR inoculated
treatment supplemented with RP, while the expression level of
pho gene was 3-fold higher than pqqC gene. On the other hand,
the relative expression level of pqqC and pho gene was 17-fold
and 23-fold higher, respectively, than the reference gene gcd in
SSR inoculated treatment without RP (Figure 2D), while the
expression level of pho gene was 6-fold higher than that of pqqC
gene. Collectively, the SSR-inoculated treatment supplemented
with RP showed high expression levels for pqqC and pho gene,
i.e., 6-fold higher compared to inoculated treatment without RP
(Figure 2D).

Effects of PSB Inoculation on Wheat Plants
and Soil Amended With Rock Phosphate
The effect of Ochrobactrum sp. SSR on wheat variety Faisalabad-
2008 was evaluated in soil either amended or not with RP under
controlled conditions. Increases in shoot length, root length,
plant fresh weight and dry weight were recorded in plants with
SSR and soil amended with RP as compared to the un-inoculated
control. These changes were significant in the presence and
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FIGURE 1 | Phylogenetic tree of pqqC gene of Ochrobactrum sp. SSR. Phylogenetic trees was constructed by maximum likelihood method.

absence of RP (Figures 2A,B; Table 2). The root morphological
traits, i.e., root length, root volume, root surface area, root
projection area, root tips and number of forks were also enhanced
in inoculated plants (Figure 2C; Supplementary Table S3).
Furthermore, we also observed increases in plant P (1.2–2.2%),
available soil P (3.8–4.7µg g−1) and alkaline phosphatase activity
(5.6–6.2µmoles g−1 of soil h−1) upon the treatment with the PSB
(Table 2).

Shelf Life Study of Bioformulations
The survival of the three PSB, Ochrobactrum sp. SSR,
Enterobacter spp. ZW32, and ZW9, was evaluated in
bioformulations that were based on four carrier materials. These
included BC, CM, FM, and HA. The PSB were less abundant in
CM than other carrier materials at 15 DPI (Figure 3). All carriers
maintained the inoculated PSB up to 180 DPI. However, after the
course of 270 days, the FM showed significantly higher levels of
the PSB than other carrier materials.

The inoculated PSB bacteria and the morphology of
the bioformulations were investigated by FESEM. The
PSB were detected in all four inoculated carrier materials
(Figures 4A,D,G,J). Energy-dispersive X-ray spectroscopy was
used to analyze the elemental composition of the surfaces of
the bioformulations (Figures 4C,F,I,L). The data of SEM/EDS,
CNHS, and biochemical analysis validates the presence of
essential elements, i.e., N, K, C, and O in all tested carrier
materials (Figure 4; Supplementary Table S4). However, it is
also indicated that FM has more P than HA and CM. Only very

low amounts of heavy metals Cu, Fe, and Cd were detected in the
tested carrier materials (Figure 5).

In-vivo Evaluation of Bio-Formulations in
Earthen Pots Under Net House Conditions
All bioformulations enhanced the wheat plant growth in the
pot experiment under net-house conditions up to variable
extent (Figure 5). However, FM-based bioformulation
showed significant increase in grain yield as compared
to respective control, i.e., un-inoculated carrier material
(Figure 5B). Seed P increased significantly in FM-based
bioformulated plants compared to un-inoculated FM
(Figure 5D; Supplementary Table S5), with concomitantly
increased soil available P (6.23 µg g−1 soil) and alkaline
phosphatase activity (24 µmoles g−1 of soil h−1) (Figures 5E,F;
Supplementary Table S6).

The Performance of the Filter Mud
Bioformulation in the Field
Based on the persistence of inoculum in FM, and the highly
promising plant growth promoting effects of the PSB with FM
in the earthen pot experiment, FM-based bioformulation was
tested under field conditions. The FM-based PSB bioformulation
enhanced not only wheat grain yield and plant biomass, but
also seed P, soil available P, and soil alkaline phosphatase activity
(Table 3).

A positive correlation was found between P-solubilization by
SSR, ZW32, and ZW9 in presence of different insoluble P sources,
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FIGURE 2 | In vivo Screening of PSB inoculation in soil amended with RP and analysis of bacterial gene expression. The data was recorded at 30 days of cultivation.

Plants were used to evaluate different plant growth parameters (A,B) and root parameters (C). Principal component analysis linking SSR inoculation to wheat root

architecture (C). The components elucidate a total variance of 79%. The loadings showed strength and direction of root parameters in dataset. The relative expression

profile of pqqC and pho encoding gene of Ochrobactrum sp. SSR, expressed in the soil of the different treatments (D). The data represents the relative fold changes

in the expression values of the pqqC and phosphatase gene of Ochrobactrum sp. SSR in the soil with respect to gcd gene. Bars with distinct alphabetical letters are

significantly different at p ≤ 0.05.

TABLE 2 | Evaluation of PSB on wheat grown in soil amended with unavailable form of P under controlled conditions.

Treatments Fresh weight (g

plant−1)

Dry weight (g

plant−1)

Shoot length

(cm)

Root Length

(cm)

Plant P(%)a Soil available Pb Phosphatase

activityc

Inoculated with RP 2.25 ± 0.11A 1.12 ± 0.06A 26.67 ± 1.33A 11.71 ± 0.59A 2.25 ± 0.16A 4.70 ± 0.23A 6.24 ± 0.31 A

Control with RP 1.06 ± 0.05C 0.55 ± 0.03 BC 21.13 ± 1.06 BC 10.28 ± 0.51 BC 0.94 ± 0.07C 3.12 ± 0.16C 3.03 ± 0.15 C

Inoculated without RP 1.31 ± 0.07 B 0.65 ± 0.03 B 22.92 ± 1.15 B 11.05 ± 0.55 AB 1.19 ± 0.06 B 3.81 ± 0.19 B 5.65 ± 0.26 B

Control without RP 0.95 ± 0.05C 0.48 ± 0.02C 19.66 ± 0.98C 9.85 ± 0.49C 0.58 ± 0.03 D 2.33 ± 0.15 D 2.66 ± 0.15 D

Evaluation of PSB on wheat growth, in soil amended with unavailable form of P under controlled conditions. The data were collected 30 DAS and shown as averages ± standard

deviation of six replicates.
aPlant P Content is given in % of the total plant weight, bSoil available P is represented by µg/gram of soil weight. cSoil phosphatase activity is presented in µmoles/g of soil/h.

The mean values followed by different letters are significantly different at p > 0.05 according to LSD.

and soil available P, soil phosphatase activity, seed P content, and
grain yield of field grown inoculated wheat variety Faisalabad-
2008 with 20% reduced DAP fertilization application (Figure 6).
The PCA plot revealed correlation between different parameters,
where the two principal components contributed up to 87%
toward variance on x-axis (PC1= 68%) and y-axis (PC2= 19%).
The plants inoculated with Ochrobactrum sp. SSR had significant
(positive) impact on the grain yield, plant tillers, soil available P,
soil phosphatase activity, seed P content of the wheat plants. No
parameter was found to have negative effects by inoculation with
the potential PSB.

Detection of Inoculated PSB
The presence of inoculated PSB in wheat rhizosphere soil from
earthen pot experiment was confirmed by plating and counting
the bacteria and FISH at 35 days after seeding (Figure 7). The
root colonization was studied by FISH–CLSM of inoculated
wheat roots. The FLUOS-labeled green probe EUB338 showed
the total bacterial population (Figure 7). The Cy3-labeled ALF1b
probe predominantly detects the presence of Ochrobactrum sp.
SSR population in the PSB inoculated treatments as indicated
by red cells (Figures 7B–E). Of note, the highest density of
the red cells was observed in FM carrier material (Figure 7D).
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FIGURE 3 | The shelf life of bioformulations to assess the survival of inoculated PSB in different carrier materials. Each point represents decimal logarithmic of viable

cells g−1 carrier material and it is the mean value of three replicas. The ANOVA has been performed within each sampling date, thus within each column in data table,

and the F and significance values (***p ≤ 0.001, ns not significant) are provided; the values followed by the same letter, within each column, are not significantly

different at p < 0.05 in the LSD test.

The re-isolated colonies of PSB, i.e., Ochrobactrum sp. SSR,
Enterobacter spp. ZW32, and ZW9 were identified based on
their morphological characteristics and plant growth promoting
attributes, i.e., phosphate solubilization (279–359 µg ml−1),
gluconic acid production (113–129 µg ml−1), and indole acetic
acid production (30–45 µg ml−1).

DISCUSSION

The development and use of the microbial inoculants has
elicited great interest in the recent years since it presents a
sustainable alternative for the application of chemicals fertilizes
(Romano et al., 2020). However, the biofertilizer products still
face major challenges, associated with the limited shelf life and
the persistence of inoculant in different environments, and this
limits their use in agriculture (Basu et al., 2021). To tackle
this problem, we constructed a bioformulation that entails three
plant growth promoting bacteria carried by FM. Our results
suggest that the designed bioformulation has a long shelf life,
is persistent in soil, and effective for both greenhouse and
field applications.

The applied bacterial strains solubilized RP and phytate.
Previously these bacteria were reported to solubilize P from
tricalcium phosphate (Yahya et al., 2021). Our data supports the
view that the utilization of multiple P sources by bacteria assures
that they release P in different substrates and environments,
and exhibit a strong potential for applications (Wan et al.,
2020). We suggest that the successive analysis of TCP, RP
and phytate solubilization by potentially novel plant beneficial
bacteria provides a useful approach to obtain PSB that release P
effectively in different soils.

To determine the genetic features of SSR that may contribute
to the higher P solubilization, pqqC gene related to PQQ
biosynthesis was amplified and analyzed phylogenetically.
To this end new primers were designed that specifically
amplify pqqC gene of Ochrobactrum genus. The pqqC
encodes pyrroloquinoline quinone biosynthesis protein C,
a well characterized enzyme that catalyze the final step of
PQQ biosynthesis pathway. It is involved in oxidation and
cyclization of 3a-(2-amino-2-carboxy-ethyl)-4 and 5-dioxo
hexahydoquinoline dicarboxylic acid in the final step of PQQ
biosynthesis (Meyer et al., 2011). In our previous studies, we
revealed gcd (accession numbers MK883706), pho (accession
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FIGURE 4 | Field emission scanning electron microscopic analysis and energy dispersive X-ray spectroscopy of bioformulations. FESEM analysis of inoculated

Biochar (A), compost (D), filter mud (G) and Humic acid (J) to visualize PSB and composition/ structure of carrier materials compared to non-inoculated filter mud (B),

compost (E), Biochar (H) and Humic acid (K). The chemical elements microanalysis of the filter mud (C), compost (F), Biochar (I) and Humic acid (L) is analyzed

through EDS.

numbers MK883704; Rasul et al., 2021), and pqqE genes
(accession numbers MT897167; Yahya et al., 2021) containing
Ochrobactrum sp. SSR is multifaceted PSB. The pqqC and
pqqE genes of strain SSR were amplified and known as most
essential genes of PQQ operon. The biosynthesis of PQQ is only
accomplished when the complex of gene products, i.e., pqq A,
B, D, and F gets attached to pqqC at the C-terminal and with
pqqE at the N-terminal (Bhanja et al., 2021). The amplification
of these essential genes is the significant contribution and can
provide novel insights into understanding the PQQ biosynthesis
pathway in Ochrobactrum sp.

New primers for qPCRwere designed and reported for the first
time as marker genes to directly link the gene expression with
phosphate-solubilizing activity. These primers were successfully
applied for real time quantitative analysis of functional genes,
i.e., pqqC, pho and gcd in inoculated soils of a pot experiment.
We observed higher soil available P and soil phosphatase
activities with concomitant increased expression of pqqC and
pho genes related to SSR in RP amended soil as compared
to inoculated soil with available P. This significant increase
in soil available P corresponds to high rock P-solubilizing
potential of Ochrobactrum sp. SSR in vitro. The SSR performed
profoundly even in the absence of un-available P source but
more efficiently in the presence of un-available P rock-phosphate
as validated by higher expression level of marker genes, i.e.,
pqqC and pho relative to the gcd expression level. The developed
qPCR primers are useful molecular tools to quantitatively trace
functional gene expression and abundance of SSR that can be

linked to its P-solubilizing activity in the wheat rhizosphere. Our
results are in line with globally coordinated nutrient addition
experiments carried out in the UK, the USA, and South Africa
by Widdig et al. (2019), which described that the P-solubilizing
microbes can work more effectively in nutrient deprived soils.
This leads to an increase in relative-abundance of PSB in plant
rhizosphere. Similarly, a case study of rhizosphere soil from
temperate beech forest revealed P-solubilizing efficacy of PSB
get lowered in nutrient rich soils than soils with low nutrient
availability (Nicolitch et al., 2016). Moreover, another study
demonstrated that application of PSB in the soil significantly
increased the soil available P and soil phosphatase activity in
semi-arid soils with concomitant increased expression of gdh
and pqqC genes in a microcosmic experiment (Saadouli et al.,
2021).

The effects of PSB inoculation were not limited to phosphate
solubilization only, but also extended to multiple root
morphological traits, thus improving acquisition of P (Table 2).
Inoculated wheat plants showed significant improvement in
both above ground plant traits (i.e., plant P and shoot length)
and belowground plant traits (i.e., root length, soil available P,
and phosphates activity). This finding is consistent with the
recent study by Elhaissoufi et al. (2020), reported improved
above and below ground parameters of PSB-inoculated
wheat plants. The root morphological traits indicated root
proliferation that significantly correlated with root/shoot P
contents. This roots foraging and proliferation could lead to a
greater P uptake.
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FIGURE 5 | Evaluation of PSB bioformulations for plant yield and soil P contents of wheat grown soil compared to un-inoculated controls. The effect of bioformulation

on plant biomass (A), grain yield (B), number of tillers (C), seed P (D), available P of soil (E), and phosphatase activity (F). The mean values are an average of six

biological replicates organized in completely randomized design. The mean values followed by different letters are significantly different at p = 0.05. BC, Biochar; CM,

Compost; FM, Filter mud; HA, Humic acid.

TABLE 3 | Effect of Filter mud bioformulation and PSB consortium on plant growth and yield of wheat in microplots and field conditions.

Microplot

trial

Treatments No. of tillers

(tillers plant−1)

Plant height (cm) Plant biomass

(kg plot−1)

Grain yield (kg

plot−1)

Seed P content

(%)

Soil available P

(µg g−1 soil)

Phosphatase

activity(µmoles

g−1 soil h−1)

Inoculated (80%) 13.33 ± 0.76A 106.67 ± 5.03A 2.36 ± 0.18A 0.93 ± 0.04A 4.15 ± 0.30A 6.06 ± 0.28A 26.63 ± 1.19 A

Un-inoculated (80%) 8.53 ± 0.43C 98.33 ± 5.03A 1.93 ± 0.11 B 0.83 ± 0.04 B 3.36 ± 0.14 B 3.73 ± 0.27C 19.33 ± 0.85 B

Un-inoculated (100%) 10.07 ± 0.60 B 104.33 ± 5.51A 2.11 ± 0.17 AB 0.87 ± 0.03 AB 3.68 ± 0.16 B 5.73 ± 0.31 B 24.73 ± 1.04 A

Field trial Treatments No. of tillers

(tillers m−2)

Plant height (cm) Plant biomass

(kg ha−1)

Grain yield (kg

ha−1)

Seed P content

(%)

Soil available P

(µg g−1 soil)

Phosphatase

activity (µmoles

g−1 soil h−1)

Inoculated (80%) 468 ± 27A 106 ± 5.31A 14,667 ± 733A 4,805 ± 224A 4.60 ± 0.32A 7.34 ± 0.34A 26.67 ± 1.61 A

Un-inoculated (80%) 369 ± 20 B 104 ± 5.03A 12,317 ± 615 B 4,127 ± 220 B 3.30 ± 0.20 B 4.67 ± 0.20C 19.67 ± 0.97 B

Un-inoculated (100%) 389 ± 17 B 105 ± 5.22A 13,167 ± 658AB 4,556 ± 210 AB 4.23 ± 0.23A 5.91 ± 0.29 B 21.33 ± 1.12 B

Wheat grown in microplots under net house and field conditions during winter wheat season 2018–2019. The FM bioformulation Inoculated and respective un-inoculated control were

supplemented with 20% reduced application of DAP. Seeds were pelleted with FM bioformulation containing PSB consortium (1 × 109 CFU ml−1). The mean values are an average of

three biological replicates arranged in completely randomized design. The mean values followed by different letters are significantly different at p > 0.05 according to LSD. Area of each

microplot was 2.25 m2 with a total number of 54 plants grown in each microplot. Each treatment of field trial has plot size of 6m × 6m and seed rate was @123.5 kg ha−1.

After the confirmation of genetic potential of SSR to solubilize
recalcitrant-P, the present work is focused on designing the
optimal inoculant formulation based on this elite strain SSR
along with two other well-characterized and compatible PSB
strains Enterobacter spp. ZW32 and ZW9 to develop consortium

for wheat to be applied under field conditions. Application
of consortium can improve plant growth and increase the
crop yield as compared to application of single bacterium
(Backer, 2018; Mpanga et al., 2019). Although an elite PSB
strains with consistent performance under field conditions
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FIGURE 6 | Principal component analysis depicting the response of PSB inoculation to wheat yield parameters, plant, and soil P content. The components elucidate

a total variance of 87%. The points represent mean values of each combination of seed P, wheat yield parameters (grain yield and number of tillers), soil P contents

(available P and phosphatase activity), and the treatments (PSB inoculation and un-inoculated controls).

is essential for successful inoculant development, the non-
biological components are still the key bottlenecks in commercial
development of the inoculants (Pastor-Bueis et al., 2019;
Mendoza-Suárez et al., 2021). Four different carrier materials, i.e.,
BC; CM; FM, and HA were used to design bioformulations with
PSB-consortium based on autochthonous strain Ochrobactrum
sp. SSR. Two other PSB strains used in consortium were well
characterized Enterobacter spp. DSM 109592 and DSM 109593.

The elemental analysis of all carrier materials was performed
with SEM accompanied with EDS. The data of SEM/EDS
(Figure 4), CNHS, and biochemical analysis validates the
presence of essential elements, i.e., N, K, C, and O in the tested
carrier materials (Supplementary Table S4). However, P content
of FM was higher than HA and CM. Non-significant amount
of heavy metals Cu, Fe, and Cd were detected in all tested
carrier materials. The essential heavy metals such as Cu, Fe, Mn,
and Zn are required for various biochemical and physiological

processes of plant (Yan et al., 2020), but they may become toxic
when present in excess. Therefore, the carrier materials with low
amount of essential heavy metals are the potential candidates for
the development of successful bioformulation.

The shelf-life assessment of well-characterized biostimulants
revealed that all carriers maintained adequate survival of
PSB to a variable extent up to 180 days period. The
FM showed significantly higher bacterial load as compared
to rest of the tested carrier materials predominantly up
to 270 DPI (Figure 3). The persistence of inoculated PSB
in carrier materials was further validated by FESEM. This
indicates that FM-based carrier material provided more suitable
microenvironment for inoculated PSB and maintained longer
shelf life. This is an essential attribute of carrier materials
for maintenance of microbial-viability without any special
need of storage facility (Soumare et al., 2020). Besides, very
few studies have focused on selection and development of
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FIGURE 7 | Re-isolation and detection of inoculated P-solubilizing bacteria. The CLSM of wheat roots at 35 days post inoculation of P-solubilizing bacteria in the pot

experiment under net house conditions. The FLUOS-labeled oligonucleotide probes showed green fluorescent signals for total bacterial population and Cy3-labeled

oligonucleotide probes showed red fluorescent signals for inoculated Ochrobactrum sp. SSR. (A) Control treatments without inoculation and from the PSB inoculated

pots with carrier materials (B) Biochar, (C) CM, (D) FM, and (E) HA after hybridizing with fluorescently labeled probes. The plant growth promoting traits of re-isolated

PSB strains for their confirmation in comparison to pure PSB (F). The plates depicting the re-isolated colonies of SSR, ZW32, and ZW9 from BC (G), CM (H), FM (I)

and HA (J) in inoculated treatments. Enterobacter spp. ZW9, ZW32, Ochrobactrum sp. SSR. B, bacteria; RC, root cells.

carrier materials and their effect on bioinoculum as most of
studies emphasized on the performance of microbial inoculants
(Koskey et al., 2021).

After designing of potential biostimulants with adequate shelf
life, the next step was to evaluate the inoculants under field
conditions. The FM-based bioformulation showed a pronounced
effect on wheat growth as indicated by significant improved
grain yield (16%) and seed P content (15%) with concomitant
inceresed in soil available P (18%) under net house conditions
(Figure 5). Under the field conditions, significant increase in
grain yield (5%), plant biomass (10%), soil available P (7%), and
soil phosphatase activity (27 µmol g−1 soil h−1) were observed
in FM-based bioformulation compared to un-inoculated 80 and
100% controls (Table 3). The results are in line with some
previous studies that shows the enhanced rice growth (Tahir
et al., 2013) and wheat grain yield (Suleman et al., 2018) under
agro–ecological conditions when seed pelleted with FM and
PSB. Therefore, the FM can be adopted as a potent carrier
material for the PSB aimed at improved soil nutrient availability,
enhanced wheat grain yield, and decipher a key role as green
alternative for imminent agricultural sustainability. Multiple
traits of the PSB are directly involved in the bioavailability and
P uptake by the plants. The PSB-enhanced nutrient-sensing
capacity of the plants, which has already been made available
by the secretion of bacterial organic acids (Chungopast et al.,
2021; Yahya et al., 2021). The PSB modulates the morphology
of root architecture and alleviates the P-stress by making P
available in the soil and stimulating the plants to uptake
P. This tripartite system could lead to improved crop vigor
and yield.

The principal component analysis indicates a positive
correlation between P solubilization by SSR, ZW32, and ZW9
in presence of different insoluble phosphate sources, and soil
available-P, soil phosphatase activity, seed P content and grain
yield of field grown inoculated wheat variety Faisalabad-2008
with 20% reduced application of DAP fertilizer (Figure 6). The
agronomic performance of the potential inoculant tested under
field trial, appraise the superiority of the inoculant. The various
studies demonstrate that P-solubilizing microbes showed best
effect with reduced application of DAP fertilizers (Suleman et al.,
2018; Rosa et al., 2020; Rasul et al., 2021; Yahya et al., 2021).

The survival of inoculated PSB strains in wheat-rhizosphere
was validated by viable count and FISH-CLSM, this shows
that the inoculated PSB were rhizosphere-competent
phosphobacteria. Furthermore, the plant growth promoting
attributes of re-isolated PSB were compared to their pure
cultures, indicates the persistence of inoculated PSB (Figure 7).
The persistent colonization of PGPR in the rhizosphere is an
indication that bacteria can carry out their functions (Hakim
et al., 2021; Lopes et al., 2021) and form an association with local
microbial community (Santoyo et al., 2021).

The ecological approach developed in the present study
enabled us the development of biostimulators that can act as
a soil conditioner in agriculture. These potential formulations
can be a substitute to chemical fertilizers to optimize the use of
natural phosphate in the world and improve resilience and yield
of wheat crop. The deployment of such biostimulants containing
multifaceted autochthonous Ochrobactrum sp. SSR and
Enterobacter spp. ZW32 and ZW9 can offer a potential approach
to mitigate P-induced stress in wheat plants. Ochrobactrum
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sp. SSR exhibit pronounced potential in terms of modification
of root morphology/architecture and increased real-time PS
related genes expression to aid in transformation of insoluble P
compounds into available forms for plant uptake, stimulate plant
growth, and increase the crop yield.

CONCLUSIONS

This study provides a solid foundation to design well-
characterized biostimulant formulation that deployed the
multifaceted PSB and organic amendments based on agro-
industrial by-products to improve the wheat growth and yield
under P-deficient conditions. This is the first comprehensive
research work that reports amplification of PS-related genes,
i.e., gcd, pqqC, pqqE, and pho and real time expression of these
genes by autochthonousOchrobactrum sp. SSR, to release P from
recalcitrant P forms. The successful biostimulant developed in
this study is not only well-characterized but also extended the
shelf life of highly efficient rhizosphere-competent P-solubilizers
that ultimately led to sustainable wheat production for global
food security.
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There are many technological innovations in the field of agriculture to improve the

sustainability of farmed products by reducing the chemicals used. Uses of biostimulants

such as plant extracts or microorganisms are a promising process that increases plant

growth and the efficient use of available soil resources. To determine the effects of some

biostimulants’ treatments on the photosynthetic pigments and biochemicals composition

of zucchini plants, two experiments were conducted in 2019 and 2020 under greenhouse

conditions. In this work, the effects of beneficial microbes (Trichoderma viride and

Pseudomonas fluorescens), as well as three extracts from Eucalyptus camaldulensis leaf

extract (LE), Citrus sinensis LE, and Ficus benghalensis fruit extract (FE) with potassium

silicate (K2SiO3) on productivity and biochemical composition of zucchini fruits, were

assessed as biostimulants. The results showed that E. camaldulensis LE (4,000 mg/L)

+ K2SiO3 (500 mg/L) and T. viride (106 spore/ml) + K2SiO3 (500 mg/L) gave the

highest significance yield of zucchini fruits. Furthermore, the total reading response of

chlorophylls and carotenoids was significantly affected by biostimulants’ treatments.

The combination of K2SiO3 with E. camaldulensis LE increased the DPPH scavenging

activity and the total phenolic content of zucchini fruits, in both experiments. However,

the spraying with K2SiO3 did not observe any effects on the total flavonoid content of

zucchini fruits. Several phenolic compounds were identified via high-performance liquid

chromatography (HPLC) from the methanol extracts of zucchini fruits such as syringic

acid, eugenol, caffeic acid, pyrogallol, gallic acid, ascorbic acid, ferulic acid, α-tocopherol,

and ellagic acid. The main elemental content (C and O) analyzed via energy-dispersive

X-ray spectroscopy (EDX) of leaves was affected by the application of biostimulants. The

success of this work could lead to the development of cheap and easily available safe

biostimulants for enhancing the productivity and biochemical of zucchini plants.

Keywords: zucchini plants, beneficial microbes, plant-derived biostimulants, potassium silicate, phenolic

compounds
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INTRODUCTION

In agricultural performance, plant biostimulants are including
different bioactive natural substances such as plant extracts,
beneficial microorganisms, macroalgae seaweeds extracts, humic
acid, fulvic acid, silicon, animal protein hydrolysate, vegetal
protein hydrolysate, and bacteria belonging to the genera
Azotobacter, Rhizobium, and Azospirillum (Chiaiese et al., 2018;
Ricci et al., 2019).

In the recent years, the use of external preparations capable
of stimulating plant growth by working on plant metabolism
has become suitable for enhancing the efficiency of chemical
fertilizers (Baroccio et al., 2017). Increasing yield is often
associated with better-quality vegetables or fruits. According
to the previous studies, biostimulants have a positive effect
on the production of vegetables and fruits (Kocira et al.,
2017; Goñi et al., 2018; Milić et al., 2018; Tarantino et al.,
2018). In modern agriculture, biostimulants are the important
strategies in the production of horticultural crops and consist
of highly heterogeneous classes of compounds with a wide
range of actions to improve quantitative and qualitative crops
(Drobek et al., 2019).

Zucchini or squash (Cucurbita pepo L.), a highly polymorphic
vegetable crop, is growing during the summer season in Egypt
and all over the world (Ezzo et al., 2012; Mahmoud, 2016;
Contreras et al., 2020), as a result of its economic importance and
nutritional value. However, the increasing demand of consumers,
in the local and international markets for fresh fruits of zucchini
all year round, led to an increase in planting zucchini in the
greenhouse (Formisano et al., 2020a,b). Zucchini is one of
the most significant vegetable cash crops, especially, in newly
reclaimed areas of Egypt, due to its high-yielding potential per
unit area in the short-growing season. Therefore, improving
the agricultural practices of zucchini production is of great
economic interest. This may be achieved by applying simple
applicable modern and low-cost strategies such as the use of
silica compounds, Trichoderma, or plant-growth-promoting-
rhizobacteria (PGPR) and plant extracts that stimulate the
growth and development of this plant and then increase the
productivity, which is safe for humans and environments (Savvas
et al., 2009; Formisano et al., 2021; Novello et al., 2021).

Silicon (Si) is a biostimulant in the group of inorganic
products. Foliar application of Si, as potassium silicates, is a
relatively new technique of feeding vegetable plants, with several
roles in plant physiology, regulation of ions uptake and increased
tolerance of plants to various biotic and abiotic stresses (Artyszak,
2018). Moreover, Si stimulates the growth, development, and
yield components of many vegetable species by correcting the
levels of endogenous growth hormones (Artyszak, 2018).

Inoculating vegetable plants with Trichoderma or PGPR may
be an effective strategy to stimulate the growth and development
of plants as well as to minimize the use of synthetic fertilizers
and agrochemicals. This strategy can improve plant tolerance
for the abiotic stresses through induction of resistance by the
production of phytohormones, enhancing soil productivity and
volatile compounds that affect the plant signaling pathways
(Kumar et al., 2020; Mannino et al., 2020). Trichoderma spp.

are free-living filamentous fungi in the soil, and some of them
are the most potent agents for the biocontrol of soil-borne
plant pathogens (Castiglione et al., 2021). Trichoderma can
improve soil nutrient availability and promote plant growth and
biostimulant (Velmourougane et al., 2019; Chen et al., 2021).

Plant extracts contain many bioactive compounds such as
sugars, amino acids, proteins, nucleic acids, polysaccharides
(Fernie and Pichersky, 2015), phenolic acids, and flavonoids
(Sarker and Oba, 2018; Salem et al., 2021b). Foliar application
of plant extracts leads to stimulating the root growth,
photosynthetic capacity, and increasing the nutrient use
efficiency, which ultimately leads to the growth promotion of
vegetable crops (Bulgari et al., 2015). In addition, phenolic acids
and flavonoids often play the important roles in the plant’s
defense against disease (Sarker and Oba, 2018). However, the
plant extracts can be considered a good source of natural
antioxidants and antimicrobial in both in vitro and in vivo (Di
Mola et al., 2019; Souri and Bakhtiarizade, 2019; Godlewska et al.,
2021). The raw materials resulting from the pruning processes of
Eucalyptus camaldulensis, Citrus sinensis, and Ficus benghalensis
trees are readily available in high quantities in Egypt. The growth
of these trees under Egyptian conditions is very suitable and
therefore economical in use. Further, the extracts from these trees
were shown potential activities against the growth of bacteria
and fungi (Nair and Chanda, 2007; Ekwenye and Edeha, 2010;
El-Hefny et al., 2017; Bhawana et al., 2018; Salem et al., 2019;
Abdelkhalek et al., 2020; Abo-Elgat et al., 2020; Afzal et al., 2020;
Fatima et al., 2020).

The present research was carried out as an attempt to apply
simple applicable modern, low-cost, and safe strategies through
studying the effect of the use of some natural biostimulant with
silicon on the productivity and bioactive component responses
of zucchini plants, grown in clay soil, under drip irrigation in
the greenhouse.

MATERIALS AND METHODS

A total of two consecutive experiments were carried out in
the years 2019 and 2020 under a drip irrigation system in the
greenhouse, at the Experimental Station Farm of the Faculty of
Agriculture, Alexandria University, Abies, Alexandria, situated in
Egypt, 31◦ 13′ N latitude, 29◦ 59′ E longitude.

Soil Analysis
Prior to the initial of the first experiment, soil samples of the
experimental site up to 30 cm depth were collected and analyzed
for some chemical and physical properties according to the
standard procedures (Sparks et al., 2020). The main physical and
chemical soil characteristics at the experimental site with clay soil
were 46% sand, 24% silt, and 30% clay, electrical conductivity
(EC): 2.60 dS m−1, pH: 8, total nitrogen (N): 0.16%, phosphorus
and potassium were 0.30 ppm and 0.33m eq l−1, respectively.

Experimental Work and Treatments
The current experiments were performed to study the effect
of plant extracts, K2SiO3, and microbial inoculation with
Trichoderma viride (106 spore/ml) and Pseudomonas fluorescens
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TABLE 1 | Treatments used in this study.

Treatment Combination of biostimulants

Control Without any microbial, plant extract, and potassium

silicate

T. viride Trichoderma viride (106 spore/ml)

T. viride + K2SiO3 T. viride (106 spore/ml) + potassium silicate (500

mg/L)

P. fluorescens Pseudomonas fluorescens (108 CFU/ml)

P. fluorescens + K2SiO3 P. fluorescens (108 CFU/ml) + potassium silicate

(500 mg/L)

T. viride + P. fluorescens T. viride + P. fluorescens, individually (106 spore/ml

+108 CFU/ml)

T.viride + P. fluorescens +

K2SiO3

T. viride + P. fluorescens, individually (106 spore /ml

+108 CFU/ml) + potassium silicate (500 mg/L)

E. camaldulensis LE Eucalyptus camaldulensis leaf extract (4,000 mg/L)

E.camaldulensis LE +

K2SiO3

E. camaldulensis leaf extract (4,000 mg/L) +

potassium silicate (500 mg/L)

C. sinensis LE Citrus sinensis leaf extract (4,000 mg/L)

C. sinensis LE + K2SiO3 C. sinensis leaf extract (4,000 mg/L) + potassium

silicate (500 mg/L)

F. benghalensis FE Ficus benghalensis fruit extract (4,000 mg/L)

F.benghalensis FE +

K2SiO3

F. benghalensis fruit extract (4,000 mg/L) +

potassium silicate (500 mg/L)

(108 CFU/ml) as biostimulants on the growth, productivity, and
bioactive of zucchini fruit that is grown in greenhouse conditions.
Extracts were prepared from Eucalyptus camaldulensis leaves,
Citrus sinensis leaves, and Ficus benghalensis fruits at the
concentration of 4,000 mg/L as recommended in our previous
work (Hassan et al., 2021).

AZIAD F1 cultivar was used in this study, and this cultivar
was imported from the Sakata Tacky Company Japan vegetable
seed. It is a desirable variety in the Egyptian market and bears
low temperatures and high production (Abd Elmohsen et al.,
2021). Zucchini seeds were sown in late September and in late
December, in the first and second experiments, respectively.
Within the same plantation row, the spacing between each
plant and the other was set to be 30 cm, whereas the spacing
between each line and the other was 1m (3 plants/m2). The
experimental layout was a randomized complete block design
(RCBD), with three replicates. RCBD is used to control the
variation in the experiment by accounting for spatial effects in the
field or greenhouse, e.g., the variation in soil fertility or drainage
differences in the field (Lauren, 2014). Each trial consisted of 13
treatments as shown in Table 1.

Each treatment was replicated three times, and each replicate
consisted of 35 plants. Water irrigation was applied through
the drip irrigation system. The drip irrigation system consisted
of laterals GR of 16mm in diameter with emitters at a 0.3-
m distance. The emitters had a discharge rate of 4 L/h. The
actual evapotranspiration of the zucchini crop (ETc), under
greenhouse at “Abies, Alexandria” area conditions, was calculated
and adjusted at the start of each growth stage (Feleafel and
Mirdad, 2014). It was calculated by multiplying reference
evapotranspiration (ET0) for different growth stages through

both two experiments (from late September 2019 up to mid-
December, 2019, in the first experiment and from late December
and ended in late February 2020, in the second experiment) by a
crop coefficient (KC); ETc = ET0 × KC (Allen, 1998; Razmi and
Ghaemi, 2011) as shown in Supplementary Table S1. Irrigation
frequency was every 5 days, to maintain soil water above 50%
soil water depletion (Qassim and Ashcroft, 2002), which is the
optimum level for zucchini plants.

The treatments of inoculation with T. viride were used as a
drench to the plants’ root area, were done through the addition of
50ml suspension, which was mixed thoroughly with the soil, and
then watered and left to ensure establishment and distribution
in the soil. However, inoculation with P. fluorescens, T. viride
+ P. fluorescens and application of K2SiO3 and three extracts
from E. camaldulensis LE, C. sinensis LE, and F. benghalensis
FE were sprayed separately on zucchini plants. All treatments
were added to the plants four times during the entire growing
season of zucchini plants. The first addition was after 2 weeks
from the sowing date, and then, the addition was done weekly.
The spraying was done for each biostimulant separately, and
P. fluorescens was sprayed before the spraying with K2SiO3 at
an interval of 3 days. Ammonium sulfate (NH4)2SO4, (20.5%
N), phosphoric acid (58%), and potassium sulfate (48% K2O)
were the sources of N, P2O5, and K2O, respectively. Nitrogen,
phosphorus, and potassium fertilizers were fertigated at rates of
143, 167, and 238 kg N, P2O5, and K2O/ha, respectively, which
were injected directly into the irrigation water (fertigation) using
a venture injector at one time weekly through a drip irrigation
system in equal doses, starting from 2 weeks after planting.
Climatic data, such as maximum and minimum air temperature
(Tmaximum and Tminimum

◦C) and relative humidity (RH%), were
collected using Testo 175-H1 as shown in Figure 1.

Evaluation of Productivity
Zucchini fruits were harvested after 50 days from sowing, at
a rate of two times a week. For each harvest, the number of
fruits was counted and weighed for each treatment and then
attributed to the hectare. The number and weight of fruits
were recorded after each harvesting accumulatively. The number
of fruits/hectare and the total productivity/hectare for each
treatment were calculated.

Photosynthetic Pigments
Extraction of chlorophylls (a and b) and carotenoids from
zucchini leaves was performed in ethanol 96% (v/v) in a
proportion of 1:10 (w/v). The absorbance was read at 664 and
649 nm for chlorophylls a and b, respectively, as well as at 470 nm
for carotenoids (Lichtenthaler, 1987; Campobenedetto et al.,
2021).

Energy-Dispersive X-Ray Spectroscopy
(EDX) Analysis
Energy-dispersive X-ray spectroscopy analysis was performed
to measure the changes in the elemental chemical composition
of zucchini leaves (nine leaves for each treatment) due to
different treatments with treated with 500 mg/L K2SiO3 and
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FIGURE 1 | The measured climatic conditions in the greenhouse during 2019 and 2020. (A) Minimum and maximum temperature (◦C); (B) RH (%).

control treatment. Energy-dispersive spectrometry (EDX), JFC-
1100E ion sputtering device (model JEOL/MP, JSMIT200 Series,
Tokyo, Japan) with acceleration voltage of 20.00 kV to show the
elemental compotation at three point was used (Salem et al.,
2021a).

2,2-Diphenyl-1-Picrylhydrazyl (DPPH)
Radical Scavenging Activity
At 1ml of 0.1mM 2,2-diphenyl-1-picrylhydrazyl (DPPH), we
added different concentrations of the prepared zucchini fruits’
methanolic extracts. After vigorous shaking, the mixture was
incubated for 30min in the dark and at 25◦C. The reduction
of the radical DPPH resulting from the incubation with the
different dilutions of zucchini methanolic extracts wasmonitored
by reading the color decrease at 517 nm (Mannino et al., 2020).
The percentage DPPH radical scavenging activity was calculated
using the formula: Inhibition (%)= [(Acontrol – Asample)/Acontrol]
× 100, where Acontrol and Asample are the absorbance of the
control and treatments (Abd-Elkader et al., 2021).

Total Phenolic and Flavonoid Contents
Total phenolic content (TPC) was determined via Folin–
Ciocalteu assay, as previously reported (Mannino et al., 2020).
Quantification was performed using an external calibration curve
with gallic acid (GA). Analyses were performed in triplicate, and
data were expressed as millimole GA equivalents (GAE) per 100 g
of FW., while the aluminum chloride colorimetric assay was
used for total flavonoid content (TFC) determination and read
at 510 nm using UV–Visible spectrophotometer Model UV 1601
version 2.40 (Shimadzu) (Marinova et al., 2005). Total flavonoids’
content was expressed as mg catechin equivalents.

Fruit Extraction and HPLC Analysis of
Phenolic Compounds
The extraction process was carried out on zucchini fruit samples
treated with plant extracts and microbial with 500 mg/L K2SiO3

and control treatment. A sample was taken for each treatment

from the three replicates, about 15 fruits, then, all the fruits were
grated andmixed well, and 30 g was taken then extracted by 60ml
methanol by the soaking method for 1 week (Ashmawy et al.,
2020; Abd-Elkader et al., 2021). The extracts were then filtered
through filter paper (Whatman no. 1) and then with a cotton
plug. The extracts were concentrated and stored in brown vials in
the refrigerator prior HPLC analysis. The phenolic compounds
from the methanol extracts of each previous treatments were
identified by the Agilent ChemStation [HPLC-(Agilent, Santa
Clara, CA, USA)], which is composed of a quaternary pump
and UV/Vis detector and C18 column (125mm × 4.60mm,
5µm particle size). Chromatograms were obtained and analyzed
using HPLC. Phenolic compounds were separated by employing
a mobile gradient phase of water/acetonitrile/glacial acetic acid
(980/20/5, v/v/v, pH 2.68) and acetonitrile/glacial acetic acid
(1,000/5, v/v) with a flow rate of 1 ml/min and detected at
325 nm. All chemical standards (HPLC grade) were purchased
from Sigma-Aldrich (St. Louis, MO, USA) (Hassan et al., 2021).

Statistical Analysis
All data were analyzed by implementing the CoStat software
version 6.303 (CoHort Software 798 Lighthouse Ave. PMB 320,
Monterrey, CA, 93940, USA) package through a two-way analysis
of variance (ANOVA). A Tukey’s honestly significant difference
(HSD) test (p < 0.05) was used to separate the means (Steel and
Torrie, 1980).

RESULTS

Productivity Parameters of Zucchini
Figure 2A shows that spraying of plants with K2SiO3 and
biostimulants led to a significant increase in fruits number (ha)
compared to control. The fruits number/ha was significantly
increased as zucchini plants were treated with E. camaldulensis
LE and E. camaldulensis LE + K2SiO3 in the two consecutive
experiments. In addition, plants sprayed with microbial and
plant extracts were significantly increased the fruits number/ha
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FIGURE 2 | Fruits number and total yield of zucchini as affected by biostimulant treatments. (A) Total number of fruits/ha and (B) The total yield (ton/ha) (means ±

S.E) of zucchini as affected by the extracts, microbial inoculations, and K2SiO3. Letters in the figure indicated that the means ± S.E of treatments with the same

letter/s were not significantly different according to Tukey’s HSD level of probability.

as compared to the control treatment. Moreover, spraying plants
with K2SiO3 at 500 mg/L with microbial or plant extracts
were maximized the increase in fruits number/ha compared to
biostimulant treatments without K2SiO3 in the two experiments.

The total yield/ha of zucchini fruits (Figure 2B) showed a
significant difference among treatments with the highest values
of 59.25 and 58 ton/ha, with the treatment of T. viride +

K2SiO3, in the first and second experiments, respectively. E.
camaldulensis LE + K2SiO3 treatment, also, gave a higher mean
value in both experiments (56.67 and 56.34 ton/ha). It is noted

that the use of K2SiO3 with microbial and plant extracts as
biostimulants led to an increase in total productivity/ha of
zucchini in both experiments.

Photosynthetic Pigments
Table 2 presents the effect of K2SiO3 and plant extract
or beneficial microbes as biostimulants on the content of
photosynthetic pigments (total chlorophylls, chlorophylls a, b,
and total carotenoids) of zucchini leaves. The results indicated
a significant increase in the content of pigments as affected by
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FIGURE 3 | Elemental compositions of zucchini leaves with EDX analysis as affected by plant extracts, microbial inoculations, and potassium silicates biostimulants.

Analysis was taken from three points for each treatment. (A1–A3) Control; (B1–B3) T. viride + K2SiO3; (C1–C3) P. fluorescens + K2SiO3; (D1–D3) T. viride + P.

fluorescens + K2SiO3; (E1–E3) E. camaldulensis LE + K2SiO3; (F1–F3) C. sinensis LE + K2SiO3; (G1–G3) F. benghalensis FE + K2SiO3.
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TABLE 2 | Effect of plant extracts, microbial inoculations, and potassium silicates biostimulants, on photosynthetic pigments content of leaves in the second experiment.

Treatment Experiment 1 Experiment 2

Chlorophyll a Chlorophyll b Total Total Chlorophyll a Chlorophyll b Total Total

chlorophylls carotenoids chlorophylls carotenoids

(mg/100g fw) (mg/100g fw) (mg/100g fw) (mg/100g fw) (mg/100g fw) (mg/100g fw) (mg/100g fw) (mg/100g fw)

Control 14.8 ± 0.21e 10.3 ± 0.13e 25.1 ± 0.51f 2.83 ± 0.32e 15.7 ± 0.33e 11.4 ± 0.55e 27.1 ± 0.13e 2.92 ± 0.13d

T. viride 24.6 ± 0.11ab 18.3 ± 0.25ab 42.9 ± 0.32ab 3.62 ± 0.42b 24.9 ± 0.24ab 18.8 ± 0.31ab 43.7 ± 0.21ab 3.72 ± 0.32ab

T. viride + K2SiO3 25.3 ± 0.12a 19.0 ± 0.14a 44.3 ± 0.43a 3.81 ± 0.11ab 25.6 ± 0.42a 19.7 ± 0.44a 45.3 ± 0.21a 3.97 ± 0.14a

P. fluorescens 20.1 ± 0.12bc 16.3 ± 0.52bc 36.4 ± 0.22cd 3.32 ± 0.14c 21.1 ± 0.11bc 16.9 ± 0.23b 38.0 ± 0.10c 3.48 ± 0.33ab

P. fluorescens + K2SiO3 21.2 ± 0.31b 17.0 ± 0.32b 38.2 ± 0.31c 3.49 ± 0.15b 22.0 ± 0.14bc 17.8 ± 0.21ab 39.8 ± 0.42bc 3.56 ± 0.42ab

T. viride + P. fluorescens 22.1 ± 0.13b 18.0 ± 0.22ab 40.1 ± 0.11b 3.45 ± 0.21ab 22.9 ± 0.51bc 17.9 ± 0.24ab 40.8 ± 0.14bc 3.50 ± 0.16b

T. viride + P. fluorescens

+ K2SiO3

23.4 ± 0.11ab 19.1 ± 0.11a 42.5 ± 0.10ab 3.59 ± 0.23b 24.0 ± 0.33ab 20.1 ± 0.25a 4.1 ± 0.23ab 3.64 ± 0.17ab

E. camaldulensis 24.4 ± 0.23ab 18.9 ± 0.21ab 43.3 ± 0.10ab 3.90 ± 0.22a 25.0 ± 0.22a 19.3 ± 0.51a 44.3 ± 0.31ab 4.02 ± 0.23a

E. camaldulensis +

K2SiO3

25.6 ± 0.11a 20.2 ± 0.33a 45.8 ± 0.22a 4.01 ± 0.24a 26.0 ± 0.14a 20.8 ± 0.34a 46.8 ± 0.26a 4.13 ± 0.52a

C. sinensis 17.7 ± 0.14c 12.4 ± 0.51cd 30.1 ± 0.32e 3.01 ± 0.11b 17.9 ± 0.21cd 12.9 ± 0.42d 30.8 ± 0.31d 3.12 ± 0.22c

C. sinensis + K2SiO3 18.1 ± 0.21c 13.9 ± 0.22c 32.0 ± 0.12d 3.15 ± 0.32c 19.2 ± 0.41c 15.2 ± 0.32c 34.4 ± 0.42cd 3.21 ± 0.13bc

F. benghalensis 15.6 ± 0.05d 11.3 ± 0.11d 26.9 ± 0.33f 2.93 ± 0.36d 16.1 ± 0.44d 11.9 ± 0.52e 28.0 ± 0.34e 2.98 ± 0.16d

F. benghalensis +

K2SiO3

17.3 ± 0.11c 14.9 ± 0.22c 32.2 ± 0.41d 3.10 ± 0.51c 18.2 ± 0.51c 14.2 ± 0.32c 32.4 ± 0.15cd 3.17 ± 0.05b

Letters in the figure indicated that the means ± S.E of treatments with the same letter/within the same column were not significantly different according to Tukey’s HSD at a 0.05 level

of probability.

the biostimulant treatments. It is clear from the results that the
values obtained from the different photosynthetic pigments were
affected by the different treatments of the biostimulant used.
T. viride + K2SiO3, and E camaldulensis + K2SiO3 treatments
increased all the photosynthetic pigment contents, but the effect
was most significant by the treatment E. camaldulensis LE+
K2SiO3, in both experiments. In addition, Table 2 shows the
application of the treatments T. viride and E. camaldulensis LE
improved the chlorophyll pigment of leaves compared to the
other treatments, in both experiments.

Elemental Compositions of Leaves by EDX
Analysis
Table 3 and Figure 3 presents an EDX analysis to measure the
changes in the elements’ compositions of the leaves due to
different treatments of biostimulants, which are six treatments
in addition to the control. There was a significant effect of
treatments on the elemental percentages with the highest values
obtained with treatments P. fluorescens + K2SiO3, T. viride +

P. fluorescens + K2SiO3, and E. camaldulensis LE + K2SiO3 on
C, Mg, and Si elements. Also, there was a significant effect of
treatments on elements N, P, and Ca percentages whereas the
highest value was obtained by the plants treated with T. viride +
K2SiO3. Moreover, the highest value of element K was obtained
by treatment E. camaldulensis LE+ K2SiO3.

DPPH Scavenging Activity
In Figure 4, all DPPH scavenging activity data of the zucchini
fruits parameter were significantly influenced by the biostimulant
applications. Our data indicated that the E. camaldulensis LE
+ K2SiO3 treatment increased the DPPH scavenging activity

mean value of zucchini fruits (75.93 and 76.21%) followed
by E. camaldulensis LE (72.24 and 73.45%) in the first and
second experiments, respectively (Figure 4). In addition, the
combination of K2SiO3 with plant extract and microbial
stimulants had no effect on improving DPPH in zucchini fruits,
in both experiments.

Total Phenolic and Flavonoid Contents
Significant differences were found among the total phenolic
contents of zucchini fruit samples in (Figure 5A), in both
experiments. The values varied in a wide range with an average
value of 150 to 300mg GAE/100 g FW. In our two experimental
conditions, the highest value was found with the treatment E.
camaldulensis LE + K2SiO3 (300mg GAE/100 g FW), followed
by E. camaldulensis LE (289mg GAE/100 g FW) and T. viride +
P. fluorescens + K2SiO3 (287mg GAE/100 g FW), whereas the
lowest content was found in the control treatment.

The higher values of flavonoid content were recorded
in biostimulant-treated zucchini plants with T. viride + P.
fluorescens (104mg QE/100 g sample), T. viride + P. fluorescens
+ K2SiO3 (110mg QE/100 g sample), E. camaldulensis LE
(116mg QE/100 g sample), and E. camaldulensis LE + K2SiO3

(115mg QE/100 g FW sample) treatments, with no significant
difference among other treatments (Figure 5B). On the other
hand, the spraying with K2SiO3 did not show any effects on the
total flavonoids’ content of zucchini fruits in both experiments.

HPLC Analysis of Phenolic Compounds in
Zucchini Fruits
Table 4 presents the phytochemicals in terms of the phenolic
compounds identified in the methanol extracts (MEs) of zucchini
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fruits treated with plant extracts and microbial with K2SiO3

added only, which are six treatments in addition to the control
treatment. The HPLC separation chromatograms are shown
in Supplementary Figure S1. Ferulic (21.12µg/ml), caffeic
(19.63µg/ml), and ellagic (18.33µg/ml) acids were the most
abundant compounds in zucchini fruit ME as affected by control.
Zucchini fruit ME from plants treated with T. viride + K2SiO3

showed the presence of eugenol (35.16µg/ml) and ellagic acid
(17.36µg/ml) as the main compounds. Eugenol (18.05µg/ml)
and caffeic acid (16.26µg/ml) were the abundant compounds in
ME from zucchini fruit treated with P. fluorescens + K2SiO3.
Interestingly, α-tocopherol (22.01µg/ml) with syringic acid
(13.30µg/ml) were the most abundant compounds in ME from
fruits treated with T. viride + P. fluorescens + K2SiO3. The
ME from fruits of the plants treated with E. camaldulensis LE
+ K2SiO3 identified p-coumaric acid (25.51µg/ml), ferulic acid
(20.11µg/ml), and caffeic acid (18.87µg/ml) as the abundant
compounds. The ME of fruits from plants treated with C. sinensis
LE + K2SiO3 identified pyrogallol (28.5µg/ml), ferulic acid
(18.09µg/ml), and gallic acid (12.66µg/ml) as the abundant
compounds. Syringic (18.69µg/ml) and caffeic (15.26µg/ml)
acids were the most abundant compounds in ME from fruits of
zucchini collected from plants treated with F. benghalensis FE +

K2SiO3.

DISCUSSION

The development of eco-friendly products to improve the
growth and yield of horticulture has spurred a massive
interest in commercial, especially in poor countries. The use
of biostimulants has become increasingly common in modern
agriculture and in the global market for the sale of agricultural
products (Xu and Geelen, 2018). The biostimulants used may
be a substance of natural origin or microorganisms that work
or a mixture of them that improve the condition of crops and
resist some pathogens and stress conditions to which plants are
exposed without causing harmful side effects to the environment
or humans (Du Jardin, 2015). The advantage of using biomass
contained in plant extracts is its low cost (Tembo et al., 2018).
Conversion of plant biomass in plant extracts, showing the action
of biostimulants or plant growth, can be supportive to farmers in
developing countries that cannot afford synthetic biostimulants,
because of their high costs (Fite et al., 2020).

In this study, photosynthetic pigments and productivity
were affected by the application of different biostimulants
used. The results illustrated generally that E camaldulensis
LE or Trichoderma viride with K2SiO3 increased the previous
characters. Eucalyptus leaf extract increased photosynthetic
pigments and the production of zucchini plants. These
results might be due to many species of eucalyptus have
high rich in carotenoids, carbohydrates, phenols, flavonoids,
and antioxidants. Due to these compounds detected in E
camaldulensis LE, it can be considered a biostimulant to
enhance growth and productivity. Also, allelopathic activity
and this activity can be the important catalysts in reducing
diseases and increasing total yield (El-Rokiek et al., 2019). The
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FIGURE 4 | DPPH (2,2-diphenyl-1-picrylhydrazyl) inhibition percentages (means ± S.E) of methanol extracts from zucchini fruits as affected by the plant extracts,

microbial inoculations, and potassium silicate biostimulants. Letters in the figure indicated that means ± S.E of treatments with the same letter/s were not significantly

different according to Tukey’s HSD at a 0.05 level of probability.

induced metabolism of the photosynthetic pigments signified
the increased growth parameters of the used leaf extract. In
this response, the photosynthetic pigments of seedling broccoli
significantly increased by Eucalyptus leaf extract (Mohsen
et al., 2018). Furthermore, the application of T. viride seems
to have affected photosynthetic pigments and the total yield
characteristics of Brassica leafy crops similar to what has been
shown for the control. Trichoderma is a genus of filamentous
fungi that include several species described as biostimulants
and/or biological control agents in agriculture (Velasco et al.,
2021). Almost, microbial is widely used as a biofertilizer almost
for all crops with or without amendments (Vinale et al., 2008;
Schuster and Schmoll, 2010; Reynolds, 2016). Similarly, the
PGPR increases both the growth parameters and yield attributes
of onions and zucchini with the triple inoculation treatments
(Tinna et al., 2020; Novello et al., 2021).

The role of microbial or Trichoderma in increased crop
yield and quality was achieved mainly by the ability to degrade
complex organic compounds present in the soil. Complex
organic compounds were made available to plants in a simpler
form, so that they could be absorbed (Khan et al., 2017; Thapa
et al., 2020).

It is clear from previous studies that treating plants with
silicon benefits their leaf structure by improving plant leaf
erection, which leads to increased light interception and reduced
self-shading, which leads to improved photosynthesis (Galindo
et al., 2021). In this regard, silicon has a positive effect on
chlorophyll pigments, which leads to an improvement in growth,
which in turn affects the production of plants (Thorne et al.,
2020; Salim et al., 2021). It is noted that there is an effect

of the use of biostimulants on the metabolism of plants and
the final quality (Colla et al., 2015). Plant growth, quality,
tolerance to abiotic and biotic stresses, photosynthesis, and using
nutrients, fertilizers, and water are able to be enhanced by plant-
derived biostimulants (PDBs) by modulating plant biochemical,
molecular, and physiological processes (Rouphael and Colla,
2020b; Godlewska et al., 2021; Mosa et al., 2021b). Our previous
work (Hassan et al., 2021) showed that the most abundant
phenolic compounds in Eucalyptus camaldulensis LE were
pyrogallol, caffeic acid, and p-coumaric acid, in Citrus sinensis
LE were syringic and ferulic acids, and in Ficus benghalensis were
gallic, p-coumaric, and syringic acids.

In addition, the application of biostimulants increased the
biochemical compounds with potential effect on the nutrient
content of plants. The shorter growing cycle of plants may
result in biostimulation if the beneficial microbe has higher
performance (i.e., Trichoderma viride), in improving the N
uptake efficiency (Fiorentino et al., 2018). Moreover, the increase
in the root system caused by the application ofTrichoderma to the
roots may have contributed to the increased N uptake of zucchini
plants. This has also been observed when correlating the use of
Trichoderma with the N content of leaves from several vegetable
crops such as lettuce and tomato (Fiorentino et al., 2016; Sani
et al., 2020).

Similar observations to our results were found after the use of
microbial based on the enhanced yield by microbial inoculants
has been linked in some cases to increased nutrient uptake and
improved nutrient status of the cucumber and lettuce (Abdelaziz
and Pokluda, 2009; El-Saady and Omar, 2017). Furthermore,
some reports showed that Pseudomonas spp. was significantly
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FIGURE 5 | Phenolic and flavonoid contents (means ± S.E) of zucchini fruits as affected by the plant extracts, microbial inoculations, and potassium silicate

biostimulants. (A) Total phenolic content and (B) total flavonoid content. Letters in the figure indicated that the means ± S.E of treatments with the same letter/s were

not significantly different according to Tukey’s HSD at a 0.05 level of probability.

increased the uptake of P, Fe, Ca, and manganese (Mn) in
some vegetables, e.g., eggplant and tomato (Calvo et al., 2014;
Chrysargyris et al., 2020).

Some studies that are similar to our results were found after
the use of PDBs in agriculture leads to an improvement in the
crop’s quality with an increase in bioactive components (Di Mola
et al., 2019). It can be said that biological stimulants have a
positive effect on a number of chemical properties of fruits and
vegetables. It is evident that the use of several types of PDBs has
potential effects on the development and quality of several plant

species, for example, tomato (Souri and Bakhtiarizade, 2019),
rocket (Di Mola et al., 2019), and zucchini (Hassan et al., 2021).

Consistence with the present findings, PDBs as the foliar
application were enhanced the total phenolic contents,
antioxidant activity, and nutrient contents of tomato plants
compared to the control (Chiaiese et al., 2018). Furthermore,
these findings, generally, agreed with those previously reported
on spinach and broccoli (Fan et al., 2011; Kałuzewicz et al., 2017),
where they concluded that the use of biostimulants enhanced the
phenolic content.
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TABLE 4 | Effect of plant extracts, microbial inoculations, and potassium silicate biostimulants on phenolic compounds identified in zucchini fruits methanol extract in the

second experiment.

Compound Phenolic compounds (µg/ml) in zucchini fruits ME

as plants treated with

Control T.viride

+ K2SiO3

P. fluorescens

+ K2SiO3

T. viride + P. fluorescens

+ K2SiO3

E. camaldulensis

LE + K2SiO3

C. sinensis

LE + K2SiO3

F. benghalensis

FE + K2SiO3

Myricetin nd 10.33 nd nd nd nd nd

Syringic acid 9.22 9.14 8.12 13.30 nd nd 18.69

p-Coumaric acid 9.68 nd nd 8.09 25.51 8.23 nd

Eugenol nd 35.16 18.05 nd nd nd 4.36

Vanillin nd nd nd nd 5.42 7.55 nd

Caffeic acid 19.63 6.47 16.26 5.36 18.87 6.98 15.26

4-Hydroxybenzoic

acid

nd nd nd nd nd 7.12 nd

Pyrogallol 14.51 nd nd nd nd 28.5 3.75

Gallic acid nd 8.16 7.14 nd 5.12 12.66 12.44

Ascorbic acid nd nd nd nd 10.61 8.23 nd

Ferulic acid 21.12 nd nd 6.12 20.11 18.09 nd

α-Tocopherol 7.45 nd nd 22.01 nd nd nd

Salicylic acid nd 9.12 9.56 nd nd nd nd

Catechol 5.18 nd nd 6.23 nd nd nd

Ellagic acid 18.33 17.36 8.49 5.14 nd nd nd

Protocatechuic acid nd 10.68 2.21 nd nd nd nd

nd, not detected; ME, methanol extract.

Foliar application of Si has biostimulation effects, and also,
it can be used by plants to augment their defenses against the
entrance of toxic ions via the root apoplast (Verma et al., 2021b).

The phenolic contents were ranged between 96.2 and
117.3mg GAE/100 g of FW, as affected by different biostimulant
treatments. Other studies showed that the average phenolic
content of zucchini fruits of was 8.67mg GAE/g FW (Hamissou
et al., 2013).

Zucchini plants treated with the following treatments T. viride
+ K2SiO3, P. fluorescens + K2SiO3, T. viride + P. fluorescens +
K2SiO3, E. camaldulensis LE + K2SiO3, C. sinensis LE+K2SiO3,
and F. benghalensis FE + K2SiO3 showed several phenolic
compounds (myricetin, syringic acid, p-coumaric acid, eugenol,
vanillin, caffeic acid, 4-hydroxybenzoic acid, pyrogallol, gallic
acid, ascorbic acid, ferulic acid, α-tocopherol, salicylic acid,
catechol, ellagic acid, and protocatechuic acid) in the methanol
extract with different concentrations compared with the control
treatment. These phenolic compounds or PDBs are playing the
important roles in regulating plant metabolic processes (Boudet,
2007; Lin et al., 2016; Mosa et al., 2021a). Simple phenolic acids
such as hydroxybenzoic and hydroxycinnamic acids are derived
from phenylpropanoid pathway (Mandal et al., 2010).

This study clarified the importance of the role played by
Si element as a biostimulant in spraying on zucchini plants
and increasing the efficiency of plant extract or microbial
biostimulant. Si improves the growth of the plant by role
defending the plant by increasing some different biochemical
mechanisms in plants such as antimicrobial enzymes, flavonoids,
and pathogen-related proteins (Verma et al., 2021a), chlorophyll

pigments, and antioxidants (Thorne et al., 2020; Salim et al.,
2021). Studies have also shown that one of the beneficial
properties of Si is its positive effects on abiotic stress tolerance
and resistance to pathogens and diseases and thus has an effective
role in improving overall productivity (Savvas and Ntatsi, 2015;
Abd-Alkarim et al., 2017; Shwethakumari et al., 2021).

Plant-derived biostimulants have a positive effect on crop and
vegetable plants; however, to improve their efficacy and optimize
their inclusion in the industrial processes, the understanding of
their action mechanism should be amended (Brown and Saa,
2015; Backer et al., 2018; Rouphael and Colla, 2020a).

CONCLUSION

The results of this study highlight the importance of biostimulant
application to mitigate the effects of yield and biochemical.
The potential use of some leaf extracts or microbial with
K2SiO3 as a biostimulant was tested in zucchini plants on plant
photosynthetic pigments, productivity, bioactive componence,
and elements content parameters that were evaluated after its
use. The productivity of zucchini plants was increased by the
foliar application of the treatments T. viride + K2SiO3 or E.
camaldulensis LE+ K2SiO3 as well as the content of the leaves of
photosynthesis pigments. HPLC analysis of phenolic compounds
in zucchini fruits and elements content of leaves was affected by
biostimulants (microbial and plant extract with silicon). Total
phenolic contents and DPPH scavenging activity were increased
significantly in plants treated with E. camaldulensis LE+K2SiO3.
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Bingqiang Zhao 1*
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Humic acid-enhanced phosphate fertilizer (HAP) is widely applied in Chinese agriculture

due to its high efficiency. Although the structural composition and physicochemical

properties of humic acid (HA) are significantly altered during HAP production, a clear

understanding of the mechanisms underlying the biological effects of HA extracted from

HAP fertilizer (PHA) on plant growth is still lacking. In the current study, we extracted

PHA from HAP and assessed its effects on the dry biomass, phosphorus (P) and

nitrogen (N) uptake, and P absorption rate of maize seedlings when supplied at different

concentrations (2.5, 5, 10, and 25mg C L−1) in the hydroponic culture. The root

vigor, root plasma membrane H+-ATPase activity, and root nitrate reductase activity

were also determined as the representative indicators of the root capacity for nutrient

absorption, and used to clarify the mechanism by which PHA affects the maize growth

and nutrient absorption. The results showed that the dry biomass, phosphorus uptake,

nitrogen uptake, and average phosphorus absorption rates were significantly higher by

14.7–27.9%, 9.6–35.1%, 17.9–22.4%, and 22.1–31.0%, respectively, in plants treated

with 2.5–5mg C L−1 PHA compared to untreated controls. Application of 10–25mg C

L−1 raw HA resulted in similar stimulatory effects on plant growth and nutrient absorption.

However, higher levels of PHA (10–25mg C L−1) negatively impacted these indicators of

plant growth. Furthermore, low PHA or high raw HA concentrations similarly improved

root vigor and root plasma membrane H+-ATPase and nitrate reductase (NR) activities.

These results indicate that lower concentrations of PHA can stimulate maize seedling

growth and nutrient absorption to an extent that is comparable to the effect of higher

concentrations of raw HA. Thus, the proportion of HA incorporated into HAP could be

lower than the theoretical amount estimated through assays evaluating the biological

effects of raw HA.

Keywords: humic acid-enhanced phosphate fertilizer, humic acid, biological activity, maize, concentration
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INTRODUCTION

Field application of humic acid-enhanced phosphate fertilizer
(HAP) has been shown to increase crop yields and phosphorus
(P) use efficiency when compared to conventional phosphate
fertilizers (Li et al., 2017; Ma et al., 2019). Its higher
performance is due to the effects of humic acid (HA) on
P bioavailability, stimulation of plant growth, and nutrient
absorption (Eyheraguibel et al., 2008; Yang et al., 2019; De
Hita et al., 2020). However, only trace amounts of HA are
present in HAP (i.e., typically lower than 0.5% w/w) (Zhao et al.,
2020), suggesting that HA provides a greater contribution toward
stimulating root growth and nutrient absorption than toward
modulating P bioavailability (Eyheraguibel et al., 2008; Rose
et al., 2014). Thus, the in-depth study of the bioactive effects
of HA in HAP (PHA) on the production of plants cultivated
in hydroponics is beneficial to clarify the mechanism that HA
enhances the efficiency of phosphate fertilizer, and provides an
important reference for HAP production (Urrutia et al., 2013).

Many studies have suggested that HA shows strong biological
activity in promoting plant growth and the absorption of
macronutrients, such as nitrogen (N) and P (Canellas et al.,
2010; Jannin et al., 2012; Shah et al., 2018; De Hita et al., 2020;
Jindo et al., 2020), and that these effects can be modulated by
variations in the structural composition, molecular weight, and
concentrations of different compounds in heterogenous HA. For
example, HA that is structurally enriched in carboxyl groups and
hydrophobic structures has been reported to increase the root
surface area, whereas HA with a greater proportion of aromatic
and carbonyl groups have been linked to the increase of root
number and diameter (García et al., 2016). Alternatively, HA
composed of more smaller molecular components is reportedly
most effective for inducing the absorption, transport, and
assimilation of NO−

3 (Albuzio et al., 1986; Nardi et al., 2000;
Zanin et al., 2018; Pizzeghello et al., 2020), while HA containing
a higher proportion of high molecular components has been
described as a potent positive regulator of root growth in other
studies (Zandonadi et al., 2007; Canellas et al., 2009). Thus, the
chemical structure of HA affects its function as a plant growth
stimulator, while it is uncertain which chemical structure is
predominantly available.

It is well-established that high temperature can substantially
alter the structural composition of HA (Zhou et al., 2019), while
a lot of heat is generated by exothermic neutralization reactions
between phosphoric acid and alkaline compounds during the
production of phosphate fertilizers (Peng and Xiang, 2017).
Hence, the incorporation of HA into the phosphate fertilizer can
change its structure, which has been verified by our previous
study (Jing et al., 2020). The change likely leads to differences
in the effects and potency of PHA on plant growth compared
to carbon equivalent concentrations of HA. Whether PHA also
maintained the bioactive effects on plant growth as HA was of
great significance for revealing the enhancement mechanism of
PHA on the efficiency of phosphate fertilizers.

Additionally, HA concentration can also serve as an important
factor that determines its effect on the stimulation of plant
growth. Pizzeghello et al. (2020) identified a positive, linear,

and concentration-dependent relationship between biomass
production and HA concentration (ranging from 0 to 1mg C
L−1) in garlic. However, work by Rose et al. (2014) indicated that
plant biomass production followed a bell-shaped distribution
with increasing HA concentration. Likewise, Garcia et al. (2016)
observed adverse effects on the root of Brachiaria following
the application of high concentrations of HA, which can be
attributed to redox imbalance. Most of the previous studies
focused on the influence of individual factors while overlooking
the comprehensive contributions of structural properties, the
molecular weight of constituent compounds, and concentration
in the mechanistic analyses of the HA effects on plant growth.

The objective of this study is to determine the biological
activity of PHA, identify the possible mechanisms by which
HAP enhances plant growth and nutrient absorption, and
provide a reference for the amount of HA incorporated into
phosphate fertilizer. To this end, we extracted PHA from
HAP and conducted a series of hydroponic experiments to
assess the effects of 2.5–25mg C L−1 of HA or PHA on
biomass production, P and N uptake, and P absorption rate in
maize. We also examine representative indicators of the root
capacity for nutrient absorption, including root vigor and root
plasma membrane H+-ATPase activity, as well as root nitrate
reductase activity as an indicator of nitrogen metabolism for
biomass production.

MATERIALS AND METHODS

Preparation of HA and PHA
Humic acid was extracted from weathered coal (45◦23

′
N,

119◦15
′
E; Huolinhe, Tongliao, Inner Mongolia Autonomous

Region, Northeast China) according to the method conducted
by Zhang et al. (2017). Subsequently, HAP incorporated with
0.5% HA was manufactured, and PHA was extracted from HAP
and purified as described by Jing et al. (2020). In brief, 56.03 g
of potassium hydroxide was added to the mixture containing
0.50 g of HA and 46.47 g of phosphoric acid (85% in v/v) under
continuous stirring, and the reaction product was immediately
pulverized and grounded through a 0.85mm sieve to obtain the
HAP fertilizer. Ten samples were prepared to achieve enough
amounts of HAP for the extraction of PHA. HAP was dissolved
in deionized water at a solid–liquid ratio of 1:10, and the pH of
the mixture was adjusted to 1.0 using 6M HCl. After standing
for 24 h, the solution was centrifuged. The insoluble portions
were collected and thoroughly washed four times with deionized
water at a solid–liquid ratio of 1:10 and then oven-dried at
50◦C to obtain PHA.

The phosphorus content of HA and PHA was determined
using inductively coupled plasma emission spectrometer (5110
ICP-OES, Agilent Technologies Inc., USA) after wet digestion
with H2SO4-H2O2 (Kalra, 1998). The contents of carbon,
hydrogen, oxygen, nitrogen, and sulfur in HA and PHA were
determined using an element analyzer (Vario Micro Cube,
Elementar Analysensysteme GmbH, Germany). The relative
proportions of C-containing functional groups and themolecular
weight distributions of HA and PHA were determined using
solid-state 13C nuclear magnetic resonance spectrometer (Bruker
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AVANCE III HD 400 MHz, Switzerland) and gel permeation
chromatography (GPC, Shimazu LC-20A, Japan) as described by
Jing et al. (2020). The data of the above parameters are presented
in Table 1 and Supplementary Figure S1.

Hydroponic Maize and Experimental
Design
Maize hybrid ZD958, a dominant high-yield hybrid in North
China, was used in this study. Hydroponic experiments on
maize seedling growth were conducted in an artificial climate
chamber (28◦C day/21◦C night, 16 h/8 h light/dark period,
300 µmol m−2 s−1 light intensity, and 70% relative humidity)
at the Dezhou experimental station, Chinese Academy of
Agricultural Sciences. Before hydroponic culture, maize seeds
were presoaked and pregerminated as described by Jing et al.
(2020), and then the endosperm of seedlings was removed,
and each plant was transplanted to containers filled with
Hoagland nutrient solution (pH = 6.1) (Mao and Shen,
2011) containing HA or PHA at different concentrations.
According to the previous studies by our group and others
(Jing et al., 2020; Rosa et al., 2021), the concentration gradient
of HA or PHA was set as 2.5, 5, 10, and 25mg C L−1.
The nutrient solution with 0mg C L−1 of HA or PHA
was set as a control. Six replicates were arranged for each
treatment. During the incubation period, the nutrient solution
was renewed every 72 h.

Sampling and Laboratory Analyses
During the incubation, the volume of initial and replaced
nutrient solution was accurately measured, and meanwhile, the
sampling of nutrient solution was conducted for the further
P concentration analysis. The P concentration in the sampled
nutrient solution was determined by the vanadium molybdate
yellow colorimetric method (Haslemore and Roughan, 1976).
Then, the P absorption rate of the plant was calculated according
to formula (1).

On the 30th day after seed germination, the plant was
harvested and divided into roots and shoots. All replicates for
each treatment were split into two halves. One-half was stored in
liquid nitrogen to retain freshness, and the remaining half was
oven-dried at 105◦C for 30min and then at 75◦C for 48 h to
determine the dry biomass of the plants.

The fresh samples were used to measure the physiological
traits as follows. The root vigor was evaluated by TTC (2,
3, 5-triphenyltetrazolium chloride) reduction method (Chen
et al., 2006). The root plasma membrane (PM) H+-ATPase
activity was determined by using Plant H+-ATP ELISA
Kit (Jianglai Biological, Shanghai, China). The root nitrate
reductase (NR) activity was assayed by monitoring the
nitrite formation by the colorimetric method, as indicated
by Jaworski (1971). The oven-dried samples were ground
using a ball mill (MM400, RETSCH, Germany), and the P and
N content was determined after wet digestion with H2SO4-
H2O2 (Kalra, 1998). The P content was determined using the
vanadium molybdate yellow colorimetric method (Johnson and
Ulrich, 1959), and the N content was determined using the
Kjeldahl method (Bremner, 1960).
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Calculations and Statistical Analysis
Based on the decrease in the amount of P in the nutrient solution
per unit time, the P absorption rates (mg day−1) of a plant can be
calculated as:

P absorption rate =
C1 × V1 − C2 × V2

D
(1)

where C1 and C2 are the concentrations of P (mg/ml) in the initial
and replacement of nutrient solution, respectively; V1 and V2

are the volumes of initial and replacement of nutrient solution
(ml), respectively; and D is the number of days that the nutrient
solution was used, and D was 3 days in this study.

All values are shown as the mean of all replicates. The
variance among different treatments was analyzed by using SAS
9.1 (SAS Institute Inc., NC, USA). The differences in maize traits
between HA and PHA treatments at the same concentration
were compared with two independent sample t-tests, while the
differences between different HA or PHA concentrations were
evaluated by performing an analysis of variance (ANOVA) with
the least significant difference (LSD) (α = 0.05). LSD was also
used to assess the interaction between the type and concentration
of HA and PHA. We conducted a structural equation model
(SEM) to explore the direct and total effects of root vigor, and
root PM H+-ATPase and root NR activities on the nutrient
absorption, and Pearson correlation analysis was used to explore
the relationship between nutrient absorption and root vigor or
root PM H+-ATPase activity. Graphs were compiled by using
Origin 2021 (Origin Lab Corporation, MA, USA).

RESULTS

PHA Shows Stronger Stimulatory Effects
on Maize Biomass Production Than HA at
Low Concentrations
To better understand the effects of PHA on the growth of maize
plants, we first compared biomass production between maize
plants treated with different concentrations of HA or PHA.
The results showed that humic acid type, the concentration,
and the interaction between type and concentration significantly
impacted the accumulation of maize dry biomass (P < 0.01)
(Supplementary Table S1). HA led to 16.6% and 30.7% higher
total dry biomass than control plants at 10 and 25mg C L−1

(P < 0.05), respectively, although it had no significant impact
on total dry biomass at the concentrations of 2.5 or 5mg C
L−1 (Figure 1A). In contrast, application of 2.5 or 5mg C L−1

PHA significantly increased total dry biomass by 14.7 and 27.9%,
respectively, compared to the untreated controls (P < 0.05),
but resulted in a significant decrease in biomass of 14.5 and
24.6% at 10 and 25mg C L−1 concentrations, respectively (P <

0.05). A comparison of HA and PHA at the equivalent carbon
concentration showed that biomass production was significantly
higher under PHA treatment at low concentrations (i.e., 2.5–5mg
C L−1) (P < 0.05), whereas HA application provided significantly
stronger effects than PHA at higher concentrations (i.e., 10-25mg
C L−1) (Figure 1A). In addition, quantification of root biomass

and shoot biomass under HA or PHA treatments recapitulated
the effects of different concentrations on total dry biomass
(Figures 1B,C). Taken together, these results indicated that PHA
provided stronger stimulatory effects on biomass production in
maize at lower concentrations than HA.

PHA Provides Its Maximal Effects on
Nutrient Uptake at Lower Concentrations
Than HA
Given that PHA application led to increased biomass
accumulation in both above- and below-ground plant
organs, we next measured P and N uptake under exposure
to different concentrations of PHA or HA (Figures 2A,B).
The results indicated that humic acid type, concentration, and
the interaction between type and concentration significantly
impacted P or N uptake (P < 0.01) (Supplementary Table S1).
Although HA had no significant impact on P or N uptake at
low concentrations (i.e., 2.5–5mg C L−1) (P > 0.05), at high
concentrations of HA (i.e., 10–25mg C L−1), the uptake of both
macronutrients was significantly greater than that observed
in the untreated control plants (P < 0.05) (Figures 2A,B).
Conversely, PHA treatments significantly enhanced nutrient
uptake at lower concentrations (i.e., 2.5–5mg C L−1) (P <

0.05), but significantly reduced P and N uptake at higher
concentrations (P < 0.05) relative to that observed in controls
(Figures 2A,B). Maximum nutrient uptake for each treatment
was observed at 25mg C L−1 HA and 5mg C L−1 PHA, with 58.5
and 35.1% higher P uptake corresponding to these respective
treatments (Figure 2A), and 32.9 and 17.5% higher N uptake,
respectively, compared to that of controls (Figure 2B).

At equivalent carbon concentrations, nutrient uptake was
significantly higher under PHA treatments than that under
HA treatment at low concentrations (P < 0.05), although no
significant differences were identified between HA and PHA
treatments in P uptake at 2.5mg C L−1 (P > 0.05). At
high concentrations (10–25mg C L−1), nutrient uptake was
significantly higher in plants treated with HA compared to
those subjected to PHA treatment (P < 0.05) (Figures 2A,B).
Moreover, nutrient uptake by roots and shoots under different
concentrations of HA or PHA was generally consistent with total
P or N uptake (Supplementary Figures S2A–D).

We then compared the rates of P absorption by maize under
different concentrations of HA or PHA over 30 days of cultivation
(Figure 3A). During the cultivation, the average rates of P
absorption increased along with HA concentration by 4.9, 10.5,
26.7, and 27.2% at 2.5, 5, 10, and 25mg C L−1, respectively,
compared to that in the untreated controls (Figure 3B). In
contrast, average P absorption rates increased by 21.9 and 30.6%
over that in controls under treatment with 2.5 and 5mg C L−1

PHA, respectively. However, average P absorption rates were
lower than the rates observed in control plants, by 5.8 and
40.5% on average, under 10 and 25mg C L−1 PHA, respectively
(Figure 3B). Comparison of treatments at equivalent carbon
concentrations indicated that average P absorption rates bymaize
were significantly higher in PHA than HA at 2.5 or 5mg C L−1,
but significantly higher in HA compared to PHA at 10 or 25mg C
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FIGURE 1 | Effects of 2.5–25mg C L−1 of HA or PHA on the (A) total dry biomass, (B) root biomass, and (C) shoot biomass. Error bars represent standard deviations

(n = 3). Different lowercase letters above columns indicate significant differences between HA and control treatments, while different capital letters above columns

indicate significant differences between PHA and control treatments at P < 0.05, as determined by the LSD test. Significant differences between HA and PHA

treatments at equivalent carbon concentrations were compared with two independent sample t-tests, *P < 0.05; **P < 0.01.

FIGURE 2 | Effects of 2.5–25mg C L−1 of HA and PHA on the (A) total P uptake and (B) N uptake. Error bars represent standard deviations (n = 3). Different

lowercase letters above the column indicate significant differences between HA and control treatments, while different capital letters above the column indicate

significant differences between PHA and control treatments at P < 0.05, as determined by the LSD test. Significant differences between HA and PHA treatments at

equivalent carbon concentrations were compared with two independent sample t-tests, *P < 0.05; **P < 0.01.

L−1 (P < 0.05). These results suggested that the positive effects of
PHA on nutrient uptake were strongest at lower concentrations
than those conferred by HA treatment.

PHA Provides Maximal Stimulatory Effects
on Root Nutrient Absorption Capacity at
Lower Concentrations Than HA
Since root vigor and root plasma membrane (PM) H+-ATPase
activity are known as representative indicators related to nutrient
absorption by roots (Azevedo et al., 2019; Huang et al., 2021),
we measured these traits in order to assess the effects of PHA
on the capacity of root to absorb nutrients. The results showed
that HA treatments resulted in significantly increased root vigor
and root PM H+-ATPase activity at concentrations of 10 or
25mg C L−1 compared to the control treatments, but had no
significant impact on these indicators at 2.5 or 5mg C L−1 (P
> 0.05) (Figures 4A,B). In agreement with our experimental
results, both indicators were significantly higher at 2.5–5mg C

L−1 of PHA than that in controls (P < 0.05) (Figures 4A,B).
However, at 10–25mg C L−1 of PHA, root vigor was significantly
lower than that of control plants (P < 0.05) (Figure 4A), and
root PM H+-ATPase activity was not significantly different from
controls (Figure 4B). Notably, at 2.5 or 5mg C L−1, root vigor
and root PM H+-ATPase activity were significantly higher in
PHA treatments than in HA treatments, but significantly higher
in HA than PHA at 10 or 25mg C L−1 (P < 0.05). These results
suggested that both PHA andHA application could lead to higher
root vigor and root PM H+-ATPase activity than that observed
in the absence of either treatment, but with maximal effects
conferred at lower concentrations of PHA compared to HA.

Concentration of PHA With Largest
Stimulation on Root Nitrate Reductase Is
Lower Than That of HA
Since nitrate reductase (NR) activity in roots is an important
indicator to assess nitrogen metabolism, we investigated whether

Frontiers in Plant Science | www.frontiersin.org 5 May 2022 | Volume 13 | Article 885156805

https://www.frontiersin.org/journals/plant-science
https://www.frontiersin.org
https://www.frontiersin.org/journals/plant-science#articles


Jing et al. Biological Activity of Humic Acid

FIGURE 3 | Effects of 2.5–25mg C L−1 of HA and PHA on (A) P absorption rate over time (n = 3) and (B) average P absorption rate (n = 27). (B) Black lines, median

value; red lines, mean value; lower and upper edges of the boxes, 25th and 75th percentiles of all data; bars, 5th and 95th percentiles of all data; dots in outside the

boxes, <5th and >95th percentiles of all data. Different lowercase letters above the column indicate significant differences between HA and control treatments, while

different capital letters above the column indicate significant differences between PHA and control treatments at P < 0.05, as determined by the LSD test. Significant

differences between HA and PHA treatments at equivalent carbon concentrations were compared with two independent sample t-tests, **P < 0.01.

FIGURE 4 | Effects of 2.5–25mg C L−1 of HA and PHA on (A) root vigor and (B) root plasma membrane (PM) H+-ATPase activity. Different lowercase letters above

the column indicate significant differences between HA and control treatments, while different capital letters above the column indicate significant differences between

PHA and control treatments at P < 0.05, as determined by the LSD test. Significant differences between HA and PHA treatments at equivalent carbon concentrations

were compared with two independent sample t-tests, *P < 0.05; **P < 0.01.

and how different concentrations of HA or PHA affected this
activity. The results showed that root NR activity was significantly
higher than that in control plants at high concentrations of
HA (i.e., 10–25mg C L−1) (P < 0.05), but not significantly
different from controls at 2.5mg C L−1 (P > 0.05) (Figure 5).
However, compared to the NR activity detected in the untreated
control plants, the application of 2.5–5mg C L−1 of PHA
resulted in significantly elevated root NR activity, while higher
concentrations (10–25mg C L−1) of HA significantly decreased
root NR activity (P < 0.05) (Figure 5). As evident in the above-
mentioned comparisons between equivalent treatments, root NR
activity was significantly higher in PHA treatments than in HA
treatments at low concentrations, but higher in HA treatments

than PHA at high concentrations (P < 0.05). These results
indicated that both PHA and HA could increase root NR activity
at different concentrations.

DISCUSSION

Modification of Humic Acid via Its
Incorporation Into Phosphate Fertilizer
Lowers the Concentration Required to
Stimulate Maize Growth
In this study, we show that the stimulatory effects on plant
growth and nutrient absorption by HA or PHA are affected

Frontiers in Plant Science | www.frontiersin.org 6 May 2022 | Volume 13 | Article 885156806

https://www.frontiersin.org/journals/plant-science
https://www.frontiersin.org
https://www.frontiersin.org/journals/plant-science#articles


Jing et al. Biological Activity of Humic Acid

FIGURE 5 | Effects of 2.5–25mg C L−1 of HA and PHA on root nitrate

reductase activity. Different lowercase letters above the column indicate

significant differences between HA and control treatments, while different

capital letters above the column indicate significant differences between PHA

and control treatments at P < 0.05, as determined by the LSD test. Significant

differences between HA and PHA treatments at equivalent carbon

concentrations were compared with two independent sample t-tests, *P <

0.05; **P < 0.01.

by their concentration (Supplementary Table S1), and the
concentration of PHA required to significantly increase dry
biomass and nutrient absorption is lower than that of HA,
which could be explained by differences in the structural
characteristics of HA and PHA. Compared with HA, PHA
was characterized by the presence of more low-molecular-
weight compounds and a higher hydrophobicity index, and
less number of carboxylic groups (Table 1). Previous reports
showed that HA with a larger proportion of low-molecular-
weight compounds exhibits higher potency in promoting the
growth of garlic (Allium sativum L.) plantlets thanHA containing
a larger proportion of high-molecular-weight compounds at
concentrations ranging from 0 to 5mg C L−1 (Pizzeghello
et al., 2020). Similarly, HA with strong hydrophobicity and
more carboxylic groups shows greater beneficial effects on root
growth, root area, root mitotic site, and root PM H+-ATPase
activity (Jindo et al., 2012) at lower concentrations than HA with
low hydrophobicity, which requires higher application rates to
achieve the same results on plant productivity (Monda et al.,
2018). These findings are supported by our results that show
lower concentrations of PHA can provide similar stimulatory
effects on plant growth as higher concentrations of HA
(Figures 1A, 2A,B), which can be attributed to PHA containing
a greater percentage of low-molecular-weight components than
HA (Table 1, Supplementary Figures S1C,D), while incongruity
with the fact that PHA has less carboxyl groups than HA.
The result is also inconsistent with the view that HA-mediated
promotion of root growth seems to be more closely related
to HA mobility, molecular conformation, and functional group
distribution than to molecular weight (Olaetxea et al., 2018). The
above incongruity might be attributed to the fact that there was
a greater variation of the molecular weight distribution between

FIGURE 6 | A structural equation model to test the effects of root vigor, root

PM H+-ATPase, and root nitrate reductase (NR) on nitrogen and phosphorus

absorption. The width of the connections represents estimates of the

standardized path coefficients, with solid lines representing a positive

relationship and dashed lines a negative relationship. Significant connections

are shown in red and non-significant connections in black. Significance was

determined at: *P < 0.05, **P < 0.01.

PHA and HA than that of the carboxyl group content (Table 1).
Additionally, the result of this research also suggests that the
actual quantity of HA, added during the preparation of HAP, that
is required to obtain optimal effects on plant growth could be
less than that determined by theoretical calculations based on the
biological effects of raw HA.

PHA Can Improve Root Vigor and Root
Nitrate Reductase Activity to Enhance
Absorption of Macronutrients
The increase in nutrient uptake is usually attributed to the
enhancement of root physiological indexes, such as root vigor,
root PM H+-ATPase activity, and root nitrate reductase (NR)
activity (Olaetxea et al., 2018; Azevedo et al., 2019; Zhou
et al., 2022), while the primary factor varied for different
environmental conditions. Therefore, we constructed a structural
equation model to analyze inherent relationships between
nutrient uptake and root physiological traits affected by HA or
PHA. Our model showed that nutrient absorption (P or N) is
directly positively influenced by root vigor (Figure 6), which
indicated that PHA application enhances nutrient absorption
through improved root vigor when compared to HA.

The higher absorption of P or N in PHA is also directly
stimulated by root NR activity (Figure 6), since root NR catalyzes
the first step in the reduction of nitrate N to organic forms
in plants, and increasing NR activity promotes N accumulation
(Cordeiro et al., 2011). This is consistent with previous results
that higher root NR activity and more nutrient uptake were
observed in maize treated with low-molecular-weight HA
(Vaccaro et al., 2015; Zanin et al., 2018). Moreover, root NR
activity also has positive effects on P absorption (Figure 6),
implying that enzymes associated with N metabolism also
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contribute to P uptake. This co-regulatory effect on N and P
uptake could be explained by the requirement of both essential
macronutrients in plant biomass production, for example,
nucleic acid and nucleoprotein synthesis (Marschner, 2012).
Overall, PHA can improve P or N uptake by enhancing root vigor
and stimulating root NR activity.

In addition, previous studies have also reported that the
positive effect of HA on root PM H+-ATPase activity is the main
factor affecting nutrient absorption (Xu et al., 2012; Olaetxea
et al., 2018; Azevedo et al., 2019). However, in this study, root
PM H+-ATPase activity had no significant impact on nutrient
absorption (P > 0.05) (Figure 6). Further correlation analysis
revealed that P or N uptake shares a generally positive correlation
with root vigor and root PM H+-ATPase activity (P < 0.001, n
= 27), although the correlation coefficients for uptake and root
vigor (P uptake, R2 = 0.90; N uptake, R2 = 0.94) are higher than
those observed for uptake and root PM H+-ATPase activity (P
uptake, R2 = 0.88; N uptake, R2 = 0.85), implying that nutrient
uptake is more strongly affected by root vigor than PM H+-
ATPase activity. This result is supported by the lack of significant
effects on nutrient absorption by root PM H+-ATPase activity in
our structural equation model.

CONCLUSION

This study has clearly demonstrated that PHA retains the
bioactive effects of raw HA in stimulating maize seedling growth
and P or N absorption. HA or PHA appears to increase
nutrient absorption by enhancing root vigor and stimulating
root NR activity. However, lower concentrations of PHA can

provide similar stimulatory effects on plant growth and nutrient
absorption as higher concentrations of HA. These results have
indicated that the actual proportion of HA being incorporated
into HAP for optimal effects on maize growth and macronutrient
uptake could be lower than that determined through the assays
that evaluated the biological effects of raw HA.
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Biostimulatory Action of Vegetal 
Protein Hydrolysate Compensates for 
Reduced Strength Nutrient Supply in a 
Floating Raft System by Enhancing 
Performance and Qualitative Features 
of “Genovese” Basil
Michele Ciriello 1, Luigi Formisano 1, Marios C. Kyriacou 2, Giuseppe Colla 3, Giulia Graziani 4, 
Alberto Ritieni 4, Stefania De Pascale 1 and Youssef Rouphael 1*

1 Department of Agricultural Sciences, University of Naples Federico II, Naples, Italy, 2 Department of Vegetable Crops, 
Agricultural Research Institute, Aglantzia, Cyprus, 3 Department of Agriculture and Forest Sciences, University of Tuscia, 
Viterbo, Italy, 4 Department of Pharmacy, University of Naples Federico II, Naples, Italy

The floating raft constitutes a valuable system for growing herbs as it effectuates high 
yield and prime functional quality. However, the pressing need for advancing sustainability 
in food production dictates the reduction of chemical fertilizer inputs in such intensive 
production schemes through innovative cultivation practices. In this perspective, our work 
appraised the productive and qualitative responses of two “Genovese” basil genotypes 
(Eleonora and Italiano Classico) grown in a floating raft system with nutrient solutions of 
varied electrical conductivity (EC; 2 and 1 dS m−1) combined with root application of 
protein hydrolysate biostimulant at two dosages (0.15 and 0.3 0 ml L−1 of Trainer®). The 
phenolic composition, aromatic profile, and antioxidant activities (ABTS, DPPH, and FRAP) 
of basil were determined by UHPLC/HRMS, GC/MS, and spectrophotometry, respectively. 
“Eleonora” demonstrated higher number of leaves (37.04 leaves per plant), higher fresh 
yield (6576.81 g m−2), but lower polyphenol concentration (1440.81 μg g−1 dry weight) 
compared to “Italiano Classico.” The lower EC solution (1 dS m−1) increased total phenols 
(+32.5%), ABTS, DPPH, and FRAP antioxidant activities by 33.2, 17.1, and 15.8%, 
respectively, and decreased linalool relative abundance by 5.5%. Biostimulant application 
improved crop performance and increased total phenolic concentration in both genotypes, 
with the highest phenolic concentration (1767.96 μg g−1 dry weight) registered at the lowest 
dose. Significant response in terms of aromatic profile was detected only in “Eleonora.” 
Our results demonstrate that the application of protein hydrolysate may compensate for 
reduced strength nutrient solution by enhancing yield and functional quality attributes of 
“Genovese” basil for pesto.

Keywords: Ocimum basilicum L., biostimulants, hydroponic, nutrient solution concentration, volatiles, phenolics, 
antioxidant activities, UHPLC/HRMS

810

https://www.frontiersin.org/journals/plant-science
https://www.frontiersin.org/journals/plant-science
www.frontiersin.org
https://www.frontiersin.org/journals/plant-science#articles
http://crossmark.crossref.org/dialog/?doi=10.3389/fpls.2022.906686﻿&domain=pdf&date_stamp=2022-05-23
https://www.frontiersin.org/journals/plant-science#editorial-board
https://www.frontiersin.org/journals/plant-science#editorial-board
https://doi.org/10.3389/fpls.2022.906686
https://creativecommons.org/licenses/by/4.0/
mailto:youssef.rouphael@unina.it
https://doi.org/10.3389/fpls.2022.906686
https://www.frontiersin.org/articles/10.3389/fpls.2022.906686/full
https://www.frontiersin.org/articles/10.3389/fpls.2022.906686/full
https://www.frontiersin.org/articles/10.3389/fpls.2022.906686/full
https://www.frontiersin.org/articles/10.3389/fpls.2022.906686/full
https://www.frontiersin.org/articles/10.3389/fpls.2022.906686/full
https://www.frontiersin.org/articles/10.3389/fpls.2022.906686/full


Frontiers in Plant Science | www.frontiersin.org	 2	 May 2022 | Volume 13 | Article 906686

Ciriello et al.	 Use of Biostimulant in Hydroponic

INTRODUCTION

The ongoing quest for a healthy lifestyle and modern-day 
awareness exemplified in “we are what we eat” usher consumers 
to dietary schemes characterized by regular consumption of 
fruits and vegetables. The association between high consumption 
of healthy foods and low incidence of chronic disorders is 
attributed to the beneficial effects of the phytochemical 
antioxidants typical of plants (Teklić et al., 2021). Phytochemicals 
are classified into three groups according to their metabolic 
pathway: phenylpropanoids, alkaloids, and terpenoids (El-Nakhel 
et  al., 2019). Better known as secondary metabolites, these 
biomolecules, crucial in defense and functional environment-
plant interaction (Verma and Shukla, 2015), have always been 
a natural and indispensable resource for cosmetic, pharmaceutical, 
and agri-food industries (Mahajan et  al., 2020; Ciriello et  al., 
2021b). Minor plant species, such as herbs, due to a heterogeneous 
and not fully explored reservoir of secondary metabolites, have 
rekindled the interest of both consumers and academics (Kwon 
et al., 2020; Alexopoulos et al., 2021). Basil (Ocimum basilicum 
L., Lamiaceae) is an irreplaceable ingredient for traditional 
Italian dishes (“pesto” and pizza “Margherita”) and the pharma-
cosmetic sector (Barátová et  al., 2015; Ciriello et  al., 2021a,b) 
due to the biosynthesis of low molecular weight organic 
compounds (i.e., monoterpenes and phenylpropanoids), 
responsible for its distinctive aroma (Dias et  al., 2016). On 
the other hand, the outstanding nutraceutical value of basil 
is mainly attributable to a heterogeneous phenolic profile 
(rosmarinic acid, chicoric acid, caffeic acid, and p-coumaric 
acid) that, like aroma, is strongly affected by the interaction 
between genotype and environment (Jakovljević et  al., 2019; 
Ciriello et  al., 2021b). To date, phenolic compounds have 
become among the most investigated natural molecules (Dias 
et  al., 2016). In addition to having a considerable impact on 
quality attributes (flavor and color), they possess antioxidant, 
antifungal, and antimicrobial properties, such as being considered 
multitarget drugs with potential applications in the agri-food 
sector as surrogates for artificial preservatives (Filip, 2017). 
Increasingly extreme environmental conditions combined with 
the demand for high-quality agricultural production have led 
the growers to alternative cropping systems (Alexopoulos et al., 
2021; Ciriello et  al., 2021a; Teklić et  al., 2021). In this context, 
the soilless growing system is a viable strategy for the conversion 
and redevelopment of abandoned urban and peri-urban areas 
to full-scale green farms (Wortman, 2015). Among hydroponic 
systems, the floating system is undoubtedly the one that best 
lends itself to the production of aromatic herbs such as basil 
(Ciriello et  al., 2020, 2021a). This growing system, in addition 
to being more economically sustainable (lower production and 
set-up costs), would guarantee, in line with today’s market 
demands, a higher production all year round with standardized 
characteristics (Bonasia et al., 2017; Prinsi et al., 2020; Aktsoglou 
et  al., 2021; Žlabur et  al., 2021). In addition, the potential to 
control and manipulate the composition of the nutrient solution 
(NS) would positively change secondary metabolism by enhancing 
the phytochemical properties of grown horticultural products 
(Scuderi et  al., 2011; Maggini et  al., 2014; El-Nakhel et  al., 

2019; Prinsi et  al., 2020; Aktsoglou et  al., 2021). The unclear 
effects of dilute NS (nutrient stresses) on leafy vegetable yield 
parameters (Fallovo et al., 2009; El-Nakhel et al., 2019; Ciriello 
et  al., 2020; Hosseini et  al., 2021) have prompted growers to 
use concentrated NS that exceed crop needs (Yang and Kim, 
2020). Consistent with the guidelines of the European 
Commission, the need to reduce chemical input while improving 
yield and quality in intensive production environments has 
prompted the agricultural sector to become increasingly interested 
in biostimulants (Carillo et  al., 2019; Kerchev et  al., 2020; 
Teklić et  al., 2021). The combination of hydroponic and 
biostimulants appears to be  a promising ecological strategy 
for controlled environment production of high-quality vegetables. 
Colla et  al. (2015) reported that plant protein hydrolysates 
(PH’s) are innovative strategies to address the above challenges. 
Recent work by Rouphael et  al. (2021) pointed out that the 
use of PH’s by foliar application improved the production 
performance of “Genovese” basil in protected cultures. The 
effectiveness of these natural products (derived from agricultural 
by-products) is also confirmed in the work of Caruso et  al. 
(2019) and Cristofano et  al. (2021) on arugula (Eruca sativa 
Mill.) and lettuce (Lactuca sativa L.), respectively. These results 
are attributable to bioactive molecules (amino acids and signaling 
peptides) that exert a plethora of physiological and growth 
effects on plants while inducing up-regulation of increasingly 
sought-after secondary metabolites (Colla et  al., 2017; Ertani 
et  al., 2017; Caruso et  al., 2019). The possibility of sustainably 
increasing resource use efficiency (Rouphael et  al., 2021) by 
partially ameliorating environmental drawbacks associated with 
overfertilization makes the application of PH’s in floating raft 
systems (FRS) even more attractive. The complete absence of 
interactions between the roots and the agricultural soil makes 
the FRS suitable for studying in vivo the real plant responses 
to biostimulant integration (Tsouvaltzis et  al., 2020). To date, 
there is a lack of information in the literature on the application 
mode recommended for this cropping system. However, 
considering that PH’s improve the uptake, assimilation, and 
translocation of nutrients through modifications of the root 
system, the possibility of applying the biostimulant directly in 
contact with the root system (in NS) could further enhance 
its potential. The benefits of biostimulus on production and 
quality in a soilless superintensive system could be an effective 
tool to reduce chemical fertilizer inputs, and to improve economic 
and environmental sustainability. Our work aimed to evaluate 
the use of a PH in a NS at two different doses to assess the 
effects on the production performance and quality of two 
Genovese basil genotypes (Eleonora and Italiano Classico) grown 
in a FRS with two different nutrient concentrations (1 and 2 
dS m−1).

MATERIALS AND METHODS

Plant Material, Experimental Design, and 
Growth Conditions
The experimental trial was carried out in a passive ventilation 
greenhouse at the experimental site of the Federico II University 
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of Naples - Department of Agriculture (DIA) located in Portici 
(Naples, Italy; lat. 40°51’N, long. 14°34′E; 60 m above sea level), 
during the summer growing season in 2020. The experimental 
design was trifactorial in which two “Genovese” basil (Ocimum 
basilicum L.) genotypes [(1) Eleonora, Enza Zaden, Enkhuizen, 
Noord-Holland, The Netherlands: erect stem, large green, slightly 
serrated leaves; suitable for open field cultivation; intermediate 
resistance to Peronospora belbahrii and (2) Italiano Classico, 
La Semiorto Sementi, Sarno, SA, Italy; erect stem, medium 
height with bright green, slightly blistered “spoon” leaves] were 
grown in a FRS with two different concentrations of NS (1 
dS m−1-Half Strength and 2 dS m−1-Full Strength) and two 
doses of biostimulants (0.15 and 0.30 ml L−1) plus an untreated 
control (hereafter B0.15, B0.30, and Control, respectively). The 
treatments were performed in triplicate and arranged in a 
completely randomized block design. On 9 June (18 days after 
sowing), at the phenological stage of 2–3 true leaves, basil 
seedlings were transplanted into 54-hole polystyrene trays 
(52 × 32 × 6 cm; upper hole diameter: 4.5 cm; bottom hole diameter 
3 cm; volume: 0.06 l) at a density of 317 plants m−2. The 
experimental design comprised 36 experimental units, each 
consisting of a 54-hole tray floating in a 40-liter tank filled 
with 35 l of NS. The oxygenation of the NS was provided by 
a submersible pump (Aquaball 60, Eheim, Stuttgart, Germany).

Nutrient Solutions Management, 
Biostimulant Application, and Harvest
The NS (half strength and full strength) were prepared from 
osmosis water. The half strength NS was obtained by halving 
the macronutrient concentration of the full strength stock NS 
(14.0 mM nitrate, 1.5 mM phosphorus, 3.0 mM potassium, 1.75 mM 
sulfur, 4.5 mM calcium, 1.5 mM magnesium, and 1.0 mM 
ammonium). Micronutrient concentrations were for both solutions 
15 μM iron, 9 μM manganese, 0.3 μM copper, 1.6 μM zinc, 20 μM 
boron, and 0.3 μM molybdenum. During the trial, the pH was 
continuously monitored and maintained at values of 5.8 ± 0.2. 
At transplanting, a legume PH (Trainer- Hello Nature USA Inc., 
Anderson, IN 46016) was applied to the NS at two different 
doses (0.15 ml L−1 and 0.30 ml L−1). The biostimulant used, which 
was free of plant hormones (Rouphael et  al., 2018; Paul et  al., 
2019), contained soluble peptides and amino acids such as Ala, 
Arg, Asp., Cys, Glu, Gly, His, Ile, Leu, Lys, Met, Phe, Pro, Ser, 
Thr, Trp, Tyr, and Val, which comprised 5% of the total nitrogen 
content along with soluble sugars and phenols. At the end of 
the experiment, 25 plants per experimental unit were sampled 
to determine biometric parameters such as the number of leaves 
per plant and fresh yield. The harvested plant material was 
then placed in a ventilated oven at 60°C until a constant weight 
was reached to determine the dry yield and the percentage of 
dry matter (DM = 100 × dry weight/fresh weight). Instead, a 
homogeneous pool of 20 plants per experimental unit was 
sampled and placed immediately at −80°C for future qualitative 
analysis. A plant material sample was freeze-dried (Alpha 1–4, 
Martin Christ Gefriertrocknungsanlagen GmbH, Osterode 
am  Harz, Germany) and finely ground with a KM13 rotating 
blade grinder (Bosch, Gerlingen, Germany).

CIELab Color Space Determination
At harvest, color coordinates were recorded on the adaxial 
surface of ten healthy and fully expanded leaves per experimental 
unit using a Minolta Chromameter CR-400 portable colorimeter 
(Minolta Camera Co. Ltd., Osaka, Japan). As described by the 
International Commission on Illumination (CIE), the color was 
expressed by L, a*, and b* coordinates by which the Chroma 
and Hue angle were determined as follows:

	
Chroma a b= ( ) + ( )





∗ ∗2 2
0 5.

	 Hue angle b a= − ∗ ∗
tan /

1

Determination of ABTS, DPPH, and FRAP 
Antioxidant Activities
The antioxidants activities were determined following the protocols 
described by Graziani et  al. (2021). For the determination of 
ABTS antioxidant activity a stock solution was prepared by 
mixing 44 ml of potassium persulfate (2.45 mM) with 2.50 ml of 
aqueous solution (7 mM) of 2,2′-azinobis-(3-ethylbenzothiazoline-
6-sulfonate) radical (ABTS+) and placed at 20°C (room temperature) 
for 12 h. The ABTS solution was diluted (1:88) with ethanol 
until it reached an absorbance of 0.700 ± 0.005 at 734 nm. After 
that, a 1 ml aliquot of ABTS solution was added to 100 ml of 
the filtered sample and incubated at room temperature for 2.5 min. 
For the antioxidant 2,2-diphenyl-1-picryl-hydrazyl (DPPH) activity, 
1 ml of methanolic solution of DPPH 100 μM (absorbance of 
0.90 ± 0.02 at 517 nm) was added to 0.2 ml of diluted leaf extract 
and incubated at room temperature for 10 min. For ferric reduction/
antioxidant power (FRAP) antioxidant activity determination a 
FRAP reagent was prepared by mixing 1.25 ml of 2,4,6-triridyl-
striazine (TPTZ; 10 mM) in 40 mM Hydrochloric acid, 1.25 ml 
of 20 mmol ferric chloride in water, and 12.5 ml of 0.3 M sodium 
acetate (pH 3.6). An aliquot of 2.850 ml of FRAP reagent was 
added to 0.015 ml of leaf extract and incubated at room temperature 
for 4 min. The absorbances of the ABTS, DPPH, and FRAP 
assays were measured with a UV–VIS spectrophotometer 
(Shimadzu, Japan) at 734, 517, and 593 nm, respectively. Results 
were expressed as mmol Trolox equivalents kg−1 dry weight 
(dw) of the sample. All determinations were made in triplicate.

Determination of the Polyphenol Profile by 
Ultra-High Performance Liquid 
Chromatography and Orbitrap 
High-Resolution Mass Spectrometry 
Analysis
Extraction of Polyphenolic Compounds
Polyphenolic compounds were extracted as described by Corrado 
et  al. (2021). Briefly, 0.1 g of finely ground and freeze-dried 
leaves was extracted in 5 ml of an aqueous methanol solution 
(60:40, v/v). Then, the obtained solution was sonicated and 
centrifuged at 4,000 rpm for 15 min, and 0.05 ml of supernatant 
was collected, filtered, and analyzed.
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Quantification of Phenolic Compounds
Quantification and separation of phenolic compounds were 
performed by UltraHigh-Pressure Liquid Chromatography 
(Dionex UltiMate 3,000 UHPLC, Thermo Fisher Scientific, 
Waltham, MA, United States) coupled to the Q Exactive Orbitrap 
LC–MS/MS Mass Spectrometer (Thermo Fisher Scientific, 
Waltham, MA, United  States) as described by El-Nakhel et  al. 
(2021). The polyphenols were separated by using a Luna Omega 
PS (1.6 m, 50 × 2.1 mm, Phenomenex, Torrance, CA, United States) 
at 25 ° C. The mobile phase was a two-phase solution containing 
water (phase A) and acetonitrile (phase B). Both mobile phases 
contained 0.1% formic acid (v/v). Polyphenolic compounds were 
eluted using the following gradient schedule: 0–1.3 min 5% B, 
1.3–9.3 min 5–100% B, 9.3–11.3 min 100% B, 11.3–13.3 min 
100–5% B, 13.3–20 min 5% B. The flow rate was 0.2 ml min−1. 
For all compounds of interest, an ESI source (Thermo Fisher 
Scientific, Waltham, MA, United  States) was used in negative 
ion mode, with full ion (MS) and all ion fragmentation (AIF) 
scanning events. Data acquisition and processing were performed 
with Quan/Qual Browser Xcalibur software, v. 3.1.66.10 Xcalibur, 
Thermo Fisher Scientific, (Thermo Fisher Scientific, Waltham, 
MA, United  States). Polyphenols were expressed as μg g−1 dw.

Determination of Volatile Compounds
The extraction and quantification of volatile compounds (VOCs) 
were performed by gas chromatography combined with the mass 
spectrometer technique (GC/MS) after solid phase microextraction 
(SPME), as described in detail by Ciriello et  al. (2021b).

Extraction of Volatile Compounds by the SPME 
Technique
An aliquot of 0.5 g of frozen sample was placed in glass vials 
with a screw cap and placed on a heated stirrer (30°C for 
10 min) to facilitate the migration of volatile compounds into 
the headspace. The adsorption of VOCs was performed by 
introducing a divinylbenzene/carboxane/polydimethylsiloxane 
fiber 1 cm long and 50/30 μm thick; Supelco® (Bellefonte, PA, 
United  States) into the headspace for 10 min.

Quantification of Volatile Compounds
SPME fiber containing the adsorbed analytes was introduced 
into the split–splitless injector of the gas chromatograph (GC 
6890  N; Agilent, Santa Clara, CA, United  States) coupled to 
the mass spectrometer (MS 5973  N; Agilent, Santa Clara, 
California, United States). The thermal desorption of the analytes 
occurred at 250 ° C for 10 min. The oven temperature was 
maintained at 50°C for 2 min and increased from 50°C to 
150°C at 10°C/min and from 150°C to 280°C at 15°C/min. 
The injection and ion source temperatures were 250°C and 
230°C, respectively, and helium (99.999%) was used as a carrier 
gas with a flow rate of 1 ml min−1. The gas chromatograph 
was equipped with a capillary column (30 m × 0.250 mm) coated 
with a 0.25 μm 5% diphenyl/95% dimethylpolysiloxane film 
(Supelco®, Bellefonte, PA, United States). The mass spectrometer 
was set at 70 eV. Identification of VOCs identification was 
performed using the National Institute of Standards and 

Technology (NIST) Atomic Spectra Database version 1.6 
(U.S. Department of Commerce, Gaithersburg, Maryland, 
United  States).

Statistics
The experiment consisted of a randomized block design with 
three factors: Cultivar-CV, Biostimulant-B, and Nutrient Solution 
Concentration-NSC. Analysis of variance (ANOVA) was 
conducted for the main effects and their interactions. In the 
absence of significant interactions, significant main effects for 
factors applied at only two levels (CV and NSC) also denote 
significant differences between the two means. In the case of 
significant two-way interactions (CV × B, B × NSC, and 
CV × NSC), interaction means were compared using the Tukey–
Kramer HSD test with statistical significance determined at 
the p < 0.05 level. All data are presented as mean ± standard 
error. Statistical analysis was performed using IBM SPSS 20 
(Armonk, NY, United  States) package for Microsoft Windows 
10. Statistical processing was performed using IBM SPSS 20 
(Armonk, NY, United States) package for Microsoft Windows 10.

RESULTS

Yield and Yield Parameters
Regarding the main yield parameters, the cultivar factor 
significantly influenced all the parameters reported in Table  1, 
except the dry yield. Although “Eleonora” had the highest 
number of leaves and the highest fresh yield, “Italiano Classico” 
was characterized by a higher percentage of dry matter. 
Biostimulant treatment significantly influenced all yield 
parameters compared to the Nutrient Solution Concentration 
that affected dry yield and dry matter (Table  1).

Biostimulant treatment showed a linear increase in leaf 
number, fresh yield, and dry yield as a function of the dose 
used (Control > B0.15 > B0.30), in contrast to dry matter, which 
showed the highest value at B0.15. Regarding the CV × B interaction 
for both “Eleonora” and “Italiano Classico,” the B0.30 dose 
determined, compared to the Control, an average increase of 
13.65 and 21.38% in the number of leaves and dry yield, 
respectively. The dry matter did not show the same trend 
since, in “Eleonora,” the highest value was obtained at B0.15, 
while in “Italiano Classico,” the highest values were obtained 
at B0.15 and B0.30. The CV × B interaction did not influence 
fresh yield that was significantly influenced by the B × NSC 
interaction (Figure  1). Regardless of the NSC, the use of the 
biostimulant increase fresh yield (Figure  1) and dry yield 
(Table  1). However, for the full strength solution (FS; 2 dS 
m−1), a linear increase of the above two parameters was observed 
as the concentration of the biostimulant increased. The highest 
dry matter values were obtained at B0.15 for both half strength 
[HS;1 dS m−1; (7.67%)] and FS (7.88%) nutrient solutions. On 
the contrary, the highest values were already observed at B0.15 
for the HS nutrient solution, which did not show significant 
differences compared to the B0.30 dose. The CV × NSC interaction 
showed significant differences only for dry yield and dry matter. 
In “Italiano Classico,” the use of the FS increases by 4.82 and 
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3.40% dry yield and dry matter, respectively. The same trend 
was observed in “Eleonora” only for dry matter (+1.60%).

CIELab Colorimetric Parameters
Except for the Hue angle, significant differences were observed 
between genotypes for leaf colorimetric characteristics (Table 2). 
“Italiano Classico” showed the highest values of L, a*, b*, and 
Chroma. Greenness (a*) was the only parameter influenced 
by the biostimulant, with the highest value obtained at B0.30. 
The different NSC influenced the colorimetric parameters L, 
a*, and Hue angle, as opposed to b* and Chroma. The latter 
were significantly affected by the CV × B and CV × NSC 
interactions (Table 2). The CV × NSC interaction also influenced 

the a* and Hue angle parameters. The biostimulants in the 
HS solutions did not affect a* and Hue angle, compared to 
the FS nutrient solution, where the B0.15 and B0.30 doses increased 
these parameters, compared to the Control. The CV × NSC 
interaction showed significant differences only for the parameters 
L and b*. In both “Eleonora” and “Italiano Classico,” the use 
of HS increased L; the opposite trend was observed for the 
b* in Eleonora, while no significant differences were registered 
in “Italiano Classico.”

Phenolic Acids
The total phenols were influenced by the factors under investigation 
and their mutual interactions (Table  3). Chicoric acid was the 

TABLE 1  |  Analysis of variance and mean comparisons for leaf number, fresh yield, dry yield, and dry matter of Eleonora and Italiano Classico genotypes grown 
hydroponically under two nutrient solution and dose of biostimulant.

Treatment
Leaf number Fresh Yield Dry Yield Dry matter

No. plant−1 (g m−2) (g m−2) (%)

Cultivar (CV)
Eleonora 37.04 ± 0.35 6576.81 ± 126.42 486.40 ± 10.47 7.40 ± 0.06
Italiano Classico 31.34 ± 0.64 6232.70 ± 124.58 481.99 ± 11.89 7.76 ± 0.05
Biostimulant (B)
Control 31.86 ± 1.15c 5863.99 ± 69.31c 434.65 ± 5.43c 7.40 ± 0.06c
B0.15 34.49 ± 0.88b 6365.64 ± 99.00b 490.34 ± 6.12b 7.78 ± 0.05a
B0.30 36.21 ± 0.71a 6984.64 ± 95.94a 527.60 ± 10.88a 7.57 ± 0.10b
Nutrient Solution 
Concentration (NSC)
Half Strength (HS) 34.33 ± 0.82 6406.93 ± 97.33 479.18 ± 7.47 7.48 ± 0.05
Full Strength (FS) 34.05 ± 0.91 6402.59 ± 159.72 489.21 ± 13.88 7.68 ± 0.08
CV × B
Eleonora × Control 35.46 ± 0.44bc 6016.81 ± 102.01 435.60 ± 9.8d 7.22 ± 0.03d
Eleonora × B0.15 37.23 ± 0.28ab 6601.58 ± 120.67 503.25 ± 6.46bc 7.66 ± 0.08bc
Eleonora × B0.30 38.43 ± 0.32a 7112.04 ± 133.79 520.34 ± 13.32ab 7.32 ± 0.06d
Italiano Classico × Control 28.27 ± 0.68f 5711.17 ± 37.28 433.70 ± 5.77d 7.58 ± 0.05c
Italiano Classico × B0.15 31.74 ± 0.55d 6129.71 ± 79.32 477.42 ± 7.49c 7.89 ± 0.04a
Italiano Classico × B0.30 34.00 ± 0.35c 6857.24 ± 126.91 534.86 ± 17.95a 7.81 ± 0.11ab
B × NSC
Control × HS 32.40 ± 1.82 5979.71 ± 119.42 cd 442.53 ± 7.57c 7.38 ± 0.06c
B0.15 × HS 34.58 ± 0.99 6525.28 ± 136.88b 500.34 ± 8.59b 7.67 ± 0.07b
B0.30 × HS 36.01 ± 1.11 6715.79 ± 72.40b 494.67 ± 5.69b 7.40 ± 0.09c
Control × FS 31.33 ± 1.55 5748.27 ± 38.99d 426.76 ± 6.88c 7.42 ± 0.12c
B0.15 × FS 34.39 ± 1.56 6206.01 ± 119.12c 480.33 ± 7.13b 7.88 ± 0.06a
B0.30 × FS 36.42 ± 0.96 7253.49 ± 79.66a 560.53 ± 7.39a 7.74 ± 0.14ab
CV × NSC
Eleonora × HS 37.15 ± 0.36 6624.76 ± 102.91 487.73 ± 9.05ab 7.34 ± 0.05d
Eleonora × FS 36.92 ± 0.63 6528.87 ± 238.23 485.06 ± 19.59ab 7.46 ± 0.10c
Italiano Classico × HS 31.50 ± 0.85 6189.10 ± 133.44 470.63 ± 11.72b 7.63 ± 0.05b
Italiano Classico × FS 31.17 ± 1.01 6276.31 ± 218.37 493.35 ± 20.76a 7.89 ± 0.06a
Significance
CV *** *** ns ***
B *** *** *** ***
NSC ns ns * ***
CV× B ** ns ** **
B × NSC ns *** *** **
CV × NSC ns ns * *

Nutrient solution concentration treatments: HS, half strength; FS, full strength; Biostimulant treatments: Control; B0.15 = 0.15 ml L−1 of Trainer®; B0.30 = ml L−1 of Trainer®. ns, non-
significant effect. Data represent means ± standard error of 3 replicates (n = 3). Treatment means within each column followed by different letters denote significant differences 
(p < 0.05) according to Tukey–Kramer HSD test. 
*Significant effect at the 0.05 level.
**Significant effect at the 0.01 level.
***Significant effect at the 0.001 level.
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predominant compound, followed by feruloyl tartaric acid, 
salvianolic acid K, rosmarinic acid, caftaric acid, salvianolic acid 
L, and chlorogenic acid. “Italiano Classico” showed the highest 
content of chicoric acid, salvianolic acid K, rosmarinic acid, 
salvianolic acid L, and chlorogenic acid, while “Eleonora” showed 
the highest concentration of feruloyl tartaric acid. B and NSC 
treatments significantly affected the entire phenolic profile 
(Table  3). Specifically, the biostimulant at B0.15 dose increased 
the total phenols by 35.63% compared to the Control. Similarly, 
the HS increased the total phenol by 32.50%, compared to the 
HS one. CV × B interaction affected all the parameters reported 
in Table 3. The B0.15 dose increased caftaric acid, feruloyl tartaric 
acid, salvianolic acid K, salvianolic acid L, and total phenols 
for both genotypes, compared to the Control. On the other 
hand, the highest chicoric acid values were obtained from the 
Italiano Classico × B0.15 combination (1290.32 μg g−1 dw) and 
Italiano Classico × B0.30 (1309.98 μg g−1 dw). In comparison, the 
lowest value was obtained from the combination Eleonora × 
B0.30 (11.68 μg g−1 dw). Except for the most and least representative 
phenolic acids (chicoric and chlorogenic acids, respectively), all 
phenolic acids were affected by the B × NSC interaction. The 
B0.15 × HS combination provided the highest total phenol 
concentration (2045.94 μg g−1 dw) and feruloyl tartaric acid, 
salvianolic acid L, salvianolic acid K, and caftaric acid, while 
the highest concentration of rosmarinic acid was obtained from 
the Control × HS combination. Compared to the CV × NSC 
interaction, for both “Eleonora” and “Italiano Classico,” the HS, 

compared to the FS, increased total phenols by 53.99 and 15.95%, 
respectively. Except for caftaric acid, the highest concentration 
of all phenolic acids was recorded for both genotypes in the HS.

Antioxidant Activities
The results of the ABTS, DPPH, and FRAP assay are presented 
in Table  4 and are expressed as Trolox equivalents mmol kg−1 
dw. The CV factor did not result in any significant differences 
for all antioxidant activities, in contrast to what was observed 
for the B and NSC factors. Specifically, application of Biostimulant 
at B0.15 dose increased ABTS, DPPH, and FRAP by 32.37, 31.37, 
and 19.80%, respectively, compared to B0.30 dose. Relative to the 
effect of nutrient solution concentrations, HS resulted in a significant 
increase in all antioxidant activities compared to FS. The CV × B 
and B × NSC interactions did not result in significant differences 
for all parameters reported in Table 4, compared to the CV × NSC 
interaction where differences were observed only for DPPH 
antioxidant activity. In “Italiano Classico,” the different nutrient 
solution concentration did not lead to significant differences for 
this parameter (DPPH). In contrast, in “Eleonora,” the FS reduced 
DPPH by 27.32%, compared to the HS.

Volatile Compounds
The percentages of the main volatile compounds are shown in 
Table  5. Linalool was the predominant compound, followed by 
eucalyptol, α-Bergamotene, eugenol, 1-Octen-3-ol, and β-cis-
Ocimene. Except for eugenol, all volatile compounds detected 
were significantly affected by CV. “Eleonora” recorded the highest 
content of eucalyptol, α-Bergamotene, 1-Octen-3-ol, and β-cis-
Ocimene, while “Italiano Classico” showed the highest value of 
linalool (Table 5). The biostimulant influenced the whole aroma 
profile with the highest content of linalool and eucalyptol obtained 
at B0.30 and B0.15 doses, respectively. The same compounds increased 
with increasing NSC (HF > HS) while the highest values of 
α-Bergamotene, eugenol, and β-cis-Ocimene were obtained using 
the HS solution. The CV × B interaction affected the entire profile 
of volatile compounds (Table  5). For “Eleonora,” the B0.30 dose 
increase linalool by 27.33%, compared to the control, in contrast 
to “Italiano Classico,” where the application of the biostimulant 
did not result in significant differences. Furthermore, for 
“Eleonora,” the B0.15 dose increased eucalyptol and 1-Octen-3-ol. 
The highest values of α-Bergamotene, eugenol, and β-cis-Ocimene 
were obtained from the Eleonora × Control combination. Relative 
to the B × NSC interaction, at both nutrient solution concentrations, 
the B0.30 dose increase linalool (+11.81%, on avg.) compared 
with Control. Regardless of dose, the biostimulant in the HS 
reduced eugenol and α-Bergamotene. The highest values of 
1-Octen-3-ol (2.95%) were obtained from the combination of 
B0.15 × HS combination. Except for eucalyptol, all volatile 
compounds were affected by the CV × NSC interaction (Table 5). 
For “Eleonora,” the FS increased linalool and 1-Octen-3-ol, 
compared to the HS. The opposite trend was observed for 
α-Bergamotene, eugenol, and β-cis-Ocimene. For “Italiano 
Classico,” only linalool was affected by the different nutrient 
concentrations, with the highest values recorded by the Italiano 
Classico × FS combination.

FIGURE 1  |  Effects of Biostimulant × Nutrient Solution Concentration 
interaction for fresh yield [Nutrient solution concentration treatments: Half 
strength and Full Strength; biostimulant treatments: Control; 

B0.15 = 0.15 ml L−1 of Trainer®; B0.30 = ml L−1 of Trainer®]. Different letters 
denote significant differences (p < 0.05) according to Tukey–Kramer HSD test. 
***Significant effect at the 0.001 level.
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Principal Component Analysis
A principal component analysis (PCA) for yield, visual and 
quality attributes was conducted to further explore differences 
between the two “Genovese” basil genotypes (Eleonora and 
Italiano Classico), grown in a FRS with two different 
concentrations of NS (1 dS m−1-Half Strength [HS] and 2 dS 
m−1-Full Strength [FS]) and two doses of biostimulants (0.15 
and 0.30 ml L−1, compared to an untreated control). The first 
two principal components (PCs) explained 60.7% of the 
cumulative variance, with PC1 and PC2 accounting for 36.1 
and 24.6%, respectively (Figure 2). PC1 was positively correlated 
with all target polyphenols, volatile compounds as well as the 
antioxidant assays. Also, PC1 correlated negatively with the 
visual attributes (L, a*, b*). Furthermore, PC2 correlated positively 
with the three antioxidant activities and target polyphenols 

(Figure 2). Based on the angle between vectors of the examined 
variables, cichoric acid, chlorogenic acid, total phenols, DPPH 
and FRAP were found to be positively and significantly correlated 
among them (angle <90°) and negatively correlated with 
eucalyptol (angle >90°; Figure  2). The PC1 and PC2 score 
plot discriminated tested treatments into different cluster groups. 
On the positive side of PC1, “Italiano Classico” fertigated with 
HS and treated with 0.15 ml L−1 of PH delivered basil leaves 
of premium quality with high concentration of target polyphenols 
and antioxidant activities. At the lower right quadrant, “Eleonora” 
supplied with HS solution, showed the highest aroma profile, 
while the “Eleonora” cultivar fertigated with FS (irrespective 
of the biostimulant treatment) was positioned in the lower 
left quadrant distinguished by the poorest nutritional value 
(Figure  2).

TABLE 2  |  Analysis of variance and mean comparisons for CIELab colorimetric parameters of Eleonora and Italiano Classico genotypes grown hydroponically under 
two nutrient solution and dose of biostimulant.

Treatment L* a* b* Chroma Hue angle

Cultivar (CV)
Eleonora 44.99 ± 0.15 −6.92 ± 0.14 15.97 ± 0.17 17.04 ± 0.16 112.69 ± 0.11
Italiano Classico 45.36 ± 0.10 −7.17 ± 0.12 16.54 ± 0.12 18.09 ± 0.18 112.52 ± 0.18
Biostimulant (B)
Control 45.15 ± 0.17 −6.82 ± 0.06b 16.38 ± 0.19 17.83 ± 0.26 112.51 ± 0.14
B0.15 45.32 ± 0.14 −7.04 ± 0.21ab 16.35 ± 0.23 17.40 ± 0.17 112.61 ± 0.21
B0.30 45.06 ± 0.18 −7.28 ± 0.15a 16.04 ± 0.16 17.47 ± 0.33 112.70 ± 0.19
Nutrient Solution 
Concentration (NSC)
Half Strength (HS) 45.57 ± 0.06 −6.73 ± 0.08 16.17 ± 0.16 17.45 ± 0.18 112.41 ± 0.15
Full Strength (FS) 44.78 ± 0.11 −7.36 ± 0.13 16.34 ± 0.16 17.68 ± 0.24 112.80 ± 0.13
CV × B
Eleonora × Control 44.93 ± 0.28 −6.72 ± 0.08 15.90 ± 0.16bc 17.39 ± 0.18c 112.53 ± 0.14
Eleonora × B0.15 45.18 ± 0.26 −6.92 ± 0.33 16.33 ± 0.45ab 17.21 ± 0.31 cd 112.57 ± 0.24
Eleonora × B0.30 44.86 ± 0.25 −7.13 ± 0.25 15.67 ± 0.14c 16.51 ± 0.24d 112.96 ± 0.11
Italiano Classico × 
Control

45.37 ± 0.16 −6.91 ± 0.07 16.85 ± 0.22a 18.27 ± 0.44ab 112.49 ± 0.26

Italiano Classico × B0.15 45.46 ± 0.09 −7.16 ± 0.29 16.37 ± 0.18ab 17.58 ± 0.10bc 112.65 ± 0.36
Italiano Classico × B0.30 45.27 ± 0.24 −7.43 ± 0.17 16.41 ± 0.19ab 18.43 ± 0.22a 112.43 ± 0.35
B × NSC
Control × HS 45.56 ± 0.14 −6.88 ± 0.08b 16.61 ± 0.23ab 17.61 ± 0.19ab 112.84 ± 0.14ab
B0.15 × HS 45.59 ± 0.09 −6.41 ± 0.08b 15.74 ± 0.18c 16.99 ± 0.18b 112.05 ± 0.19c
B0.30 × HS 45.57 ± 0.12 −6.91 ± 0.15b 16.17 ± 0.31bc 17.76 ± 0.46ab 112.32 ± 0.31bc
Control × FS 44.73 ± 0.19 −6.75 ± 0.08b 16.14 ± 0.30bc 18.04 ± 0.50a 112.18 ± 0.16c
B0.15 × FS 45.06 ± 0.21 −7.67 ± 0.18a 16.96 ± 0.23a 17.81 ± 0.14ab 113.16 ± 0.16a
B0.30 × FS 44.56 ± 0.15 −7.65 ± 0.15a 15.91 ± 0.10c 17.18 ± 0.48ab 113.07 ± 0.09a
CV × NSC
Eleonora × HS 45.53 ± 0.10a −6.54 ± 0.09 15.71 ± 0.15b 17.06 ± 0.21 112.61 ± 0.17
Eleonora × FS 44.46 ± 0.10c −7.30 ± 0.19 16.23 ± 0.28a 17.01 ± 0.27 112.76 ± 0.13
Italiano Classico × HS 45.62 ± 0.08a −6.92 ± 0.11 16.64 ± 0.17a 17.85 ± 0.25 112.21 ± 0.23
Italiano Classico × FS 45.11 ± 0.13b −7.41 ± 0.19 16.45 ± 0.17a 18.34 ± 0.25 112.84 ± 0.24
Significance
CV *** * *** *** ns
B ns ** ns ns ns
NSC *** *** ns ns **
CV× B ns ns * *** ns
B × NSC ns *** *** ** ***
CV × NSC ** ns ** ns ns

Nutrient solution concentration treatments: HS, half strength; FS, full strength; Biostimulant treatments: Control; B0.15 = 0.15 ml L−1 of Trainer®; B0.30 = ml L−1 of Trainer®. ns = non-
significant effect. Data represent means ± standard error of 3 replicates (n = 3). Treatment means within each column followed by different letters denote significant differences 
(p < 0.05) according to Tukey–Kramer HSD test. 
*Significant effect at the 0.05 level.
**Significant effect at the 0.01 level.
***Significant effect at the 0.001 level.
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DISCUSSION

The PH’s in Nutrient Solution Boosted 
Basil Yield
Soilless systems are increasingly used to maximize the yields 
of premium quality vegetables. Among these, the FRS is 

characterized by ease of use, low management costs and high 
functionality, allowing early production with standard 
characteristics even on a large scale. The surprising yield obtained 
in the present study confirms the high efficiency of the FRS 
for basil cultivation compared to soil cultivation. Compared 
to the results obtained by Zheljazkov et  al. (2008) on 38 basil 

TABLE 3  |  Analysis of variance and mean comparisons for phenolic acids in Eleonora and Italiano Classico genotypes grown hydroponically under two nutrient solution 
and dose of biostimulant.

Treatment Caftaric acid Chlorogenic 
acid

Feruloyl tartaric 
acid

Salvianolic 
acid K

Salvianolic 
acid L

Rosmarinic 
acid

Cichoric acid Total Phenols

Cultivar (CV)
Eleonora 48.41 ± 4.78 40.29 ± 1.36 243.49 ± 9.56 42.27 ± 8.03 39.52 ± 9.65 36.28 ± 6.21 990.57 ± 59.63 1440.81 ± 92.40
Italiano 
Classico

49.30 ± 5.66 42.84 ± 2.01 166.68 ± 13.6 71.62 ± 5.66 50.96 ± 7.56 61.45 ± 3.08 1147.18 ± 59.55 1590.04 ± 86.65

Biostimulant (B)
Control 32.74 ± 6.48c 35.38 ± 1.39c 166.50 ± 18.61c 45.01 ± 8.31c 28.99 ± 4.75b 57.78 ± 5.52a 937.10 ± 49.81c 1303.50 ± 80.99c
B0.15 63.45 ± 5.05a 46.04 ± 1.85a 250.84 ± 13.19a 74.86 ± 10.64a 77.73 ± 13.62a 49.12 ± 5.80b 1205.92 ± 71.14a 1767.96 ± 111.20a
B0.30 50.38 ± 4.10b 43.27 ± 1.77b 197.92 ± 13.86b 50.97 ± 7.43b 29.00 ± 2.32b 39.69 ± 8.69c 1063.60 ± 85.47b 1474.83 ± 98.81b
Nutrient Solution Concentration (NSC)
Half Strength 
(HS)

58.34 ± 4.32 45.45 ± 1.33 232.89 ± 15.13 78.49 ± 6.65 65.08 ± 9.21 60.38 ± 5.75 1186.69 ± 39.37 1727.32 ± 65.05

Full Strength 
(FS)

39.37 ± 5.07 37.68 ± 1.59 177.28 ± 11.40 35.40 ± 4.82 25.40 ± 4.81 37.35 ± 4.24 951.05 ± 68.12 1303.54 ± 84.79

CV × B
Eleonora × 
Control

47.08 ± 9.54c 38.36 ± 1.61d 223.51 ± 12.48c 28.72 ± 4.59d 27.56 ± 9.44c 62.87 ± 10.17b 1032.96 ± 38.36b 1461.07 ± 83.74d

Eleonora × 
B0.15

56.88 ± 9.52b 42.28 ± 3.02c 269.12 ± 20.79a 66.02 ± 20.85bc 65.8 ± 25.4b 34.28 ± 4.61d 1121.53 ± 133.94b 1655.90 ± 216.47c

Eleonora × B0.30 41.27 ± 5.16d 40.22 ± 2.38 cd 237.85 ± 11.21b 32.06 ± 5.65d 25.19 ± 2.90c 11.68 ± 2.24e 817.21 ± 84.00c 1205.47 ± 113.17e
Italiano 
Classico × 
Control

18.40 ± 3.35e 32.41 ± 1.55e 109.49 ± 8.22e 61.30 ± 13.28c 30.41 ± 3.09c 52.68 ± 4.47c 841.24 ± 75.96c 1145.93 ± 109.18e

Italiano 
Classico × B0.15

70.02 ± 2.06a 49.80 ± 0.57a 232.56 ± 14.12bc 83.69 ± 5.65a 89.67 ± 10.67a 63.96 ± 6.24ab 1290.32 ± 38.46a 1880.01 ± 50.23a

Italiano 
Classico × B0.30

59.49 ± 3.76b 46.33 ± 2.1b 158.00 ± 9.03d 69.88 ± 8.24b 32.81 ± 3.09c 67.70 ± 3.67a 1309.98 ± 28.34a 1744.19 ± 33.61b

B × NSC
Control × HS 47.03 ± 9.56c 38.72 ± 1.44 189.49 ± 27.69c 64.88 ± 11.67b 42.57 ± 3.27b 73.92 ± 5.34a 1061.13 ± 26.38 1517.73 ± 58.58c
B0.15 × HS 76.00 ± 1.56a 49.57 ± 0.61 289.62 ± 11.66a 104.13 ± 4.63a 117.13 ± 5.68a 61.03 ± 7.53b 1348.48 ± 38.73 2045.94 ± 47.29a
B0.30 × HS 51.98 ± 0.47b 48.07 ± 1.35 219.56 ± 19.39b 66.46 ± 9.76b 35.54 ± 1.92bc 46.19 ± 13.22c 1150.48 ± 70.42 1618.28 ± 77.63b
Control × FS 18.45 ± 3.38d 32.04 ± 1.42 143.50 ± 23.35e 25.15 ± 3.07e 15.40 ± 3.86c 41.64 ± 1.09 cd 813.07 ± 63.78 1089.26 ± 84.11e
B0.15 × FS 50.89 ± 6.83bc 42.52 ± 3.13 212.06 ± 5.27b 45.59 ± 11.57c 38.34 ± 12.76bc 37.21 ± 5.89de 1063.37 ± 112.42 1489.97 ± 145.81c
B0.30 × FS 48.77 ± 8.53bc 38.48 ± 1.67 176.29 ± 16.78d 35.47 ± 7.19d 22.46 ± 1.73bc 33.20 ± 11.86e 976.72 ± 155.44 1331.38 ± 169.42d
CV × NSC
Eleonora × HS 66.37 ± 3.78a 45.35 ± 1.07a 276.41 ± 10.05a 65.26 ± 11.9b 67.16 ± 14.2a 48.77 ± 10.03b 1177.81 ± 63.18ab 1747.12 ± 102.13a
Eleonora × FS 30.45 ± 1.51c 35.22 ± 0.58c 210.57 ± 4.01b 19.27 ± 0.61d 11.88 ± 1.86c 23.79 ± 4.92c 803.33 ± 48.52c 1134.50 ± 49.01c
Italiano 
Classico × HS

50.30 ± 6.99b 45.55 ± 2.53a 189.37 ± 19.95c 91.71 ± 1.51a 63.00 ± 12.55a 71.99 ± 2.49a 1195.58 ± 50.74a 1707.51 ± 86.35a

Italiano 
Classico × FS

48.3 ± 9.34b 40.14 ± 2.98b 143.99 ± 16.09d 51.54 ± 5.76c 38.92 ± 7.01b 50.91 ± 2.53b 1098.78 ± 109.14b 1472.58 ± 144.94b

Significance
CV ns *** *** *** *** *** *** ***
B *** *** *** *** *** *** *** ***
NSC *** *** *** *** *** *** *** ***
CV× B *** *** *** *** ** *** *** ***
B × NSC *** ns *** *** *** *** ns ***
CV × NSC *** *** *** * *** * *** ***

Nutrient solution concentration treatments: HS, half strength; FS, full strength; Biostimulant treatments: Control; B0.15 = 0.15 ml L−1 of Trainer®; B0.30 = ml L−1 of Trainer®. All data are 
expressed as μg g−1 dw. ns = non-significant effect. Data represent means ± standard error of 3 replicates (n = 3). Treatment means within each column followed by different letters 
denote significant differences (p < 0.05) according to Tukey–Kramer HSD. 
*Significant effect at the 0.05 level.
**Significant effect at the 0.01 level.
***Significant effect at the 0.001 level.
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cultivars grown in the open field, we  recorded average yields 
approximately 15 times higher. This result is attributable to a 
better allocation of water and nutritional resources and the 
high density adopted (317 m−2; Ciriello et al., 2020). Regardless 
of the growing system, genetic material plays a crucial role 
in the productive response of basil (Žlabur et  al., 2021). It 
should be  noted that “Eleonora” showed better adaptability to 
the selected cropping system, producing more leaves per plant, 
and thus providing a higher fresh yield than “Italiano Classico,” 
which, in contrast, had a higher dry matter percentage (Table 1). 
In hydroponic systems, yield is primarily determined by the 
formulation of the NS, and to this end, numerous studies have 
focused on seeking optimal mineral levels to achieve ad hoc 
crop-specific “recipes” (Hosseini et  al., 2021). For example, 

some studies have shown reduced yields in spinach (Spinacia 
oleracea L.; Cocetta et  al., 2014) and lettuce (Hosseini et  al., 
2021) when grown in nutrient solutions with suboptimal mineral 
concentrations. Moreover, in our study, we  did not observe 
any significant change in fresh yield in basil grown in HS (1 
dS m−1) and FS (2 dS m−1) nutrient solutions. Our result is 
in line with the observations of Hosseini et  al. (2021), who 
reported reductions in fresh yield in basil and lettuce grown 
on nutrient solutions with lower EC of 0.9 dS m−1 and 
corroborated the studies of Walters and Currey (2018) on 
“Sweet,” “Lemon,” and “Holy” basil, which did not observe 
yield increase with EC between 1 and 4 dS m−1. This shows 
that excess nutrients in the solution provide no benefit in 
terms of basil yield and negatively affect resource efficiency, 

TABLE 4  |  Analysis of variance and mean comparisons for ABTS, DPPH, and FRAP antioxidant activities of Eleonora and Italiano Classico genotypes grown 
hydroponically under two nutrient solution and dose of biostimulant.

Treatment
ABTS DPPH FRAP

(mmol Trolox eq. kg−1 dw) (mmol Trolox eq. kg−1 dw) (mmol Trolox eq. kg−1 dw)

Cultivar (CV)
Eleonora 39.84 ± 2.87 28.63 ± 1.79 49.59 ± 2.24
Italiano Classico 39.02 ± 2.23 31.15 ± 1.62 51.86 ± 2.11
Biostimulant (B)
Control 40.49 ± 2.69ab 30.30 ± 1.58ab 50.60 ± 2.34ab
B0.15 44.32 ± 3.50a 33.71 ± 2.47a 55.36 ± 3.04a
B0.30 33.48 ± 2.41b 25.66 ± 1.56b 46.21 ± 1.95b
Nutrient Solution Concentration 
(NSC)
Half Strength (HS) 45.05 ± 2.42 32.25 ± 1.47 54.44 ± 1.95
Full Strength (FS) 33.81 ± 1.93 27.53 ± 1.80 47.01 ± 2.05
CV × B
Eleonora × Control 42.18 ± 3.95 30.42 ± 1.61 52.34 ± 3.79
Eleonora × B0.15 44.65 ± 6.03 31.81 ± 3.98 51.16 ± 4.34
Eleonora × B0.30 32.71 ± 4.06 23.66 ± 2.59 45.28 ± 3.50
Italiano Classico × Control 38.81 ± 3.88 30.18 ± 2.89 48.87 ± 2.92
Italiano Classico × B0.15 44.00 ± 4.18 35.61 ± 3.09 59.57 ± 3.83
Italiano Classico × B0.30 34.24 ± 2.98 27.66 ± 1.54 47.14 ± 2.05
B × NSC
Control × HS 46.84 ± 1.75 31.87 ± 1.37 55.34 ± 2.68
B0.15 × HS 52.19 ± 4.23 36.88 ± 2.99 59.04 ± 3.57
B0.30 × HS 36.13 ± 3.45 28.01 ± 1.78 48.93 ± 2.91
Control × FS 34.14 ± 3.54 28.72 ± 2.84 45.86 ± 2.81
B0.15 × FS 36.46 ± 3.36 30.54 ± 3.73 51.68 ± 4.74
B0.30 × FS 30.83 ± 3.29 23.31 ± 2.30 43.49 ± 2.31
CV × NSC
Eleonora × HS 47.85 ± 3.69 33.16 ± 2.34a 55.36 ± 3.22
Eleonora × FS 31.84 ± 2.33 24.10 ± 1.75b 43.82 ± 1.62
Italiano Classico × HS 42.25 ± 3.04 31.34 ± 1.86ab 53.51 ± 2.37
Italiano Classico × FS 35.78 ± 3.06 30.95 ± 2.78ab 50.20 ± 3.55
Significance
CV ns ns ns
B ** ** *
NSC *** * **
CV× B ns ns ns
B × NSC ns ns ns
CV × NSC ns * ns

Nutrient solution concentration treatments: HS, half strength; FS, full strength; Biostimulant treatments: Control; B0.15 = 0.15 ml L−1 of Trainer®; B0.30 = ml L−1 of Trainer® ns, non-
significant effect. Data represent means ± standard error of 3 replicates (n = 3). Treatment means within each column followed by different letters denote significant differences 
(p < 0.05) according to Tukey–Kramer HSD test. 
*Significant effect at the 0.05 level.
**Significant effect at the 0.01 level.
***Significant effect at the 0.001 level.
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economic viability, and environmental sustainability of hydroponic 
systems. The pressing need to ensure high yields of high-quality 
vegetables by adopting efficient and environmentally friendly 
cultivation methods makes the application of biostimulants in 
NS a promising ecological strategy. In our study, the application 
of PH’s (Trainer®) in the NS increased the fresh yield, the 
dry yield, and the number of leaves proportional to the dose 
used (Table  1). These results highlight that applying the 
biostimulant directly to the NS is a beneficial strategy to increase 
yield in hydroponic systems, as also shown by Cristofano et al. 

(2021) in lettuce. The beneficial effects of PH’s on yield parameters, 
also obtained in arugula (Caruso et  al., 2019; Giordano et  al., 
2020), celery (Apium graveolens L.; Consentino et  al., 2020) 
and basil (Rouphael et  al., 2021), can be  attributed to the 
peptides and bioactive amino acids characteristic of commercial 
formulations (Rouphael et  al., 2021). Peptides, involved in cell 
differentiation and division, due to recognized hormone-like 
activity, modify root architecture and growth, improving uptake 
and crop yield (Li et  al., 2016; Colla et  al., 2017; Kim et  al., 
2019). The above effects are also attributable to amino acids 

TABLE 5  |  Analysis of variance and mean comparisons for volatile compounds in Eleonora and Italiano Classico genotypes grown hydroponically under two nutrient 
solution and dose of biostimulant.

Treatment 1-Octen-3-ol Eucaliptol β-cis-Ocimene Linalool Eugenol α-Bergamotene

Cultivar (CV)
Eleonora 2.73 ± 0.07 25.42 ± 0.63 2.24 ± 0.14 43.08 ± 1.23 3.86 ± 0.27 7.72 ± 0.55
Italiano Classico 2.38 ± 0.05 17.44 ± 0.30 1.67 ± 0.03 60.77 ± 0.30 3.72 ± 0.20 5.48 ± 0.15
Biostimulant (B)
Control 2.48 ± 0.06b 20.78 ± 0.90b 2.11 ± 0.18a 49.33 ± 3.40c 4.35 ± 0.35a 7.39 ± 0.97a
B0.15 2.81 ± 0.10a 22.64 ± 1.83a 1.9 ± 0.16ab 51.3 ± 2.86b 3.28 ± 0.23b 6.27 ± 0.25b
B0.30 2.37 ± 0.05c 20.86 ± 1.06b 1.85 ± 0.10b 55.16 ± 1.93a 3.74 ± 0.17b 6.14 ± 0.15b
Nutrient Solution 
Concentration 
(NSC)
Half Strength (HS) 2.53 ± 0.08 20.83 ± 1.06 2.13 ± 0.13 50.46 ± 2.49 4.09 ± 0.27 7.24 ± 0.63
Full Strength (FS) 2.57 ± 0.07 22.03 ± 1.09 1.78 ± 0.10 53.40 ± 2.09 3.49 ± 0.17 5.95 ± 0.18
CV × B
Eleonora × Control 2.57 ± 0.1b 23.3 ± 0.74b 2.63 ± 0.16a 38.38 ± 1.6d 5.06 ± 0.46a 9.81 ± 1.31a
Eleonora × B0.15 3.10 ± 0.04a 28.59 ± 0.61a 2.06 ± 0.32b 42.00 ± 1.09c 3.010 ± 0.2c 6.91 ± 0.21b
Eleonora × B0.30 2.50 ± 0.02bc 24.37 ± 0.20b 2.03 ± 0.18b 48.87 ± 0.62b 3.50 ± 0.14bc 6.43 ± 0.21bc
Italiano Classico × 
Control

2.38 ± 0.03 cd 18.26 ± 0.68c 1.60 ± 0.06c 60.27 ± 0.63a 3.64 ± 0.36bc 4.97 ± 0.22d

Italiano Classico × 
B0.15

2.52 ± 0.11bc 16.69 ± 0.40c 1.74 ± 0.05bc 60.61 ± 0.47a 3.56 ± 0.41bc 5.62 ± 0.24 cd

Italiano Classico × 
B0.30

2.23 ± 0.07d 17.36 ± 0.18c 1.67 ± 0.05bc 61.45 ± 0.36a 3.97 ± 0.29b 5.84 ± 0.16 cd

B × NSC
Control × HS 2.33 ± 0.02c 19.74 ± 0.98 2.18 ± 0.28 47.14 ± 5.43e 5.21 ± 0.40a 8.91 ± 1.71a
B0.15 × HS 2.95 ± 0.09a 22.14 ± 2.74 2.19 ± 0.26 49.82 ± 4.44d 3.04 ± 0.19c 6.30 ± 0.49b
B0.30 × HS 2.33 ± 0.06c 20.61 ± 1.58 2.01 ± 0.17 54.40 ± 2.95ab 4.03 ± 0.28b 6.51 ± 0.17b
Control × FS 2.62 ± 0.08b 21.83 ± 1.46 2.04 ± 0.24 51.51 ± 4.41 cd 3.5 ± 0.30bc 5.87 ± 0.50b
B0.15 × FS 2.68 ± 0.18b 23.14 ± 2.66 1.61 ± 0.11 52.78 ± 3.93bc 3.53 ± 0.43bc 6.23 ± 0.18b
B0.30 × FS 2.41 ± 0.09c 21.12 ± 1.57 1.68 ± 0.07 55.91 ± 2.73a 3.44 ± 0.13bc 5.76 ± 0.15b
CV × NSC
Eleonora × HS 2.65 ± 0.12b 24.66 ± 1.00 2.62 ± 0.11a 40.94 ± 1.90d 4.34 ± 0.44a 8.95 ± 0.95a
Eleonora × FS 2.81 ± 0.08a 26.18 ± 0.74 1.86 ± 0.19b 45.23 ± 1.30c 3.38 ± 0.23b 6.48 ± 0.15b
Italiano Classico × 
HS

2.42 ± 0.09c 17.00 ± 0.35 1.64 ± 0.04b 59.98 ± 0.33b 3.85 ± 0.32ab 5.53 ± 0.22c

Italiano Classico × 
FS

2.34 ± 0.05c 17.88 ± 0.45 1.70 ± 0.05b 61.57 ± 0.32a 3.60 ± 0.25b 5.42 ± 0.21c

Significance
CV *** *** *** *** ns ***
B *** *** * *** *** ***
NSC ns ** *** *** *** ***
CV× B *** *** ** *** *** ***
B × NSC *** ns ns * *** ***
CV × NSC *** ns *** ** * ***

Nutrient solution concentration treatments: HS, half strength; FS, full strength; Biostimulant treatments: Control; B0.15 = 0.15 ml L−1 of Trainer®; B0.30 = ml L−1 of Trainer®. All data are 
expressed as percentage relative abundance (%). ns, non-significant effect. Data represent means ± standard error of 3 replicates (n = 3). Treatment means within each column 
followed by different letters denote significant differences (p < 0.05) according to Tukey–Kramer HSD. 
*Significant effect at the 0.05 level.
**Significant effect at the 0.01 level.
***Significant effect at the 0.001 level.
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(easily absorbed by roots) that are involved in essential signaling 
processes in addition to performing physiological functions 
(Tsouvaltzis et  al., 2020). These molecules found in Trainer® 
could have promoted nitrogen uptake in the rhizosphere and 
regulated key transcription factors and photosynthesis (Alfosea-
Simón et  al., 2021). In contrast to what was observed for the 
yield, the higher accumulation of dry matter in plants treated 
with the biostimulant (Table  1) is not widely supported in 
the literature. As an example, Caruso et  al. (2019) recorded 
results comparable to ours in arugula, while Consentino et  al. 
(2020) obtained opposite results in celery. In spinach, Rouphael 
et al. (2020) observed no significant difference for this parameter. 
The contrasting results highlight how the effects of biostimulants 
depend on factors such as time and mode of application, growth 
conditions, and genotype (Teklić et  al., 2021). In line with the 
above, although the biostimulant, on average, increased the 
fresh and dry yield, integration of the PH’s into the FS and 
HS solutions showed dose-dependent responses. While, for the 
FS, increasing the dose led to linear increases in fresh and 
dry yields, there was no apparent dose-dependent effect for 
the HS. Under these operating conditions, the above points 
out that the impact of the biostimulant could also be influenced 

by the mutual interaction between the application dose and 
the concentration of the NS.

Different Genotypes Impacted Visual 
Attributes of Basil Leaves
Color is a characteristic of light measurable in terms of wavelength 
and intensity, related to the observer’s perception and to the light 
conditions under which it is observed, able of influencing consumer 
choice about food quality (Pathare et  al., 2013). In basil, the 
bright green color of the leaves and the attraction of consumer 
interest is a critical industrial requirement for the preparation of 
a “pesto” sauce, as it reduces the use of artificial colorants (Ciriello 
et  al., 2021b). Although the basil genotypes tested all belonged 
to the “Genovese” cultivar., CIELab colorimetric parameters (L, 
a*, b*) showed cultivar-dependent variations, with “Italiano Classico” 
recording the highest values of all above parameters, confirming 
the results of Ciriello et  al. (2020) on the same basil genotypes 
grown in FRS. The higher values of L (brightness) and a* 
(greenness) in “Italiano Classico” are consistent with Chroma 
values, indicating a higher color intensity perceived by the consumer. 
The latter parameters (L and a*) were also influenced by the 

FIGURE 2  |  Loading plot and scores of principal component analysis (PCA) for yield, yield components, leaf colorimetric parameters, phenolic acids profile, 
antioxidant activities, and volatile compounds in two Genovese basil genotypes (Eleonora and Italiano Classico) grown hydroponically under two nutrient solution 
and dose of biostimulant [Nutrient solution concentration treatments: HS, half strength; FS, full strength; Biostimulant treatments: Control; B0.15 = 0.15 ml L−1 of 

Trainer®; B0.30 = ml L −1 of Trainer®].
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NSC. In particular, the FS increased leaf brightness (higher L) 
and greenness (higher a*) compared to the HS, although it did 
not show any productive differences (Table  2). As argued by 
Fallovo et  al. (2009), the more intense green leaf color could 
be  attributed to a higher chlorophyll content (data not shown) 
related to the higher nitrogen levels of the FS (2 dS m−1). Our 
color results showed that applying the biostimulant at the highest 
dose (B0.30) in the NS increased only the parameter a *, compared 
to the Control, in agreement with Consentino et  al. (2020). This 
result could be related again to the increase induced by biostimulants 
in chlorophyll content, as observed by Vernieri et  al. (2006) and 
Aktsoglou et  al. (2021) in arugula and peppermint (Mentha × 
piperita), respectively. However, Caruso et al. (2019) and Giordano 
et  al. (2020), despite observing an increase in SPAD (an indirect 
index of chlorophyll content), did not record a change in color 
in arugula after the application of PH’s. These results confirm 
once again how the effects of biostimulants differ primarily by 
species, but also by dose, mode of application, and different 
growth and development conditions.

Impact of Interactions Between 
Investigated Factors on Basil Quality 
Attributes
The inability to “escape” from possible environmental threats 
has “bound” plants to passive defense mechanisms based on 
the production of specialized metabolites that have allowed their 
survival over time (Trivellini et  al., 2016). In medicinal plants, 
specialized metabolites are characterized by significant structural 
and chemical diversity that uniquely confers the desired 
technological and nutritional attributes (Dias et  al., 2016; Filip, 
2017). Although we had used “Genovese” genotypes characterized 
by a similar phenolic profile in our study, the concentration of 
total phenolic acids differed considerably (Table  3). The higher 
total phenolic concentration in “Italiano Classico” (Table 3), also 
obtained in other works conducted under different growth 
conditions, again demonstrates how the accumulation of these 
compounds is strongly influenced by genetics (Žlabur et  al., 
2021). Despite this, the antioxidant activities reported in Table 4 
were not affected by the effect of the cultivar. The explanation 
for this could lie in the fact that between the two genotypes 
tested there was only a 9.4% difference in the concentration of 
total phenols, but it could also be  due to the synergistic effects 
between polyphenols and other chemical constituents, such as 
ascorbic acid and carotenoids that contribute to overall antioxidant 
activity (Graziani et  al., 2021). The data in Table  3 clearly show 
the influence of genetics on the diversity of the phenolic profile 
of the basil genotypes. Although rosmarinic acid is referred to 
as the most represented phenolic acid in basil (Kiferle et  al., 
2013; Filip, 2017; Ciriello et  al., 2020), in our study, both 
“Eleonora” and “Italiano Classico” were characterized by a 
predominant concentration of chicoric acid. The influence of 
genotype on the predominant biosynthesis of chicoric acid was 
also confirmed by Kwee and Niemeyer (2011) in basil. The 
authors showed that 9 basil varieties out of 15 tested had the 
highest absolute concentration of chicoric acid. Furthermore, it 
is important to note that the discrepancy with the results reported 

in the literature is attributable not only to the genetic material 
but also to the different extraction methods and solvents used 
to determine the phenolic acids and the different growth conditions 
adopted (Filip, 2017). Regardless of the cultivar., the present 
work confirms that basil leaves contain, in addition to high 
levels of chicoric acid, significant amounts of salviolanic acids 
K and L. The important and recognized pharmacological properties 
of salviolanic acid could further increase the nutraceutical value 
of basil (Prinsi et  al., 2020). The change in the entire phenolic 
profile in response to changing concentrations of NS (Table  3) 
confirms that nutritional stress can affect the biosynthesis and 
accumulation of specialized metabolites (Mahajan et  al., 2020). 
The use of a HS increased the levels of the entire phenolic 
profile in both genotypes compared to what was observed in 
the FS, similar to what was observed in basil (Jakovljević et  al., 
2019), lettuce (El-Nakhel et  al., 2019), artichoke (Cynara 
cardunculus subsp. scolymus L.), and cardoon (Cynara cardunculus 
L.; Rouphael et  al., 2012). The increase in the phenolic profile 
showed the same trend as the ABTS, DPPH, and FRAP assays 
(Table  4), indicating how the limitation of nutrition induced 
an improvement in antioxidant activity. This result and the 
increase in the phenolic profile are probably related to the halving 
of nitrate in the HS, which as observed by Chishaki and Horiguchi 
(1997) has a more significant influence on the accumulation of 
phenolic acids than potassium and phosphorus deficiency. Low 
nitrogen levels would stimulate phenylpropanoid metabolism, 
inducing the accumulation of phenylalanine ammonia-lyase (PAL) 
and other critical enzymes involved in the biosynthesis of phenolic 
compounds (Fritz et  al., 2006; Wada et  al., 2014; Mahajan et  al., 
2020). This would suggest that low nitrogen levels, by decreasing 
growth requirements, would promote the accumulation of 
specialized metabolites (Prinsi et  al., 2020). However, in our 
study, we  did not observe a reduction in fresh yield at HS 
(Table  1), which justifies the high phenolic concentration as a 
result of ex novo synthesis rather than a deceleration of primary 
metabolism by increased activity of PAL or its substrate 
(phenylalanine; Gershenzon, 1984). Similarly to the yield 
parameters (Table  1), the application of the biostimulant in the 
NS significantly increase the phenolic concentration in basil. A 
probable reason for elucidating this interesting result could 
be  related to the increase in production due to a better 
photosynthetic activity mediated by the biostimulant, which 
would have promoted secondary metabolism (Colla et al., 2017). 
However, the bioactive signal molecules characteristic of PH’s, 
in addition to providing the plethora of physiological effects 
mentioned above, may have triggered the induction of the 
production of specialized metabolites. Based on a recent work 
(Kisa et  al., 2021), in which a positive influence was observed 
on basil secondary metabolism after applying amino acids, our 
results could be  traced to the composition of Trainer®, which 
is characterized by the presence of these organic molecules. 
One of the crucial functions of amino acids and molecules 
derived from them is their ability to serve as precursors for 
specialized plant metabolites, acting both as substrates and as 
activators of key enzymes such as chorismate mutase, creating 
points of interconnection in the biosynthesis of phenolic 
compounds (Feduraev et al., 2020; Kisa et al., 2021). Interestingly, 
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regardless of the cultivar and concentration of the nutrient 
solution, among the biostimulant doses tested (B0.15 and B0.30), 
the highest accumulation of total phenolics was obtained after 
application in the nutrient solution of the lowest dose (B0.15) 
of the biostimulant, confirming that this result was not dose 
dependent. The justification behind the above could stem from 
the fact that at dose B0.30, the biostimulant prioritized production 
over secondary metabolism. The variability in the composition 
of essential oils among basil types gives this aromatic herb a 
multitude of uses. The non-unique aroma of basil is determined 
by the various compounds that constitute its essential oils, mainly 
terpenoids (synthesized through the mevalonate pathway and 
the 2-methylitritol 4-phosphate pathway) and phenylpropanoids 
(synthesized through the shikimate pathway; Dudai et  al., 2020; 
Mahajan et  al., 2020). The distinctive aroma of “Genovese” basil 
and its derivative products (such as pesto sauce) is attributable 
to the dominant presence of critical aromatic molecules such 
as linalool and the complete absence of mint (menthol) and 
anise (estragole; Ciriello et  al., 2021b). Not surprisingly, in the 
basil genotypes tested, linalool was the predominant, a compound 
that, in addition to uniquely characterizing the flavor of the 
“Genovese” genotypes, also has documented therapeutic properties 
(Mughal, 2019). However, the differences found in “Eleonora” 
(higher content of 1-Octen-3-ol, eucalyptol, β-cis-Ocimene, and 
α-Bergamotene) and “Italiano Classico” (higher content of linalool) 
in the full aroma profile reported in Table  5 underscore the 
significant impact of genotype. These differences could be  due 
to the different leaf morphology, the density of oil glands, 
vegetative growth, and biosynthesis of volatile odorous compounds 
(Khammar et  al., 2021). Compared to the latter, the higher 
content of linalool but lower contents of eucalyptol and β-cis-
ocimene contents, recorded in “Italiano Classico,” compared to 
“Eleonora,” highlights a clear genotypic effect on gene expression 
that regulates the conversion of its sole precursor (geranyl 
pyrophosphate) from the enzymes linalool synthase, 1,8-cineole 
synthase and β-cis-ocimene synthase (Chang et  al., 2007). The 
basil genotypes tested showed a different response to the 
biostimulant (Table  5). As seen in peppermint and spearmint 
(Mentha romana L.; Aktsoglou et  al., 2021), biostimulant in the 
NS did not result in any significant difference in the composition 
of the aroma profile of Italiano Classico. On the one hand, this 
result could indicate a low sensitivity of the cultivar to the 
biostimulant and, on the other hand, it could result from the 
use of insufficient doses to induce alterations in the overall 
composition of volatile oils. On the contrary, in “Eleonora,” 
there was a significant effect on the whole aromatic profile 
caused by the application of the biostimulant. We  observed a 
direct correlation between increasing the dose of biostimulant 
and the linalool content, contrary to what was observed for 
eugenol, β-cis-Ocimene and α-Bergamotene, which instead 
decreased regardless of the dose used. Since plant nutrition is 
known to influence the content of volatile oils (Aktsoglou et  al., 
2021), it is not surprising that the use of NS at different 
concentrations resulted in significant differences in basil flavor 
profile (Table  5). As with the biostimulant, different responses 
were observed for the NSC between the two basil genotypes 
used in the present study. In “Italiano Classico,” the different 

NSC changed only the content of the most represented compound 
(linalool), while in “Eleonora,” all compounds, except eucalyptol, 
were significantly affected by the different availability of nutrients 
in the nutrient solution. In any case, in both genotypes, the 
more concentrated nutrient solution (FS) increased the linalool 
content. As also seen on Salvia sclarea L. (Sharma and Kumar, 
2012), the higher availability of nutrients, especially nitrogen, 
led to an increase in the linalool content, as nitrogen, involved 
in the biosynthesis of primary and secondary metabolites, could 
positively interact in its metabolic pathway, confirming our results 
(Khammar et  al., 2021).

CONCLUSION

The challenge imposed on the agricultural sector to provide 
nourishment to a growing population has led to alternative 
production techniques such as hydroponics. However, the urgent 
need to reduce chemical inputs in alternative cropping systems 
has paved the way for biostimulants, which currently represent 
an environmentally sustainable strategy for horticultural 
production. Under the experimental conditions of our study, 
the varietal comparison showed that “Eleonora” provided the 
highest fresh yield (6576.81 g m−2). At the same time, “Italiano 
Classico” had the highest total phenol concentration 
(1590.04 μg g−1 dw). The use of NS with different concentrations 
did not result in significant differences in fresh yield, regardless 
of the cultivar., but positively impacted the aroma and phenolic 
profile. Specifically, the HS increased total phenols by 32.5%, 
compared to the FS that ensured the highest content of eucalyptol 
(22.0%) and linalool (53.4%). The application of biostimulants 
in the NS increased all biometric parameters (such as the 
number of leaves, fresh and dry yield) and the linalool content 
proportionally to the dose used, while the highest total phenol 
concentration was obtained from the lowest dose (B0.15). Based 
on the excellent results achieved, the application of biostimulants 
in NS turned out to be  a valid strategy to reduce chemical 
input. For this reason, it should also be  investigated on other 
leafy crops to define a new production technique that can 
improve both yield and quality.
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Cucumber wilt caused by Fusarium oxysporum f.sp. cucumerinum (Foc) is a highly
destructive disease that leads to reduced yield in cucumbers. In this study, strain
YB-04 was isolated from wheat straw and identified as Bacillus subtilis. It displayed
strong antagonistic activity against F. oxysporum f.sp. cucumerinum in dual culture
and exhibited significant biocontrol of cucumber Fusarium wilt with a higher control
effect than those of previously reported Bacillus strains and displayed pronounced
growth promotion of cucumber seedlings. B. subtilis YB-04 could secrete extracellular
protease, amylase, cellulose, and β-1,3-glucanase and be able to produce siderophores
and indole acetic acid. Inoculation with B. subtilis YB-04 or Foc increased cucumber
defense-related enzyme activities for PPO, SOD, CAT, PAL, and LOX. However, the
greatest increase was with the combination of B. subtilis YB-04 and Foc. Sequencing
the genome of B. subtilis YB-04 showed that it had genes for the biosynthesis of various
secondary metabolites, carbohydrate-active enzymes, and assimilation of nitrogen,
phosphorous, and potassium. B. subtilis YB-04 appears to be a promising biological
control agent against the Fusarium wilt of cucumber and promotes cucumber growth
by genomic, physiological, and phenotypic analysis.

Keywords: Fusarium oxysporum f.sp. cucumerinum, biocontrol agent, genome sequencing and assembly,
Bacillus subitilis, growth promotion

INTRODUCTION

Cucumber (Cucumis sativus L.) is an important vegetable crop worldwide. Cucumber wilt caused by
Fusarium oxysporum f.sp. cucumerinum (Foc) is one of the most destructive diseases of cucumber
that can lead to severe losses in yield and quality (Zhou et al., 2017). Foc enters root tissues by
direct penetration or wounds causing visible symptoms, including necrotic lesions, vascular and
root wilt, and ultimately death (Ahn et al., 1998). It can survive up to 20 years in soil (Zhao
et al., 2017). Furthermore, there are no commercially available cucumber cultivars with resistance
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against Fusarium wilt. Therefore, biological control of cucumber
Fusarium wilt using antagonistic microorganisms has been
considered to be a promising alternative.

Beneficial microorganisms can be used as biological control
agents (BCAs) against different plant diseases. Many of these
are species of Bacillus, which are also plant growth-promoting
bacteria (PGPB) that can improve plant growth by producing
secondary metabolites, such as fengycin, surfactin, bacillaene,
and macrolactin, siderophores, and indole acetic acid (IAA)
and secreting hydrolases to suppress plant pathogens and
promote plant growth (Blake et al., 2021). More importantly,
Bacillus species have several advantages, such as rapid growth,
spore production, safe, non-pathogenic nature, and adaptation to
broader environmental conditions (Nayak, 2021). However, there
are several problems in the field application of microbial agents,
including lack of high-efficiency biocontrol, relatively short shelf
life, and variable control effectiveness. Therefore, understanding
the growth-promotion and biocontrol mechanisms of beneficial
microorganisms can significantly contribute to improved
application efficacy of BCAs.

One way to better understand these organisms is through
whole genome sequencing allowing for the discovery of genes
for the production of bioactive compounds responsible for
biocontrol and growth promotion (Bauman et al., 2021). For
instance, sequencing the complete genome of the BCA Bacillus
velezensis 9912D revealed gene clusters for secondary metabolite
synthesis, including several potentially new lantibiotics (Pan
et al., 2017). Similarly, the complete genome of Bacillus
subtilis 7PJ-16 revealed genes for biosynthesis of antimicrobial
metabolites and promoting plant growth traits, indicating its
ability to act as a BCA and PGPB (Xu et al., 2019). The
genome of B. subtilis 9407 showed that it had genes for the
biocontrol mechanism against bacterial fruit blotch, including
genes for a newly identified subtilosin A, bacilysin, and bacillaene
(Gu et al., 2021).

In this study, strain YB-04 was isolated from wheat straw.
A number of BCA and PGPB traits were screened for YB-04 in
culture. The genome of strain YB-04 was sequenced to identify
a number of genes associated with BCA and PGPB traits. Plant
growth promotion of cucumber seedlings by soil inoculation of
YB-04 was assessed based on chlorophyll content and growth
of shoots, roots, stems, and leaves. Biocontrol activity by YB-
04 against Fusarium wilt of cucumber was assessed based on
disease severity and disease index. Furthermore, the activities
of cucumber defense-related enzymes activities, both by YB-04
alone and in combination with Foc inoculation, were examined.
The discovery and characterization of B. subtilis YB-04 indicate
that it is a promising BCA and PGPB of cucumber.

MATERIALS AND METHODS

Isolation of Strain YB-04 and in vitro
Antagonism Test
Strain YB-04 was isolated from wheat straw and cultured
in LB broth by a dilution plate method at 37◦C, collected
from a field (E113◦97’, N35◦05’) at the Henan Academy of

Agricultural Sciences in Xinxiang, Henan, China in June. Foc
was obtained from the College of Plant Protection, Henan
Agricultural University. Antagonistic activity against Foc was
performed by a dual culture where Foc was grown on PDA at
28◦C for 5 days, and then 5 mm agar plugs were excised and
transferred to the center of another PDA plate. Strain YB-04 was
placed 3 cm away from the edge of the Petri dish, and the growth
rate of Foc was measured relative to the control, which was Foc
without strain on a plate (Xu et al., 2020).

Biocontrol Efficiency of Strain YB-04
Against Cucumber Fusarium Wilt and
Growth Promotion on Cucumber
Seedlings
Strain YB-04 was cultured in LB broth for 24 h at 37◦C with
shaking at 180 rpm and harvested by centrifugation (4,000× g for
5 min), washed once with LB broth, and adjusted to 108 CFU/ml
based on OD at 595 nm. Foc was grown on PDA at 28◦C for
5 days, and then ten 5 mm agar plugs were excised and transferred
to 100 ml PDB. The broths were incubated at 28◦C in a shaker
at 180 rpm for 3 days. The Foc cultures were filtered through
4 layers of sterile gauze, and the filtered spores were adjusted
to 105 spores/ml using a hemacytometer (XB-K-25, Qiujing,
Shanghai, China).

Cucumber seeds of cultivar Chuancui No. 3 were surface-
sterilized in 75% ethanol (v/v) for 30 s and then rinsed with sterile
water three times. The seeds were air-dried and each seed was
planted in a separate pot (10 cm high, 10 cm diameter) filled
with a 400 g sterilized mixture of soil. The plants were grown in
the greenhouse at 25◦C with a 16 h light/8 h dark photoperiod.
After 10 days, each pot of cucumber seedlings was treated as
follows: (1) drenching with 15 ml of YB-04 suspension; (2) first
drenching with 15 ml l of YB-04 suspension and 24 h of later
drenching with 15 ml Foc spore suspension; (3) first drenching
with 15 ml of 0.1% hymexazol and 24 h later drenching with 15 ml
Foc spore suspension; (4) drenching with 15 ml of sterile distilled
water; or (5) drenching with 15 ml of sterile distilled water and
24 h later drenching with 15 ml of Foc spore suspension. Each
treatment was performed using 12 plants with 3 replicates. At
20 and 45 days post inoculation (dpi) with YB-04, chlorophyll
content, shoot height and fresh weight, root length and fresh
weight, stem thickness, and leaf area were measured, and disease
severity and disease index were recorded for plants inoculated
with Foc at 45 days post YB-04 inoculation (Chen et al., 2010).
In brief, disease severity was assessed using a 0–4 disease scale;
0 = leaf asymptomatic; 1 = leaf wilting below 1/4 of cucumber
seedling; 2 = leaf wilting in 1/4 to 1/2 of cucumber seedling;
3 = leaf wilting above 1/2 of cucumber seedling; 4 = the whole
plant was wilted and died. The disease index was calculated using
DI = [[(0 × N0) + (1 × N1) + (2 × N2) + (3 × N3) + (4 ×
N4)]/T× 4]× 100, where N is the number of cucumber seedlings
for each disease score and T is the total number of cucumber
seedlings. Disease incidence = [N1+N2+N3+N4]/T× 100%.
Control efficacy = (DI of control - DI of treatment)/DI of
control× 100%. The chlorophyll content of leaves was measured
by using a SPAD-502 Plus chlorophyll content meter (Konica
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Minolta, Tokyo, JP). Root length and shoot height were measured
with a ruler. The fresh weight of root and shoot was recorded
with an analytical balance (ME203E, Mettler Toledo, Shanghai,
China). Stem thickness was measured at 2 cm from the crown
with a vernier caliper (MNT-200, Shanghai Meinaite Metals
Instruments Co., Shanghai, China).

Determination of Defense Enzyme
Activities in the Cucumber Leaves
After 20 days post YB-04 inoculation, leaves were harvested
and stored at –80◦C. In brief, 0.5 g leaves were ground in
liquid nitrogen, and 1 ml of extraction buffer was added.
After centrifugation at 8,000 × g for 10 min, the supernatant
was removed for enzyme assays. Enzyme activities were
measured using assay kits for PPO (Cat. No. BC0195), SOD
(Cat. No. BC0175), CAT (Cat. No. BC0205), PAL (Cat.
No. BC0215), and LOX (Cat. No. BC0325) following the
procedures of the manufacturer (Solarbio, Beijing, China).
Absorbance was determined by using a plate reader (Tecan Spark,
Tecan, Switzerland).

Detection of Plant Growth-Promoting
Bacteria and Biological Control Agents
Traits
Protease activity was detected with single colonies of YB-04
grown at 30◦C for 5 days on skim milk agar (0.1 g CaCl2, 5.0 g
NaCl, 10.0 g skim milk, 10.0 g peptone, and 18.0 g of agar per
liter, pH 7.2). Protease activity was observed as clear zones around
the colonies (Kazanas, 1968). Amylase activity was detected with
single colonies grown at 30◦C for 48 h on starch agar (10.0 g
soluble starch, 10.0 g tryptone, 5.0 g glucose, 5.0 g NaCl, 5.0 g
beef extract, and 18.0 g of agar per liter, pH 7.2). Lugol’s iodine
solution (1% iodine in 2% potassium iodide w/v) was added
to the starch agar plate, and amylase activity was observed as
a colorless halo (Al-Naamani et al., 2015). Cellulose activity
was assayed with single colonies grown for 7 days at 30◦C on
carboxymethylcellulose agar (5.0 g CMC-Na, 0.1 g MgSO4·7H2O,
0.25 g (NH4)2SO4, 0.25 g K2HPO4, and 18.0 g of agar per liter,
pH 5.5). The plates were flooded with 1% (m/v) Congo Red, and
then washed with sterilized distilled water, and cellulose activity
was detected as a clear zone (Teather and Wood, 1982). The
β-Glucanase activity was assayed with single colonies grown at
30◦C for 2 days on β-glucan agar (0.05 g glucose, 0.5 g yeast
extract, 1 g peptone, 0.5 g NaCl, 0.01 g Congo Red, and 18.0 g
of agar per liter, pH 7.0). The β-Glucanase activity was indicated
by a clear zone around the colonies (Teather and Wood, 1982).
Siderophore production was determined with single colonies
grown at 30◦C for 2 days in the dark on Chrome Azurol S blue
agar (10 ml 20% sucrose solution, 30 ml 10% acid hydrolyzed
casein, 1 ml 1 mmol/L CaCl2, 5 ml 0.1 mol/L phosphate-buffered
saline (pH 6.8), 50 ml CAS dyeing solution, and 18 g of agar per
liter, pH 7.2). Siderophore production was indicated by a change
from blue to orange around the colonies (Schwyn and Neilands,
1987). IAA production was measured with single colonies grown
at 30◦C for 2 days on L-tryptophan nutrient broth (3 g beef
extract, 10 g peptone, 5 g NaCl,0.5 g L-tryptophan per liter,

pH 7.2). After centrifugation at 14,000 × g for 10 min,1 ml of
supernatant was mixed with 2 ml of Salkowski stain, and then
kept at room temperature in the dark for 30 min (Glickmann and
Dessaux, 1995). All of the above reagents were of analytical grade
and produced by China National Pharmaceutical Group Corp.,
Shanghai, China.

Genome Sequencing and Assembly of
Strain YB-04
Strain YB-04 was grown in LB broth for 16 h at 37◦C by
shaking at 180 rpm. Genomic DNA was extracted with a Mini-
BEST Bacterial Genomic DNA Extraction Kit Ver. 3.0 following
the manufacturer’s instructions (Takara, Beijing, China). An
approximately 10 kb insert sequencing library was constructed
and sequencing was performed using the PacBio Sequel II
system (Pacific Biosciences, Menlo Park, CA, United States) by
Frasergen (Wuhan, Hubei, China). Sequencing reads were de
novo assembled by using HGAP4 (Chin et al., 2013) and the
Canu (v.1.6) (Koren et al., 2017) software. The depth of genome
coverage was analyzed by using the align tool (BLASR, v0.4.1)
(Chaisson and Tesler, 2012). The assembled complete genome
sequence was deposited in NCBI GenBank (Accession number
CP072525). A circular map of the genome was constructed by
using Circos (v0.64) (Krzywinski et al., 2009).

Genome Annotation of Strain YB-04
The genome of strain YB-04 was annotated using Glimmer
(v3.02) (Delcher et al., 2007). The tRNA and rRNA genes were
identified by tRNAscan-SE (v2.0) (Lowe and Eddy, 1997) and
RNAmmer (v1.2) (Lagesen et al., 2007), respectively. Functional
descriptions of putative protein encoding genes were done by
BLASTx with an E-value threshold of 1e-5 using the NCBI
Non-Redundant protein database (NR), Swiss-Prot, Clusters of
Orthologous Groups (COG), Kyoto Encyclopedia of Genes and
Genomes (KEGG), and Gene Ontology (GO).

Phylogenetic Relationship of Strain
YB-04
The 16S rRNA gene sequences of strain YB-04 and B. velezensis
FZB42, B. velezensis YB-130, B. subtilis H1, B. subtilis 168,
B. licheniformis SRCM103583, B. licheniformis ATCC 14580,
B. altitudinis CHB19, B. altitudinis GQYP101, B. pumilus
SF-4, and B. pumilus ZB201701 were obtained from the
genomes (GenBank IDs: CP000560.2, CP054562.1, CP026662.1,
NC_000964.3, CP035404.1, CP034569.1, CP043559.1,
CP040514.1, CP047089.1, and CP029464.1, respectively).
A tree of the 16S rRNA gene sequences was constructed with
MEGA 7.0 using the Neighbor Joining method (Kumar et al.,
2016). Average Nucleotide Identity (ANI) was calculated using
an ANI calculator (Yoon et al., 2017).

Analysis of Genes Encoding CAZymes
and Gene Clusters Responsible for the
Biosynthesis of Secondary Metabolites
Protein-coding genes in the genome of strain YB-04 were
aligned with the carbohydrate active enZYme (CAZy) database
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FIGURE 1 | Colony morphology of Foc co-cultivated with or without strain
YB-04. (A) Colony morphology of Foc in PDA; (B) inhibition of strain YB-04 on
Foc growth.

FIGURE 2 | Effect of strain YB-04 against Fusarium wilt and on
growth-promotion of Cucumber Seedlings. (A) Only Foc inoculation; (B) Foc
inoculation and hymexazol treatment; (C) inoculation of strain YB-04 and Foc;
(D) sterile distilled water; (E) only strain YB-04 inoculation.

TABLE 1 | Disease incidence, disease index, and control efficacy of B. subtilis
YB-04 against cucumber Fusarium wilt.

Treatment Disease
incidence (%)

Disease index Control
efficacy (%)

FOC 95.07 ± 0.41a 107.51 ± 0.4a

FOC + 0.1% Hymexazol 3.48 ± 0.15b 13.24 ± 0.14b 87.68 ± 0.08a

FOC + YB-04 2.42 ± 0.21c 8.69 ± 0.09c 91.92 ± 0.12a

Data are the mean ± standard deviation (SD); different letters (a–c) in the same
column indicate significant difference at p-values < 0.05 level.

(Lombard et al., 2014) using dbCAN2 (Zhang et al., 2018) and
HMMER (v3.1b2) (Finn et al., 2011) with an E-value threshold
of 1e-15. Identification of gene clusters for the synthesis of

secondary metabolites was analyzed by using antiSMASH5.0
(Blin et al., 2019).

Statistical Analysis
Statistical analysis was performed using SPSS v21.0 by one-
way analysis of variance (ANOVA). Means were compared with
Duncan’s multiple range tests at a probability of p ≤ 0.05.

RESULTS

Isolation of YB-04 and Wilt Disease
Biocontrol Activity in vitro and in vivo
Dilution plating from surface-sterilized wheat straw yielded
numerous colonies with different colony appearances. Twenty
strains were purified and screened for antagonistic activity
against Foc in dual culture and reduced wilt severity of cucumber
inoculated with Foc in the greenhouse (data not shown). Strain
YB-04 was selected based on having the greatest antagonistic
activity against Foc in culture (Figure 1) and reduced wilt
severity of cucumber seedlings at 20 days after Foc inoculation
(Figure 2). Disease incidence, disease index, and control efficacy
at 45 dpi revealed that YB-04 significantly reduced wilt symptoms
caused by Foc to levels slightly less than the chemical fungicide
hymexazol (Table 1).

Growth-Promotion Activity of Strain
YB-04
At 20 and 45 dpi with strain YB-04, there was a significant
increase in chlorophyll content, height and fresh weight of
shoot, root length and fresh weight, stem thickness, and leaf
area compared to non-treated cucumber seedlings (Figure 2 and
Table 2). At 20 dpi, the greatest increases were observed for
the fresh weight of shoots and roots at 115.91 and 334.88%,
respectively. At 45 dpi, the greatest increases were observed for
shoot height and leaf area at 79.03 and 49.07%, respectively.

At 20 and 45 dpi with strain YB-04 and Foc inoculation,
there was also a significant increase in chlorophyll content,
height, and fresh weight of shoot, root length and fresh
weight, stem thickness, and leaf area compared to that
of the Foc inoculated cucumber seedlings (Figure 2 and
Table 2). This was also observed with the Foc inoculated
seedlings treated with hymexazol. However, strain YB-
04 treatment of the Foc-inoculated seedlings resulted
in significantly higher chlorophyll content, shoot height
and fresh weight, root length and fresh weight, and
leaf area than Foc-inoculated seedlings with hymexazol.
However, there was no significant difference in the stem
thickness of Foc-inoculated seedlings with strain YB-04 or
hymexazol at 45 dpi.

Effect of Strain YB-04 on Activities of
Defense-Related Enzymes in Cucumber
Seedlings
At 20 dpi with strain YB-04, cucumber seedlings showed
significantly higher activities of SOD, CAT, PAL, and LOX,
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TABLE 2 | Effects of B. subtilis YB-04 on growth parameters of cucumber seedlings.

FOC FOC + 0.1% Hymexazol FOC + YB-04 CK YB-04

20 days after inoculation Chlorophyll content (SPAD) 36.20 ± 0.52d 42.13 ± 0.23c 50.97 ± 0.30a 41.87 ± 0.39c 44.17 ± 0.41b

Shoot height (cm) 6.47 ± 0.20c 12.27 ± 0.27b 16.27 ± 0.23a 11.80 ± 0.17b 16.63 ± 0.09a

Stem thickness (mm) 3.47 ± 0.03e 4.33 ± 0.03c 4.47 ± 0.01b 3.74 ± 0.03d 4.60 ± 0.05a

Shoot fresh weight (g) 2.11 ± 0.02e 7.17 ± 0.04c 9.66 ± 0.08b 4.84 ± 0.06d 10.45 ± 0.07a

Root length (cm) 7.81 ± 0.06e 19.50 ± 0.42c 21.30 ± 0.32 b 18.50 ± 0.35d 35.27 ± 0.27a

Root fresh weight (g) 0.16 ± 0.02e 1.34 ± 0.05c 1.72 ± 0.05 b 0.43 ± 0.02d 1.87 ± 0.03a

Leaf area (cm2 ) 53.54 ± 0.70 e 74.37 ± 0.51c 84.53 ± 1.28b 71.30 ± 0.66d 103.12 ± 0.91a

45 days after inoculation Chlorophyll content (SPAD) 10.73 ± 10.73d 30.90 ± 30.90c 41.27 ± 0.64a 34.30 ± 0.61b 42.17 ± 0.64a

Shoot height (cm) 9.03 ± 0.24d 16.21 ± 0.52c 26.27 ± 0.69b 17.50 ± 0.69c 31.33 ± 0.66a

Stem thickness (mm) 4.11 ± 0.06c 4.43 ± 0.02b 4.52 ± 0.02b 4.20 ± 0.04c 4.94 ± 0.03a

Shoot fresh weight (g) 5.06 ± 0.02e 8.57 ± 0.76d 14.14 ± 0.58b 12.42 ± 0.30c 15.91 ± 0.24a

Root length (cm) 13.02 ± 0.26d 14.77 ± 0.38c 18.97 ± 0.35b 15.02 ± 0.34c 20.40 ± 0.57a

Root fresh weight (g) 1.88 ± 0.04d 4.74 ± 0.06c 6.21 ± 0.06a 5.58 ± 0.07b 6.35 ± 0.07a

Leaf Area (cm2 ) 44.41 ± 1.16e 78.01 ± 0.90d 106.28 ± 1.12b 91.38 ± 1.13c 136.22 ± 0.78a

Data are the mean ± standard deviation (SD); different letters (a–e) in the same line indicate significant difference at p-values < 0.05 level.

TABLE 3 | Five defense enzyme activities of cucumber leaves under different treatments.

LOX (U/g) PAL (U/g) CAT (U/g) PPO (U/g) SOD (U/g)

FOC 1450.70 ± 28.01b 18.76 ± 0.65c 149.34 ± 7.58c 76.82 ± 1.14b 160.15 ± 0.83b

FOC + 0.1% Hymexazol 618.12 ± 9.48c 26.54 ± 0.57b 180.74 ± 4.61b 43.30 ± 0.75c 141.44 ± 1.19d

FOC + YB-04 3620.26 ± 27.82a 29.90 ± 0.92a 221.38 ± 3.38a 187.93 ± 3.85a 188.54 ± 1.05a

CK 460.10 ± 11.12d 12.64 ± 0.70e 104.99 ± 2.89e 21.72 ± 1.06d 102.22 ± 0.99e

YB-04 650.55 ± 12.38c 15.45 ± 0.63d 119.77 ± 2.48d 77.61 ± 0.62b 155.95 ± 0.97c

Data are the mean ± standard deviation (SD); different letters (a–e) in the same column indicate significant difference at p-values < 0.05 level.

FIGURE 3 | Antifungal and PGP traits of strain YB-04. (A) Protease production; (B) amylase production; (C) cellulose production; (D) β-1,3-glucanase production;
(E) siderophore production; (F) IAA production.

but not PPO, compared to non-treated seedlings (Table 3).
Inoculation with Foc also significantly increased those enzyme
activities, except PPO, compared to seedlings without Foc
inoculation. The highest activities were observed with Foc
inoculation and strain YB-04 treatment, which was significantly
higher for all the enzymes compared to Foc inoculation. However,
the activities of PAL and CAT significantly increased but LOX,

PPO, and SOD significantly decreased with Foc inoculation and
hymexazol treatment compared to Foc inoculation.

Detection of in vitro Antifungal and
Growth-Promoting Traits
Strain YB-04 could secrete protease (Figure 3A), amylase
(Figure 3B), cellulose (Figure 3C), and β-1, 3-glucanase
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FIGURE 4 | Map of the strain YB-04 genome. The distributions of circles from outwards to inwards are as follows: ring 1 for genome size (black line); ring 2 for the
restriction modification system, for forward strand (red) and reverse strand (blue); ring 3 for COG classifications of protein-coding genes on the forward strand and
reverse strand; ring 4 for the distribution of tRNAs (brown) and rRNAs (green); ring 5 for GC skew; ring 6 for GC content.

(Figure 3D). In addition, it could produce siderophores
(Figure 3E) and indole acetic acid (Figure 3F).

Genome Sequencing, Assembly, and
Identification of Strain YB-04
A total of 387,797 high-quality sequencing long reads with
a mean length of 10,962 bp and an N50 of 13,374 bp were
generated from the genomic DNA of strain YB-04 by the Pacbio
sequencing platform. Total base pairs were 4,251,215,058 bp with
an 882.47X genome coverage. The YB-04 genome consisted of a

FIGURE 5 | Phylogenetic tree of B. subtilis YB-04 and 10 other Bacillus
species based on 16S rRNA sequences.

single circular chromosome of 4,156,177 bp with a GC content
of 43.83% (Figure 4). There were 4,325 protein-coding genes
covering 88.62% of the genome with an average gene length of
851.6 bp, which included 87 tRNAs, 30 rRNAs (5S, 16S, 23S), and
22 sRNAs. Four gene islands, three CRISPRs, and four prophages
were detected (Supplementary Tables 1–3). For the predicted
protein encoding genes, 99.70, 90.73, 75.45, 64.30, and 53.87%
could be annotated with the NR, Swiss-Prot, COG, GO, and
KEGG databases, respectively (Supplementary Table 4).

A phylogenetic tree based on 16S rRNA gene sequences of
strain YB-04 and 10 other Bacillus isolates showed that strain YB-
04, B. subtilis 168, and B. subtilis H1 clustered (Figure 5). Strain
YB-04 and B. subtilis 168 had the maximum ANI value of 98.74%,
followed by B. subtilis H1with 98.65%, which is higher than
the cutoff of 95–96% for bacterial species identity. ANI values
between strain YB-04 and the 8 other Bacillus species ranged from
71.05 to 77.22% (Figure 6). Therefore, strain YB-04 was identified
as B. subtilis.

Genome Analysis of Selected Genes of
Bacillus subtilis YB-04
The genome of B. subtilis YB-04 had 111 genes identified
as putative CAZymes, namely, 2 auxiliary activities (AAs), 7
polysaccharide lyases (PLs), 15 carbohydrate-binding modules
(CBMs), 19 carbohydrate esterases (CEs) 24 glycosyltransferases
(GTs), and 51 glycoside hydrolases (GHs) (Figure 7 and
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FIGURE 6 | ANI analysis of B. subtilis YB-04 and 10 other Bacillus species.

Supplementary Table 5). Six of those were classified as
both GHs and CBMs.

There were 13 gene clusters predicted to be responsible
for the biosynthesis of secondary metabolites. At 100%
similarity, there was each matching gene clusters for
bacillaene, fengycin, bacillibactin, subtilin, subtilosin A,
and bacilysin synthesis. There was also one gene cluster
with 82% similarity to that for surfactin synthesis. There
were 6 biosynthetic gene clusters with no similarity in the
antiSMASH database that appeared to be novel biosynthetic
gene clusters of secondary metabolites. Based on their matches
to the antiSMASH database, these were one gene cluster

each for types of lanthipeptide-class-i, Type III PKS, tRNA-
dependent cyclodipeptide synthases, other unspecified
ribosomally synthesized, post-translationally modified
peptide products, and two gene clusters, each encoding for
terpenes (Table 4).

The genome of B. subtilis YB-04 contained predicted genes
for an ATP-dependent phosphate uptake system PstABCS, phoPR
operon for regulating Pho regulon in response to phosphate
limitation, and alkaline phosphatase genes of phoA and phoD
for phosphorus acquisition (Table 5). It also contained the
nasABCDEF gene cluster for nitrite transport and reduction.
Additionally, there were the potassium uptake system ktrABCD,
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FIGURE 7 | Distribution of CAZy families in the genome of B. subtilis YB-04.

a putative gamma-glutamylcyclotransferase YkqA for potassium
assimilation, and a putative potassium efflux channel yugO.

DISCUSSION

Fusarium wilt disease caused by Foc is one of the most
devastating soil-borne diseases of cucumber, resulting in severe
yield losses throughout the world (Zhou et al., 2018). While the
use of BCAs to control plant diseases and PGPBs to improve
plant growth is considered to be promising (Radhakrishnan
et al., 2017; Koskey et al., 2021), new strains are needed to
screen for greater efficiency, shelf life, and consistency. As
part of that, an in-depth analysis of growth promotion and
biocontrol traits will help in developing them into successful
microbial products.

In this study, B. subtilis YB-04 was found to be a BCA with
antagonistic activity against Foc in dual culture and significantly
reduced Fusarium wilt caused by Foc at levels comparable to
hymexazol, which is used to control the disease in China.
It was also a PGPB with pronounced growth promotion on
cucumber seedlings. Previously, B. subtilis B579, B. subtilis
MBI600, and B. subtilis B068150 were also shown to significantly
reduce cucumber Fusarium wilt and promote cucumber growth
(Chen et al., 2010; Li et al., 2012; Samaras et al., 2020).
Compared to those bacteria, the percentage reduction in the
Fusarium wilt of cucumber by B. subtilis YB-04 was greater
than those achieved by B. subtilis B068150, B. subtilis B579,
or B. subtilis MBI600. The percentage of increased growth-
promotion based on the shoot and root fresh weight and
plant height by B. subtilis YB-04 was greater than those
achieved by B. subtilis B579 or B. subtilis MBI600. Thus,
B. subtilis YB-04 appears to be more effective as a BCA
and PGPB than some of the previously described B. subtilis
tested on cucumber.

To act as a BCA against plant pathogenic fungi, bacteria
possess a number of mechanisms including synthesis of
hydrolytic enzymes, production of antibiotics, and induction of
systemic resistance (Morales-Cedeño et al., 2021; Saeed et al.,
2021; Xu et al., 2021). In this study, B. subtilis YB-04 had all
of those mechanisms. Hydrolytic enzyme activities including
protease, amylase, cellulose, and β-1, 3-glucanase were present
in pure cultures, and they can break down chitin, glucans,
and other polymers in fungal cell walls, thus inhibiting the
growth of fungal pathogens (Naglot et al., 2015; Li et al., 2019).
Other B. subtilis BCAs with similar enzymes include B. subtilis
BCC6327, B. subtilis ZIM3, and B. subtilis LR1 (Thakaew
and Niamsup, 2013; Banerjee et al., 2017; Dai et al., 2020).
Furthermore, a large number of CAZyme genes were found in the
genome of B. subtilis YB-04, also suggesting that it has a strong
capability to be antagonistic against fungal plant pathogens based
on the potential degradation and use of fungal polymers as
nutrient sources (Banani et al., 2015; Chen et al., 2018; Sui et al.,
2020). In addition, gene clusters were found to be responsible
for the biosynthesis of known secondary metabolites, including
bacillaene, fengycin, bacillibactin, subtilin, subtilosin A, bacilysin,
and surfactin, indicating antibiotic production by B. subtilis YB-
04, which is common in Bacillus species (Xu et al., 2019; Su et al.,
2020). Other B. subtilis BCAs found to produce antibiotics or
have genes for antibiotic production included B. subtilis BSD-2
for lanthipeptide (Liu et al., 2016). Surfactin and fengycin can
also be elicitors of induced systemic resistance in plants (Romero
et al., 2007; Ongena et al., 2010). Many studies have reported that
plant defense enzymes play important roles in disease resistance
(Prasannath, 2017; Ji et al., 2020; Xu et al., 2021). Induction of
the activities of defense-related enzymes in leaves following soil
inoculation with B. subtilis YB-04 and Foc indicates a form of
systemic resistance. Defense-related enzymes activities for PPO,
SOD, CAT, PAL, and LOX could be induced by inoculation with
B. subtilis YB-04 or Foc alone and the greatest increase was with
the combination of B. subtilis YB-04 and Foc. Other B. subtilis
BCAs causing host induction of defense-related enzyme activities
include B. subtilis B579, B. subtilis SL-44, and B. subtilis CBR05
(Chen et al., 2010; Chandrasekaran and Chun, 2016; Wu et al.,
2019).

All the growth parameters of cucumber seedlings measured
in this study were increased with B. subtilis YB-04 treatment.
Importantly, growth parameters were all increased much more
in infected seedlings with Foc treated with B. subtilis YB-
04 than those infected with Foc and treated with hymexazol.
This indicates that B. subtilis YB-04 can improve plant growth
while providing disease control, which would be an advantage
over using hymexazol that did not promote growth. This
was similar to Pseudomonas aeruginosa CQ-40 that controlled
tomato gray mold caused by Botrytis cinerea and promoted
the growth of tomato seedlings, whereas pyrimethanil only
controlled the disease with a prevention effect of up to 64.71%
(Wang et al., 2020).

To act as a PGPB, bacteria have a variety of mechanisms
including the production of enzymes and siderophores for
nutrient acquisition and phytohormones to promote growth, and
enzymes to reduce the negative effects of various abiotic stresses
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TABLE 4 | List of the putative gene clusters encoding for secondary metabolites by antiSMASH in the B. subtilis YB-04 genome.

Clusters Types Genomic locations Most similar known clusters Similarity

Cluster 1 NRPS 349,833–413,272 Surfactin 82%

Cluster 2 Terpene 1,124,835–1,145,348

Cluster 3 Lanthipeptide-class-i 1,699,549–1,725,648

Cluster 4 transAT-PKS,PKS-
like,T3PKS,transAT-PKS-like,NRPS

1,747,915–1,862,664 Bacillaene 100%

Cluster 5 NRPS, betalactone 1,920,534–2,002,654 Fengycin 100%

Cluster 6 Terpene 2,073,306–2,095,204

Cluster 7 T3PKS 2,142,940–2,184,037

Cluster 8 NRPS 3,179,833–3,229,574 Bacillibactin 100%

Cluster 9 lanthipeptide-class-i 3,377,840–3,404,065 Subtilin 100%

Cluster 10 CDPS 3,523,308–3,544,054

Cluster 11 Sactipeptide 3,768,784–3,790,395 Subtilosin A 100%

Cluster 12 Other 3,797,486–3,838,904 Bacilysin 100%

Cluster 13 RiPP-like 4,040,385–4,053,116

TABLE 5 | Genes responsible for nitrogen, phosphorous, and potassium assimilation identified in the strain YB-04 genome.

Function Gene UniProt accession No. Description Best hit in YB-04 Identity

Phosphate assimilation phoA P19406 Alkaline phosphatase 4 orf00986 99.35%

phoR P23545 Alkaline phosphatase synthesis sensor protein PhoR orf03027 99.48%

phoP P13792 Alkaline phosphatase synthesis transcriptional regulatory protein PhoP orf03028 99.58%

phoD P42251 Alkaline phosphatase D orf00275 99.49%

Phosphate transport pstS P46338 Phosphate-binding protein orf02500 99.67%

pstC A0A6M4JLF7 Phosphate transport system permease protein orf02499 99.35%

pstB1 P46342 Phosphate import ATP-binding protein PstB 1 orf02496 99.62%

pstB2 P46341 Phosphate import ATP-binding protein PstB 2 orf02497 99.63%

pstA A0A6M3ZE53 Phosphate transport system permease protein orf02498 100.00%

Nitrate/nitrite assimilation nasD P42435 Nitrite reductase orf00344 99.26%

nasE P42436 Assimilatory nitrite reductase [NAD(P)H] small subunit orf00343 100.00%

nasA P42432 Nitrate transporter orf00347 99.50%

nasC P42434 Assimilatory nitrate reductase catalytic subunit orf00345 98.03%

nasB P42433 Assimilatory nitrate reductase electron transfer subunit orf00346 97.54%

nasF P42437 Uroporphyrinogen-III C-methyltransferase orf00342 97.30%

Potassium assimilation ktrC P39760 Ktr system potassium uptake protein C orf01561 100.00%

ykqA P39759 Putative gamma-glutamylcyclotransferase YkqA orf01560 96.75%

ktrD O31658 Ktr system potassium uptake protein D orf01445 100.00%

yugO Q795M8 Putative potassium channel protein YugO orf03270 100.00%

ktrB O32081 Ktr system potassium uptake protein B orf03241 99.10%

ktrA O32080 Ktr system potassium uptake protein A orf03240 99.10%

(Glick, 2012; Saeed et al., 2021). B. subtilis YB-04 produced
siderophores that can improve iron uptake and alleviate harmful
effects of iron on plants that have been associated with enhanced
plant growth (Haas, 2003; Dimkpa et al., 2009). The genome of
B. subtilis YB-04 also contained genes responsible for nitrogen,
phosphorous, and potassium assimilation. Plant growth and
development depend on macronutrients, such as nitrogen,
phosphorous, and potassium, that are mostly obtained from the
soil and can be made more available to plants by soil microbes
that have the ability to solubilize nutrients and transfer them to
plants (Glick, 2012; Rana et al., 2020). Finally, B. subtilis YB-04
produced IAA, which may be taken up by the cucumber seedlings
stimulating the transcriptional expression of IAA responsive

genes and enhancing biomass (Spaepen et al., 2014; Jiang et al.,
2020).

In summary, B. subtilis YB-04 appears to be an effective
BCA against cucumber Fusarium wilt and an effective PGPB
of cucumber seedlings. The BCA mechanisms could include
induced systemic host resistance as indicated by greater
host defense-related enzyme activities, and direct pathogen
inhibition through secretion of extracellular enzymes and
antibiotics. The PGPB mechanisms could include nutrient
acquisition via siderophores and enzymes for fixing nitrogen
and solubilizing potassium and phosphorus, and direct plant
growth enhancement through increased amounts of indole acetic
acid. Compared to other B. subtilis strains used as cucumber

Frontiers in Microbiology | www.frontiersin.org 9 June 2022 | Volume 13 | Article 885430833

https://www.frontiersin.org/journals/microbiology
https://www.frontiersin.org/
https://www.frontiersin.org/journals/microbiology#articles


fmicb-13-885430 June 2, 2022 Time: 18:22 # 10

Xu et al. Evaluation and Genome Analysis of Bacillus subtilis YB-04

Fusarium wilt BCAs and PGPBs in cucumber, B. subtilis YB-
04 is a more effective BCA than all those reported thus far and
is a more effective PGPB than most reported so far. Thus, it
appears to be a very promising novel beneficial B. subtilis strain
for cucumber production.
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Less nutrient availability and drought stress are some serious concerns of agriculture.
Both biotic and abiotic stress factors have the potential to limit crop productivity.
However, several organic extracts obtained from moringa leaves may induce immunity
in plants under nutritional and drought stress for increasing their survival. Additionally,
some rhizobacterial strains have the ability to enhance root growth for better nutrient
and water uptake in stress conditions. To cover the knowledge gap on the interactive
effects of beneficial rhizobacteria and moringa leaf extracts (MLEs), this study was
conducted. The aim of this experimental study was to investigate the effectiveness
of sole and combined use of rhizobacteria and MLEs against nutritional and drought
stress in wheat. Nitrogen-fixing bacteria Pseudomonas aeruginosa (Pa) (108 CFU ml−1)
was inoculated to wheat plants with and without foliar-applied MLEs at two different
concentrations (MLE 1 = 1:15 v/v and MLE 2 = 1:30 v/v) twice at 25 and 35 days after
seed sowing (50 ml per plant) after the establishment of drought stress. Results revealed
that Pa + MLE 2 significantly increased fresh weight (FW), dry weight (DW), lengths
of roots and shoot and photosynthetic contents of wheat. A significant enhancement
in total soluble sugars, total soluble proteins, calcium, potassium, phosphate, and
nitrate contents validated the efficacious effect of Pa + MLE 2 over control-treated
plants. Significant decrease in sodium, proline, glycine betaine, electrolyte leakage,
malondialdehyde, hydrogen peroxide, superoxide dismutase (SOD), and peroxide (POD)
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concentrations in wheat cultivated under drought stress conditions also represents the
imperative role of Pa + MLE 2 over control. In conclusion, Pa + MLE 2 can alleviate
nutritional stress and drought effects in wheat. More research in this field is required to
proclaim Pa+MLE 2 as the most effective amendment against drought stress in distinct
agroecological zones, different soil types, and contrasting wheat cultivars worldwide.

Keywords: PGPR, agroecological zones, drought stress, Pseudomonas, nitrogen-fixing bacteria, biofertilizers,
bioinnoculants

INTRODUCTION

Crop production is always under pressure to increase and sustain
the food demands, considering the estimated increase in global
population that might increase from the current 7.7 billion to
approximately 9.6 billion in the year 2050 (Zulfiqar et al., 2020).
Moreover, constantly changing climatic conditions are the other
major challenge for sustainable crop production (Wheeler and
Von Braun, 2013). Several abiotic and biotic stress factors such
as temperature, water-logging, salinity, drought, weed, and pest
infestations critically limit crop production (Parajuli et al., 2019).
Climate change leads to widely drought-affected areas, such as
tropics (Grover et al., 2011).

Water constitutes approximately 80–90% of the total biomass
of herbaceous plants and is crucial in almost all plant
physiological processes, a principal means of nutrients and
metabolite transport (Lisar et al., 2012). Water scarcity is one
of the leading plant stress factors. A drought effect reduces cell
turgor and water potential causing adversities in carrying out
plant’s normal physiological functions (Lisar et al., 2012). In
fact, water is the key determining factor for crop growth and
productivity, thus playing an essential role in species distribution
and evolution (Ngumbi and Kloepper, 2016).

The induction of drought stress tolerance has been described
by several physiological and biochemical changes (Shukla et al.,
2012). In spite of these tolerance strategies including elaborated
antioxidative activities, losses to crop production are increasing
rapidly. Chemical fertilizers are largely being used to increase
agricultural production, which is a matter of concern due to
their improper use and potential adverse effects on human
health and environment (Ruzzi and Aroca, 2015; Jiménez-Gómez
et al., 2018). Expensive agrochemicals and synthetic fertilizers are
commercially undesirable (Colla et al., 2015). Hence, to maintain
and increase the yield, it is crucial to devise some efficient,
low-cost, less time taking, and environment-friendly techniques
to cope with drought conditions and achieve a sustainable
agricultural system (Venkateswarlu and Shanker, 2009; Zulfiqar
et al., 2019).

Several microorganisms, mainly bacteria, colonize the plant
root zone (Kaushal and Wani, 2016; Barnawal et al., 2019).
The beneficial associations between microbes and roots are
an important determinant of soil texture, water conservation,
and plant health. Plant growth-promoting rhizobacteria (PGPR)
improve nutrient uptake by roots, growth, and consequently
crop yield by causing biochemical changes in the plant body,
meanwhile protecting from a variety of other plant diseases
(Khan et al., 2020; Singh et al., 2021; Soumare et al., 2021).

Furthermore, improvement in soil texture and fertility enhances
crop production (Nardi et al., 2009).

Moringa leaf extract (MLE), as a plant biostimulant in the
foliar application, enhances the growth of plants that are grown
even under abiotic stress conditions (Semida and Rady, 2014).
Moringa oleifera Lam belongs to the Moringaceae family and
native to the subcontinent (Shahzad et al., 2013). Moringa leaves
are rich in both micronutrients and macronutrients, i.e., N,
P, Ca, K, Na, Zn, Mg, B, Cu, Mn, and Fe (Yasmeen et al.,
2014). These mineral nutrients can supplement the nutritional
demands of stressed grown crops and help in decreasing
the use of agrochemicals and synthetic fertilizers (Zulfiqar
et al., 2020). Spraying MLE diluted solution on plant leaves
seems to have a considerable positive impact, i.e., delay in
senescence, higher sugar contents, increased plant height, and
bigger fruits and seeds (Yasmeen et al., 2013a; Nasir et al.,
2014). This validates the potential effects of MLE to be used
to improve plant vigor specifically in suboptimal environmental
situations like drought stress as a foliar application. MLE foliar
spray increased approximately 20–35% yield of several plants
(Yasmeen et al., 2012).

Wheat (Triticum aestivum L.) is one of the most important
cereal crops worldwide, considering its production and human
consumption. Wheat supplements almost one-third of the total
global population. Harvesting more yields to meet the future
food demands of the increasing population is a major agricultural
concern at all times. Different environmental factors contribute
to crop yields (Yasmeen et al., 2012; Fasiha Amjad et al., 2021).
Wheat in Pakistan experiences severe abiotic constraints during
all developmental stages (Rashid et al., 2018), and drought stress
is the main limiting factor among abiotic stresses for wheat yield
(Budak et al., 2013; Mutumba et al., 2018).

Previously, the effects of exogenous applied MLE and treating
plants with nitrogen-fixing bacteria (NFB) were studied solely
on wheat grown at high temperatures. This study covers the
knowledge gap in the combined use of NFB and MLE under
normal and heat stress situations. In earlier studies, treating
plants with rhizobacteria and the effects of foliar sprayed
MLE were assessed solely on wheat grown under drought
stress conditions by considering their ameliorative implications
on various physiological and biochemical attributes but their
combined implications are still not confirmed.

Therefore, this study aimed to investigate the best treatment
combination for alleviation of heat stress in wheat. Anaj 17
genotype was selected because it is one of the latest genotypes
developed in the past 5 years in Pakistan and it performed
well under abiotic stress conditions so we wanted to check
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its response to the application of MLE and rhizobacteria. It is
hypothesized that the combined use of MLE and NFB might be
a better approach than the sole application to improve wheat
growth attributes under heat stress. This study was conducted
to analyze the ameliorative and best co-application of applied
amendments in alleviating the drought stress effects on wheat
plants. It is hypothesized that MLE and rhizobacterial combined
application might be an effective approach to improve wheat
attributes than their sole applications in drought effects. In earlier
studies, treating plants with rhizobacteria and the effects of foliar
sprayed MLE were assessed solely on wheat grown under drought
stress conditions by considering their ameliorative implications
on various physiological and biochemical attributes but their
combined implications are still not confirmed. Therefore, this
study is conducted to analyze the ameliorative and best co-
application of applied amendments in alleviating the drought
stress effects on wheat plants. It is hypothesized that MLE
and rhizobacterial combined application might be an effective
approach to improve wheat attributes than their sole applications
in drought effects.

MATERIALS AND METHODS

Experimental Site and Design
The wheat crop was sown at the experimental site of the
Government College University Faisalabad (30◦–31.5◦ N and
73◦–74◦ E, 184.4 m above sea level). A greenhouse pot
experiment was carried out from November to January. The
experimental layout was a randomized complete block design
(RCBD) that was replicated three times.

Soil Characteristics
The clay loam soil (8–12 inches in depth) collected from
the experimental site of the Government College University
Faisalabad was air-dried and sieved through a 2-mm sieve. The
collected soils were sterilized through solarization, by covering
the soil with a thin layer of plastic sheet. The heat from the
sun builds up the temperature of the soil to kill most of the
bacteria, weeds, and pests (Stapleton et al., 2008). Some soil
chemical characteristics that were analyzed before the experiment
include EC 7.78 (d Sm−1), pH (water) 7.3; organic matter
contents 1.38%; available N 0.032 ppm, available P 5.93 ppm, and
available K 32.3 ppm.

Seed Collection and Sterilization
A well-adapted wheat genotype Anaj 17, which performs
well under abiotic stress conditions, was selected. Seeds
were disinfected using 95% ethanol and washed using 70%
sodium hypochlorite solution followed by rinsing with distilled
water three times.

Treatments
The treatments (two sets of pots) were as follows: (i) control
(untreated with foliar spray, no bacterial inoculation], (ii)
Pseudomonas aeruginosa (Pa) (strain) [inoculation with Pa],
(iii) MLE 1 [foliar sprayed MLE at 1:15], (iv) MLE 2 [foliar

sprayed MLE at 1:30], (v) Pa + MLE 1 [inoculation with Pa
bacteria + foliar sprayed MLE at 1:15], and (vi) Pa + MLE 2
[inoculation with Pa bacteria+ foliar sprayed MLE at 1:30].

Fertilizer and Seed Sowing
At the start of the experiment, the soil was fertilized with a
basal dose of N–P–K fertilizer (0.51–0.45–0.38 N–P–K g) using
urea (46% N), sulfate of potash (50% K2O), and diammonium
phosphate (46% P2O5, 18% N) [24]. Initially, ten seeds were
sown in each pot containing 12 kg clay loamy soil (25 cm
diameter × 30 cm height), and after complete emergence, they
were thinned to six plants per pot.

Moringa Leaf Extract, Pa (Strain), and
Establishment of Drought Stress
An aerobic PGPR strain of free-living soil nitrogen-fixing
bacteria; Pa (Pa strain) isolated from the rhizosphere of wheat
roots growing in local field areas by serial dilution method
was used in this study. The serial dilutions up to 10−7 were
spread on Luria-Bertani (LB) agar plates at 37◦C temperature
and inoculated overnight. Bacterial growth was determined by
measuring optical density at 600 nm using a spectrophotometer
(Gontia-Mishra et al., 2016). Before inoculation, the seeds were
coated with 20% gum Arabic as an adhesive and immersed in
a bacterial suspension of 108 CFU ml−1 strength just before
15 min of sowing. After 20 days of seed sowing, one set of
pots (half number) was shifted to canopies for the imposition of
drought stress. Well-watered conditions were maintained at 70
FC (70% field capacity), while drought stress was maintained at
45 FC (45% field capacity). The plants that remained were kept at
different water regimes until harvesting.

Fresh and disease-free moringa leaves were collected and
rinsed with water. Notably, a 100-g leaf sample was extracted
in 1 L distilled water (1:10 w/v) for 15 min (Yasmeen et al.,
2013b). Later, MLE was filtered and diluted with distilled
water at two concentrations: MLE 1 = 1:20 v/v and MLE
2 = 1:30 v/v. Some chemical properties of moringa leaves are
total chlorophyll = 3.79 mg g−1 FW, carotenoids = 1.58 mg
g−1 FW, total phenolics = 1.68 µmol g−1 FW, mg g−1 FW,
nitrogen = 14.13 mg g−1 DW, phosphorous = 2.98 mg g−1

DW, potassium = 11.97 mg g−1 DW, and calcium = 16.8 mg
g−1 DW. The extracts were freshly prepared before their
application. Distilled water was sprayed on control plants in
both applications. MLE was sprayed to a pot-grown wheat twice
after 25 and 35 days of sowing date (50 ml per plant) after the
establishment of drought stress. Tween-20 surfactant was used in
a foliar spray (0.1% v/v).

Harvesting and Measurement of Growth
Attributes
Harvest was done after 45 days of planting. Root and shoot
fresh weights (FWs) and lengths were measured immediately
after harvest at the experimental site. Fresh samples were stored
at -30◦C in a biomedical refrigerator for fresh analysis. Three
samples per treatment were oven-dried (65◦C) for 3 days to
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determine their dry weights (DWs) and ionic content analysis
using the acid digestion method.

Photosynthetic Pigments
The chlorophyll contents of wheat leaves were determined
as described by Dere et al. (1998). Notably, 0.2 g of leaves
(randomly collected) were extracted in 10 ml methanol (96%)
using a homogenizer at 1,000 rpm for 1 min, then filtered,
and centrifuged for 10 min at 2,500 rpm. The supernatant
was separated and used to determine chlorophyll contents at
666 (chlorophyll a), 653 (chlorophyll b), and 470 nm (total
carotenoids) wavelengths using a spectrophotometer (Model
SM1200; Randolph, NJ, United States).

Measurements of Stomatal Conductance
(gs)
Stomatal conductance (gs) of fully developed leaves (three
plants per treatment) was measured by putting them in a
portable infrared gas analyzer chamber (Analytical Development
Company, Hoddeson, United Kingdom). The measurements
were made 6 days after the first MLE foliar spray.

Leaf Biochemical Analysis
Fully expanded leaves from each replicate were taken, wrapped
in aluminum foils, immersed in liquid nitrogen, and transferred
into plastic zipper bags. These samples were stored at –
80◦C for further analysis. Following, biochemical analysis
was performed using a spectrophotometer (Model SM1200;
Randolph, NJ, United States).

To determine osmolytes as sugars and non-enzymatic
antioxidants, 50 mg of dried leaves were homogenized in
10 ml of 80% ethanol and filtered followed by the re-
extraction in 10 ml ethanol, and a 20 ml of the final volume
was maintained. This obtained solution was used to evaluate
flavonoids (Lewis et al., 1999), soluble sugars (Dubois et al.,
1956), proteins (Bradford, 1976), and proline (Bates et al., 1973)
contents. Glycine betaine (GB) was assessed by following the
method of Holmström et al. (2000).

Mineral Content
For the determination of P contents in wheat molybdate/ascorbic
acid, the blue technique was used, and nitrate contents
were assessed by Kowalenko and Lowe (1973) method
using a spectrophotometer (Model SM1200; Randolph, NJ,
United States). K concentration was determined using a
flame photometer. Ca and Na ions were evaluated by Atomic
Absorption Spectrum (AAS; Shimadzu instruments, Inc., Spectra
AA-220, Kyoto, Japan).

Statistical Analysis
Statistical analysis of data was performed using a post-hoc test,
which was performed to measure specific differences between
treatments using the Duncan’s Multiple Range Test (DMRT)
in a completely randomized block design. The significant
diffidences between treatment means were determined using
analysis of variance and mean separation at a 5% significance

level (p ≤ 0.05). In addition, the Pearson correlation of
different wheat attributes under drought stress and well-watered
conditions was performed. Logarithmic data transformation
to obtain near-normal distribution was implemented before
analysis, where required.

RESULTS

Length, Fresh Weight, and Dry Weight of
Roots and Shoot
All applied treatments had a significant positive effect on root
and shoot FWs, DWs, and lengths under control and drought
stress conditions (Figure 1). In this regard, Pa + MLE 1 and
Pa + MLE 2 were proved significantly efficient amendments
in increasing root FW and shoot FW of wheat plants during
drought conditions. Furthermore, MLE 2 enhanced root DW
and shoot DW at 45 FC compared with control (70 FC).
The treatments MLE 2, Pa + MLE 1, and Pa + MLE 2 had
a more significant effect on root length and shoot length as
compared with the control under drought stress. A significant
difference was observed between the given amendments and
control plants which signify their effectiveness in drought
stress environments.

Photosynthetic Pigments
All photosynthetic pigments such as chlorophyll a, chlorophyll
b, total chlorophyll, and carotenoids were significantly affected
when subjected to drought stress conditions (45 FC) as
compared with well-irrigated conditions (70 FC) (Figure 2). All
applied amendments significantly improved plant photosynthetic
pigments over the control. Pa + MLE 1 and Pa + MLE 2
treatments were remained efficient in increasing chlorophyll a
and chlorophyll b at 45 FC over control-treated wheat plants
(70 FC). Furthermore, MLE 2 differed significantly better for
the enhancement of total chlorophyll contents at 45 FC than
70 FC. Treatments MLE 2, Pa + MLE 1, and Pa + MLE 2
were significantly different for wheat carotenoid contents under
drought stress as compared with the control. A significant
difference was observed in MLE at both concentrations and Pa
for all studied parameters in all treatment levels. The above results
signify the value of given amendments in enhancing the efficiency
of water uptake and use by the grown plants.

Flavonoids, Phenolics, Total Soluble
Sugars, Total Soluble Proteins, and
Stomatal Conductance
Flavonoids, phenolics, total soluble sugars, total soluble proteins,
and stomatal conductance of wheat plants were significantly
affected in drought stress (45 FC) compared with well-watered
plants (70 FC) (Figure 3). Both sole and combined applications
of Pa and MLE significantly increased plant total soluble sugars,
total soluble proteins, and stomatal conductance over the control.
Pa+MLE 1 and Pa+MLE 2 treatments were remained efficient
in decreasing flavonoids and phenolics at 45 FC over 70 FC.
Moreover, MLE 2 differed significantly better than MLE 1 and
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FIGURE 1 | Impact of sole and combined applications of Pa and moringa leaf extract (MLE) on different growth attributes of wheat plants under 45 FC and 70 FC
irrigation levels. Different bars represent the mean values of three replicates. Error bars represent standard error (SE). Different letters on bars indicate significant
difference at p ≤ 0.05 [70 FC = well-irrigated, 45 FC = drought stress condition; C = control, Pa (strain) = Pseudomonas aeruginosa inoculated plants, MLE
1 = foliar-applied MLE at 1:15, and MLE 2 = foliar-applied MLE at 1:30]. Means with the same letters within the column are not significantly different.
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FIGURE 2 | Impact of sole and combined applications of Pa and MLE on different photosynthetic pigments of wheat plants under 45 FC and 70 FC irrigation levels.
Different bars represent the mean values of three replicates. Error bars represent SE. Different letters on bars indicate significant difference at p ≤ 0.05 [70
FC = well-irrigated, 45 FC = drought stress condition; C = control, Pa (strain) = P. aeruginosa inoculated plants, MLE 1 = foliar-applied MLE at 1:15, and MLE
2 = foliar-applied MLE at 1:30]. Means with the same letters within the column are not significantly different.

Pa either in sole or combined applications at 45 FC than 70 FC,
while, MLE 2, Pa + MLE 1, and Pa + MLE 2 were significantly
efficient in decreasing flavonoids and phenolics of wheat plants
under drought stress as compared with the control. These results
prove the effectiveness of these amendments in increasing the
water uptake efficiency of wheat plants.

Oxidative Stress Indicators, Enzymatic
Antioxidants, and Ionic Contents
Ionic nutrient contents increased significantly in plants that
were irrigated at 70 FC compared with plants irrigated with
water to reach only 45 FC (Table 1). However, in contrast,
different oxidative stress indicators such as sodium, proline, GB,
electrolyte leakage (EL), malondialdehyde (MDA), and hydrogen
peroxide (H2O2) increased significantly in plants subjected
to 45 FC water conditions. Furthermore, antioxidant enzyme
[superoxide dismutase (SOD) and peroxide (POD)] activities
were increased in drought stress.

All additives had significant positive improvements in
ameliorating drought effects in wheat. These amendments were

more detectable when the dose of MLE foliar application
was increased. Pa and MLE decreased sodium, proline, GB,
EL, MDA, H2O2, and SOD and POD contents significantly.
Also, they increased calcium, potassium, phosphate, and nitrate
concentrations in plant tissues. It is worth mentioning in this
study that sole and combined applications of either MLE or
Pa were better in decreasing the oxidative stress indicators
and increasing nutrient contents of wheat, and this signifies
the success of these ameliorating treatments for drought stress.
Pa + MLE 1 and Pa + MLE 2 recorded the least oxidative
stress indicators and enzymatic antioxidant activities during
more nutrient assimilation in plants.

All values are the means of three replicates ± SD.
Different labels represent significant different alphabets using
the least significant difference (LSD) test. [70 FC = well-
irrigated conditions, 45 FC = drought stress conditions;
C = control, Pa (strain) = P. aeruginosa inoculated plants,
MLE 1 = foliar applied MLE at 1:15, and MLE 2 = foliar
applied MLE at 1:30] [GB = glycine betaine, EL = electrolyte
leakage, MDA = malondialdehyde, H2O2 = hydrogen peroxide,
SOD = superoxide dismutase, and POD = peroxide].
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FIGURE 3 | Impact of sole and combined applications of Pa and MLE on flavonoids, phenolics, total soluble sugars, total soluble proteins, and stomatal
conductance of wheat plants under 45 FC and 70 FC irrigation levels. Different bars represent the mean values of three replicates. Error bars represent SE. Different
letters on bars indicate significant difference at p ≤ 0.05 [70 FC = well-irrigated, 45 FC = drought stress condition; C = control, Pa (strain) = P. aeruginosa inoculated
plants, MLE 1 = foliar-applied MLE at 1:15, MLE 2 = foliar-applied MLE at 1:30, and S.C. = stomatal conductance]. Means with the same letters within the column
are not significantly different.
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Pearson Correlation
A significant positive correlation exists between plant
morphological attributes and photosynthetic pigments
(Figure 4). This might, in turn, improve plant vigor and
consequently improved plant growth. Also, the total soluble
sugars, total soluble proteins, stomatal conductance, and
ionic contents were increased with the given amendments.
However, oxidative stress indicators, enzymatic antioxidants,
flavonoids, and phenolics increased under drought stress
conditions recorded significant negative correlations with plant
growth parameters.

DISCUSSION

This study evaluates the effect of MLE (MLE 1 = 1:20 v/v and MLE
2 = 1:30 v/v) and PGPR strain (Pa) on drought stress tolerance
ability of wheat (Anaj 17 genotype) under two irrigation regimes
(45 FC and 70 FC). The use of organic or biofertilizers as a
global initiative instead of costly chemical fertilizers is addressed
by several researchers (Talaei et al., 2014; El-Naggar et al., 2015;
El-Serafy, 2018; Rahimi et al., 2019). Plant-derived biostimulants
that trigger abiotic stress tolerance to ameliorate stress-induced
yield reduction involve many different mechanisms, and most
of these involve phytohormones and upregulated antioxidant
defense systems (Bulgari et al., 2017; Sadasivam et al., 2017).

The highest dry matter contents in both root and shoot were
obtained with the combined application of Pa +MLE 2 mixture
that agrees with previous findings describing that soil beneficial
bacteria can promote plant growth in abiotic stress conditions.
Durán et al. (2016) had similar results on lettuce inoculated
with Bacillus sp. and Klebsiella sp. and concluded that inoculated
plants have more DW than non-inoculated ones. In this sense,
Glick et al. (2007) said that this increase in the dry matter
might be the enzyme 1-aminocyclopropane-1-carboxylate (ACC)
deaminase enzyme activity of bacteria to lower the stress-induced
ethylene levels, leaving α-ketobutyrate and NH4+ available to
the plants. Moreover, according to the study by Sánchez López
(2011), auxins, i.e., indole-3-acetic acid (IAA), have a stimulatory
effect on secondary root development that contributes to the
total biomass of the plant by increasing nutrient and water
absorption in moisture deficit conditions. The results from this
study are in accordance with those claimed by Mishra et al. (2012)
that an increase in auxin concentration stimulates adventitious
root formation and thus increases root surface area and total
plant biomass, proclaiming a morphological strategy of plants to
tolerate drought with the help of bacterial strains.

Photosynthetic pigment contents are considered a valuable
physiological indicator for evaluating the damage caused by stress
intensity. The wheat genotype in this study had more chlorophyll
contents when supplemented with Pa and MLE with the highest
value recorded in their combined treatment at both water
regimes. This alteration is directly related to plant macronutrient
contents such as nitrogen. The reactive oxygen species (ROS)
produced during abiotic stress cause the reduction of chlorophyll
contents by damaging photosynthetic machinery (Manivannan
et al., 2007). Similar to our results, Ahmadi et al. (2013)
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FIGURE 4 | Pearson correlation of different wheat attributes under drought stress and well-watered conditions.

also found a significant increase in chlorophyll contents by
inoculating wheat with different bacterial strains (Pseudomonas
sp. and Azospirillum sp.).

This study indicates that the increase in mineral nutrient
contents of wheat is due to the use of biostimulants that
enhanced drought stress tolerance. The inoculation with
P. aeruginosa and MLE applied separately and in combination
increased levels of sodium, calcium, potassium, phosphate,
and nitrate in wheat submitted to drought. This might be
due to the nutrient solubilization by added microorganisms
due to the production of ACC deaminase (Mutumba et al.,
2018). In addition, Römheld and Kirkby (2010) considered
potassium as a key element in reducing water stress by
adjusting osmoregulation in cells as a compatible solute.
Zulfiqar et al. (2020) reported enhancement in soil nutrient
availability and improvement in fruit quality induced by plant-
derived biostimulants in stress conditions. The increase in
plant nutritional status and vigor is due to improved soil
microbial activity (Colla et al., 2015) and the presence of
some chelating agents that enhance nutrient solubility in soil
(Abou Chehade et al., 2018).

Induced tolerance by plant growth regulators is triggered
by external stress factors and enhancement in plant sterols by
reducing EL and regulating membrane stability (Lucini et al.,
2015), thus providing an antioxidant defense system. Results of
this experimental study indicate that Pa and MLE significantly
improve growth, biochemical, antioxidant, and ionic attributes
of wheat. Rhizobacteria potentially increase plant vigor by
increasing atmospheric nitrogen fixation ability of roots and
mineral absorption.

In accordance with our findings, previous studies also validate
drought stress effects that consequently increase ROS that
activate plant enzymatic and non-enzymatic antioxidant systems
in order to balance the cellular redox state (Zulfiqar et al.,
2020). Kumar et al. (2019) reported seed priming that involves
plant growth regulators inducing sugar-triggered plant immunity
(called “sweet immunity”—immunity by sugar compounds)
having a positive priming effect on antioxidant systems. Results
of our study validate that the antioxidant contents were
improved using MLEs as a bioactive compound. Furthermore,
a study by Rashid et al. (2018) confirmed the presence of a
primary growth regulator, zeatin (a cytokinin derivative) that
provided abiotic stress tolerance. Moringa extract constitutes
considerable quantities of secondary metabolites, antioxidants,
and osmoprotectants (Rehman et al., 2015). MLE’s growth-
promoting and abiotic stress tolerance inducing effects justify
its use as a potential alternative to synthetic chemical fertilizers
for improving wheat productivity (Nasir et al., 2016; Brockman
and Brennan, 2017; Merwad, 2018; Younis et al., 2018). MLE
aqueous solutions are very easy to make, cost-effective, and
environment-friendly and can be used by the farmers effectively
for increasing their crop yields. This study clearly reveals that all
studied growth, biochemical, ionic, and antioxidant constituents
of wheat plants were improved by using either of the two given
amendments. Pa and MLE reduced all investigated oxidants and
oxidative stress indicators. It is worth mentioning in this study
that these supplementary amendments might antagonize each
other’s effects to some extent in their combined applications, as
their sole applications had lowered physiological, biochemical,
and ionic attributes. Thus, constitutive effects, i.e., Pa and MLE,
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at both concentration levels were more elaborated, thus inducing
drought tolerance in wheat.

CONCLUSION

The application of both nitrogen-fixing bacteria (Pa strain)
and foliar sprayed MLE either in sole or combined treatments
can alleviate nutrient and drought stress effects. Nevertheless,
the combined application of Pa and MLE 2 (Pa + MLE 2)
can efficiently improve wheat growth attributes, photosynthetic
pigment contents, and nutrient uptake under drought stress.
The combined supplementation of Pa and MLE had more
significant positive effects compared with their sole applications.
Pa + MLE 2 was also efficient in decreasing oxidative stress
indicators and enzymatic antioxidants of wheat under drought
stress. There is a need for more investigations at field levels
by considering the effect of other environmental constraints to
effectively validate these findings.
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A survey of plant-based wastes identified sunflower (Helianthus annuus) bark extract
(SBE), produced via twin-screw extrusion, as a potential biostimulant. The addition
of SBE to Arabidopsis (Arabidopsis thaliana) seedlings cultured in vitro showed a
dose-dependent response, with high concentrations causing severe growth inhibition.
However, when priming seeds with SBE, a small but significant increase in leaf area was
observed at a dose of 0.5 g of lyophilized powder per liter. This optimal concentration
of SBE in the culturing medium alleviated the growth inhibition caused by 100 mM
NaCl. The recovery in shoot growth was accompanied by a pronounced increase in
photosynthetic pigment levels and a stabilization of osmotic homeostasis. SBE-primed
leaf discs also showed a similar protective effect. SBE mitigated salt stress by reducing
the production of reactive oxygen species (ROS) (e.g., hydrogen peroxide) by about 30%
and developing more expanded true leaves. This reduction in ROS levels was due to the
presence of antioxidative agents in SBE and by activating ROS-eliminating enzymes.
Polyphenols, carbohydrates, proteins, and other bioactive compounds detected in SBE
may have contributed to the cellular redox homeostasis in salt-stressed plants, thus
promoting early leaf development by relieving shoot apical meristem arrest. Sunflower
stalks from which SBE is prepared can therefore potentially be valorized as a source to
produce biostimulants for improving salt stress tolerance in crops.

Keywords: Helianthus annuus, plant extract, biostimulant, in vitro assay, salt stress, antioxidant

INTRODUCTION

Substantial losses in biomass accompany crop production and downstream processing because of
inadequate harvesting methods and a lack of valorization of by-products (Parfitt et al., 2010). To
reduce the ecological footprint of agricultural practices, the Food and Agriculture Organization of
the United Nations (FAO) identified two primary targets: “agricultural sustainability” and “global
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food losses” (FAO, 2021). In view of these targets, we urgently
need to transform agricultural waste into value-added products.
Crop waste is a natural resource for refining and recovering
bioactive ingredients (Van Tang, 2017). Indeed, various molecules
are abundant in unused biomass, some of which can be developed
as plant biostimulants (PBs) (Xu and Geelen, 2018; Huang et al.,
2021). The development and commercialization of PBs is a
rapidly growing business, estimated at USD 3.2 billion in 2021
with a projected compound annual growth rate (CAGR) of 12.1%
(Markets and Markets, 2021). Strikingly, plant extract-based
PBs exhibited the highest effectiveness in yield enhancement of
field crops (Li et al., 2022). Compared with synthetic chemical
additives for crop improvement, PBs derived from natural
resources like plant byproducts are poised to encompass a lower
environmental risk and impact (Kumar et al., 2019). PBs are more
likely to pass the regulatory restriction of fertilizers from natural
origins imposed by legislation (Regulation [EU], 2019).

The main methods of PBs application are foliar spraying, seed
priming, and soil drenching (Vertified Market Research, 2021).
Hence, most primary screening assays are designed to screen
putative biostimulant activity starting from seed germination
and the growth responses of seedlings (García-García et al.,
2020). The monitoring of seedling growth allows for in vitro
assays under controlled conditions, short evaluation periods,
and assessment of a broad spectrum of responses (Colegate
and Molyneux, 2007). Subsequent bioassays are dedicated
to monitoring specific plant responses. For example, seed
priming tests report the effect of chemical reagents on seed
germination and early seedling development (Lutts et al., 2016).
Arabidopsis (Arabidopsis thaliana) seedlings grown in vitro are
widely used to study the effects of exogenous chemicals on
root and shoot growth (Trinh et al., 2018). An alternative
to growth assays is measuring the longevity of mature leaf
discs punched from mature leaves that normally senescence
in a matter of days (Chiu et al., 2021). In vitro bioassays
also allow for the quantitative impact of stress responses, and
the combining of the results from multiple assays provides a
reasonable indication for possible biostimulant activity under
field conditions.

Plant-based raw materials are typically rich in diverse
metabolites (Zulfiqar et al., 2020). Various plant extracts have
also improved stress tolerance, often attributed to antioxidants
(De Diego and Spíchal, 2020). Polyphenols, abundant in many
plant extracts, are a class of bioactive antioxidants that scavenge
in vitro and in vivo reactive oxygen species (ROS) (Stagos, 2020).
For instance, many polyphenols are found in various bark by-
products from woody species such as oak and willow (Dróżdż and
Pyrzynska, 2017; Dou et al., 2018; Tanase et al., 2019). Sunflower
(Helianthus annuus) seeds and florets are also rich in polyphenols
with antioxidant activity (Karamać et al., 2012; Ye et al., 2015).
The trichomes isolated from the surface of sunflower stems
contain many flavonoids, which are typically showing antioxidant
activity (Brentan Silva et al., 2017).

Sunflower is an annual crop produced for its seed and is
the fourth most important oilseed crop responsible for 10%
of the world’s edible plant-derived oil (Dantas et al., 2017).
The leaves and stems are usually not harvested and left on

the field as organic compost. The worldwide production of
sunflower foliage and stems is an estimated 15.2 megatons per
year (United Nations Industrial Development, 2007). Because of
this substantial amount of biomass, stem material is considered
a source of fiber used in biocomposite panels and other fiber-
rich materials. The stalks are separated into the bark (external
“woody” part, 90% w/w), which is rich in lignocellulose,
and the pith (internal part, 10% w/w) (Evon et al., 2018;
Verdier et al., 2020). In addition to fiber, the stalks can
potentially be refined through the advanced twin-screw extrusion
technology and used for various added-value applications in the
agrochemical industry.

This study shows that (1) sunflower bark extract (SBE) can
be produced as a side stream during twin-screw extrusion of
fiber from stems; (2) SBE is a complex mixture of water-soluble
molecules, several of which have bioactivity on plant growth;
(3) exogenous application of SBE mitigates salt stress-induced
growth inhibition of in vitro grown Arabidopsis.

MATERIALS AND METHODS

Sunflower Stalk Collection and Bark
Extraction
Sunflower stalks were collected with a forage harvester with
the assistance of Ovalie Innovation in Autumn 2018 (Samaran,
Gers department, southwest France). The stalks were stored in a
ventilated box and dried with ventilated air at 40◦C for 24 h. The
bark was mechanically separated from the pith using a three-step
procedure: (1) grinding of stalks using a hammer mill (Electra
Goulu N, France) fitted with a 32 mm sieve; (2) de-dusting of the
ground material using a vibrating sieve shaker (Ritec 600, France)
equipped with a 1 mm screen; (3) aspiration of pith particles.
Pith and bark particles were separated based on their differential
density (i.e., 30 and 140 kg/m3, respectively).

Here, the twin-screw extrusion technology was used as an
innovative technique for the thermo-mechanical and organic
solvent-free extraction of biomolecules (Evon et al., 2018;
Vandenbossche et al., 2019). The bark was then fractionated into
a pulp and a liquid extract made of water-soluble compounds
using a co-rotating and co-penetrating twin-screw extruder
(Clextral Evolum HT 53, France). The extruder barrel (1.9 m
in length) consisted of eight modules, each 4D in length (D is
the screw diameter, i.e., 53 mm), except for module 1, which
had an 8D length. A filter section consisting of six hemispherical
dishes with 1 mm diameter perforations outfitted on module 7
enabled filtrate collection. During the liquid/solid fractionation
process, bark with 10.0 ± 0.1% moisture content was fed at
the level of module 1 using a gravimetric feeder. Water was
injected at the end of module 2 using a piston pump at a
liquid/solid ratio of 2.9 (i.e., 10.2 and 29.6 kg/h for the inlet flow
rates of bark and water, respectively). For optimal operation, a
specific screw configuration was applied. Bilobe paddles (BL22)
were positioned in module 5 to favor strong mixing between
the liquid and the solid. In addition, reversed pitch screws
(CF2C) were positioned in module 8, immediately downstream
from the filtering sieves to separate the liquid (i.e., the filtrate)
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and solid (i.e., the pulp) phases continuously by compression
action. The temperature was set at 80◦C in module 2, at 100◦C
along the extracting zone (modules 3–6), and 110◦C in the
pressing part (module 8). The rotation speed of the screws
was set at 250 rpm.

The filtrate collected at the bottom of the filtration module
(module 7) was centrifuged to remove the small solid particles
and driven through the filter. Then, the clarified filtrate was
concentrated by partial water evaporation and freeze-dried,
producing SBE as a powder product stored in the dark at
4◦C until use.

Chemical Characterization of Starting
Sunflower Bark and Sunflower Bark
Extract
The moisture and dry matter contents of solids in the starting
sunflower bark were determined according to ISO 665:2000
(ISO, 2000). The mineral content of starting bark was quantified
according to ISO 749:1977 (ISO, 1977), and lipids were assessed
according to ISO 659:2009 (ISO, 2009). Cell wall polymers,
including cellulose, hemicellulose, and lignin, were quantified
using the ADF–NDF method (ADF for acid detergent fiber, and
NDF for neutral detergent fiber) of Van Soest and Wine (1967,
1968). After 1 h of boiling in water, water-soluble compounds
were calculated from biomass losses.

Inside the SBE, the soluble protein and digestible carbohydrate
contents were analyzed by colorimetric methods (Deans et al.,
2018). Total phenolics content (TPC) was estimated by the
Folin–Ciocalteu method (Sánchez-Rangel et al., 2013). The total
flavonoid content (TFC) was measured following two aluminum
complexation methods using quercetin and rutin as reference
flavonoids (Pękal and Pyrzynska, 2014). The total in vitro
antioxidant capacity (TAC) of SBE was determined using the
2,2-diphenyl-1-picrylhydrazyl (DPPH) and the 2,2′-azino-bis (3-
ethylbenzothiazoline-6-sulfonic acid) (ABTS) assay (Xiao et al.,
2020). Trolox (TE) was used as a standard antioxidant to calculate
the equivalent antioxidant capacity of samples. The DPPH assay
was slightly modified (Xiao et al., 2020). A total of 20 µl sample
was added with 100 µl 200 mM DPPH and 80 µl 50 mM
Tris–HCl buffer (pH 7.4).

Chemical Profiling of Sunflower Bark Extract Using
UHPLC-PDA-High-Resolution Mass Spectrometer
Analysis
Sunflower bark extract was dissolved in water at 1 mg/mL
and pushed through a 0.22 µm filter (Millix-GV, Millipore).
Samples were subjected to ultra-high-performance liquid
chromatography (Acquity UPLC) coupled to a PDA detector
(UPLC eLambda 800 nm) and a SYNAPT G2-S High-
Resolution Mass Spectrometer (HRMS) (Waters, Milford,
MA, United States). Prepared samples were chromatographically
separated on an ACQUITY UPLC BEH C18 column (1.7 µm,
2.1 mm × 150 mm) protected by an ACQUITY UPLC BEH
C18 VanGuard Precolumn (1.7 µm, 2.1 mm × 5 mm) (Waters).
The mobile phase A was 0.1% formic acid in water (solvent A)
and the mobile phase B was 0.1% formic acid in acetonitrile

(solvent B) at a flow rate of 0.35 mL/min with following gradient:
95% A–5% B (0–18 min), 100% B (18–25 min), 95% A–5% B
(25.1–30 min). PDA data was recorded between 220 and 550 nm.
Ions were detected in the positive electrospray ionization (ESI+)
and negative electrospray ionization (ESI−) modes. The ESI
conditions were set as follows: capillary voltage of 3.0 kV
(ESI+)/2.0 kV (ESI−), source temperature of 120◦C, cone voltage
of 30 V (ESI+)/40 V (ESI−), and desolvation temperature of
500◦C with a desolvation gas flow of 800 L/h. The collision-
induced dissociation (CID) was set at 4 eV for precursor ion,
and MS/MS fragment ion information was obtained with a
collision energy ramp from 8 to 40 eV. The HRMS was calibrated
between 50 and 1200 Da with a sodium formate solution prior
to analysis. The injection volume was set at 5 µl, and each
sample was analyzed in duplicate. All data were recorded at
resolution mode (20,000 FWHM) in centroid full scan MSe

mode (data-independent acquisition, DIA). A 200 pg/µl leucine
enkephalin solution was continuously infused during analysis
to perform lockmass correction (m/z 556.2771 in positive ion
mode and m/z 554.2615 in negative ion mode) during analysis.
Blanks containing only the mobile phase without any sample
were injected between each batch of samples.

To determine the chemical composition of SBE, the raw
MS/MS data were processed for feature detection and alignment
with MS-DIAL software version 4.48 (Blaženović et al., 2017).
The detailed settings are listed in Supplementary Table 1, and
are adapted from Lee et al. (2019). To gain a high confidence
in the peak identification, only the features present in both
runs from the same sample were considered for alignment
correction. Next, aligned features meeting the criteria were
selected with a total weighted similarity score of over 60
(overall library-matching score based on retention time, accurate
mass, isotope ratio, and MSE spectra) (Tsugawa et al., 2015).
Then, we searched these chosen features for further compound
prediction in MS-FINDER software version 3.50 (Tsugawa
et al., 2016) among online metabolites databases, including
PlantCyc (plant), KNApSAcK (natural product), FoodDB (Food),
ChEBI (Biomolecules), and PubChem (Biomolecules), with
the agreement of identification confidence levels (level 3)
(Schymanski et al., 2014). In each feature, the predicted
formula and structure with the top total score were reported
as the final candidate compound (Tsugawa et al., 2019).
Finally, the identified compounds were assigned taxonomy based
on their chemical characterization represented as InChIKey
(International Chemical Identifier) in ChemOnt ontology via
ClassyFire (Djoumbou Feunang et al., 2016).

Pesticide Residue Detection in Sunflower Bark
Extract
Lyophilized powder of SBE was analyzed for the presence of over
500 pesticide residues (Regulation [EC], 2005, 2009) (Primoris,
Belgium). Briefly, the pesticide(s) were extracted from the crude
sunflower bark material with acidified acetonitrile (QuEChERS
extraction) or acetonitrile with 0.5% acetic acid. Pesticides were
quantitatively determined using LC–MS/MS and GC–MS/MS,
respectively. No chemicals above the maximum residue levels
were reported (data not shown).
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Plant-Based Bioassays Using
Arabidopsis as the Model Plant
Root Development
Arabidopsis (Col-0) seeds were chlorine gas-sterilized for 3 h
(Lindsey et al., 2017), sown on full strength Murashige and Skoog
medium, and vernalized for 3 days at 4◦C (Trinh et al., 2018).
Next, the plates were exposed 8 h to light (room temperature
21.4◦C, 40–60% humidity, light intensity 140 µmol m−2 s−1,
14/10 h day/night photoperiod) and transferred to the dark for
another 3 days to induce etiolation. Then, uniform-size of 3
DAG (days after germination) seedlings were transplanted onto
the growth medium and incubated vertically for 10 days. For
the dose-response experiment, the medium was supplemented
with 0.1, 0.5, 1, 2, 3, 3.67, 4, and 5 g/L SBE. For the time-
course analysis of primary root development, the medium was
supplemented with 1 g/L or 3 g/L SBE and incubated for 6, 12,
and 24 h after etiolation. Seedlings were scored for the numbers
of adventitious roots (ARs), junction roots (JRs), and lateral
roots (LRs) under a binocular microscope (Olympus, SZX9,
Tokyo, Japan). The primary root length (PRL) was measured by
image analysis using ImageJ software version 1.53n (Schindelin
et al., 2012) coupled with the “NeuronJ” plugin (Meijering et al.,
2004). Each treatment consisted of three plates, and each plate
contained 10 seedlings.

Shoot Growth
Arabidopsis shoot growth in response to SBE application was
evaluated using a shoot assay adapted from De Diego et al. (2017).
Briefly, seedlings were grown as described in the root assay and,
at 3 DAG, transferred to 24-well tissue culture plates (VWR,
CA, United States) containing Murashige and Skoog medium
(4 mL per well) supplemented with 0.5 g/L SBE and 100 mM
NaCl. Since at 100 mM NaCl, Arabidopsis rosettes are more
compact (Claeys et al., 2014), we assessed the shoot growth at
13 DAG by measuring the green surface area using ImageJ.
Each data point corresponds to 16 seedlings per treatment.
The electrolyte leakage (also called conductivity) from seedlings
was measured with a conductivity meter (inoLab Cond level 1)
(Jiang et al., 2017).

Floating Leaf Disc
The senescence leaf disc assay was modified from Ghosh et al.
(2015) and Chiu et al. (2021). Arabidopsis was cultivated in Jiffy-
7 R© peat pellets (Jiffy Products International AS, Norway) in a
growth room (room temperature 18◦C, less than 70% relative
humidity, light intensity 100 µmol m−2 s−1, 16/8 h day/night
photoperiod). The chlorophyll content in fully expanded rosette
leaves of the same developmental stage was determined by the
SPAD-502 chlorophyll meter (Konica Minolta, Tokyo, Japan).
Leaves with SPAD values from 25 to 35 were harvested from
healthy plants at 30 DAG. Around 20 leaf discs were punched
with a 7 mm cork borer and floated on a 5 mL solution in
each petri dish (55 mm diameter). Each treatment consisted of
six individual plates. Distilled water (dH2O) was considered the
blank, while 200 mM NaCl was considered the salt treatment.
For exogenous SBE treatment, leaf discs were pretreated with
5 mL of dH2O or 0.5 g/L SBE for 1 day before incubating

in the blank or salt solution for another 2 days. The plates
were sealed with 3M Micropore tape (3M, St. Paul, MN,
United States) and placed in the growth room (room temperature
25◦C, 40–60% humidity, light intensity 200 µmol m−2 s−1,
24 h light photoperiod). After incubation, the leaf disc samples
were first wrapped in dust-free tissue paper, then homogenized
into powder with liquid nitrogen, and stored at −80◦C for
further analysis. Photosynthetic pigments of chlorophyll a (Chl
a), chlorophyll b (Chl b), and carotenoids (Car) were assessed
from frozen samples using a microplate reader (Tecan Infinite
M200), according to Chiu et al. (2021). Malondialdehyde (MDA),
as a biomarker of lipid peroxidation, was analyzed via the
thiobarbituric acid (TBA)-reactive substances assay following
(Hodges et al., 1999).

True Leaf Development
The true leaf assay was adapted from Rosa and Scheid (2014).
Arabidopsis seeds were sown directly on the treated medium and
vernalized as mentioned before (Trinh et al., 2018). Since the
addition of NaCl (100 mM) in the medium induced moderate
salt stress (Claeys et al., 2014), medium supplemented with
0.5 g/L SBE was prepared with or without 100 mM NaCl
for the exogenous SBE application. The plates were positioned
horizontally for germination in the light without etiolation and
early leaf development monitoring for 10 days. The germination
rate and the early development phenotypes were recorded daily
at the same time each day. At 2 DAG, seed germination was
evaluated by checking if the radicle was visible after testa rupture.
Later, at 10 DAG, the successful emergence and expansion of
the first pair of true leaves were determined by a binocular
microscope at 20× zoom. If the side-view width of the true leaf
had expanded larger than the hypocotyl diameter, it was then
scored as a plant with expanded true leaves (Supplementary
Figure 1). The percentage (%) of seedlings with true leaves was
calculated following Equation 1:

% plants with true leaves =

Number of seedlings developed with true leaves
Number of germinated seedlings

(1)

This assay was performed as nine replicates for each treatment,
and each plate contained 25 seeds. The harvested samples at
10 DAG were pooled into four biological replications and stored
at−80◦C for further analysis. The fresh weight of whole seedlings
was measured and subsequently dried at 65◦C for 48 h in an oven
for dry biomass determination. In addition, the conductivity and
MDA content in seedlings were measured as mentioned above to
evaluate plasma membrane damage.

Hydrogen peroxide (H2O2), as one of the main ROS products,
was quantified based on potassium iodide (KI) oxidation (Junglee
et al., 2014). To detect in situ H2O2, histological staining
with 3,3′-diaminobenzidine (DAB) on whole seedlings was
performed as previously described (Daudi and O’Brien, 2012).
The seedlings were imaged via an Olympus BX51 microscope
(Olympus, Tokyo, Japan) equipped with differential interference
contrast (DIC) optics at 10× zoom. The relative DAB staining
intensity was calibrated in pseudo color and quantified in
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TABLE 1 | Contents of soluble protein, digestible carbohydrate, polyphenols, and in vitro antioxidant capacity in SBE.

Parameters SBE

Soluble protein content (mg g DW−1 BSA equivalent) 14.91 ± 0.41

Digestible carbohydrate content (mg g DW−1 D-glucose equivalent) 6.91 ± 0.53

Total phenolic content (TPC) (mg g DW−1) AsA equivalent 6.46 ± 0.79

CHA equivalent 29.68 ± 0.81

Total flavonoid content (TFC) (µg g DW−1) QE equivalent 9.70 ± 0.29

Rutin equivalent 15.93 ± 2.01

Total antioxidant capacity (TAC) (mg g DW−1 TEAC) IC50 DPPH assay 20.66 ± 0.67

IC50 ABTS assay 117.34 ± 3.34

Values are represented as mean ± SD (n = 3). SBE, sunflower bark extract; DW, dry weight; BSA, bovine serum albumin; AsA, ascorbic acid; CHA, chlorogenic acid; QE,
quercetin; TEAC, trolox equivalent antioxidant capacity; DPPH, 2,2-diphenyl-1-picrylhydrazyl; ABTS, 2,2′-azino-bis (3-ethylbenzothiazoline-6-sulfonic acid).

FIGURE 1 | Treemaps of chemical classifications of SBE compounds detected by UHPLC-PDA-HRMS in (A) ESI+ and (B) ESI– modes. Each color shows the
chemical taxonomy at the superclass level from ChemOnt ontology. Each value indicates the relative distribution of each superclass by total peak areas. SBE,
sunflower bark extract; ESI+ (–), positive (negative) electrospray ionization. Where ∗ is short for the superclasses following, 1: cinnamic acids and derivatives; 2:
quinolines and derivatives; 3: imidazopyrimidines; 4: organic phosphoric acids and derivatives; 5: pyrroloazepines; 6: coumarins and derivatives; 7: pumiliotoxins,
homopumiliotoxins, and allopumiliotoxins; 8: benzothiazoles; 9: azoles; 10: lupin alkaloids.

four tissues, inclusive of cotyledons, hypocotyls, shoot apical
meristems (SAMs), and root, using ImageJ coped with the
“Colour Deconvolution 2” plugin (Ruifrok and Johnston, 2001;
Landini et al., 2021).

The antioxidant enzyme activity was then determined
following a semi high-throughput protocol (Fimognari et al.,
2020) with the adapted extraction method (Noctor et al.,
2016). About 300 mg grounded sample was extracted with
2 mL extraction buffer (0.1 M phosphate buffer plus 1 M
EDTA; pH 7.5) and 50 mg polyvinylpyrrolidone (PVP). The
mixture was centrifuged for 10 min at 4◦C. Next, the total
protein content was quantified in the desalted supernatant
by Wizard R© SV minicolumns using a spectrophotometer
(DeNovix Inc., United States). Finally, the enzyme kinetic assays
were performed for the activity measurement of ascorbate
peroxidase (APX, EC:1.11.1.11), catalase (CAT, EC:1.11.1.6),
glutathione reductase (GR, EC:1.8.1.7), glutathione S-transferase

(GST, EC:2.5.1.18), monodehydroascorbate reductase (MR,
EC:1.6.5.4), (cytoplasmic) peroxidase (POX, EC:1.11.1.5), and
superoxide dismutase (SOD, EC:1.15.1.1). The antioxidative
enzyme capacity, indicating the rate of catalyzed reaction by
the enzyme, was calculated as a unit per mg of protein
(Vanhoudt, 2014).

Statistical Analysis
The treemap was generated indicating the chemical classification
of compounds identified in SBE by R software version 4.1.1 (R
Core Team, 2021) coupled with “treemap” package version 2.4-3
(Tennekes and Ellis, 2021). Non-parametric Kruskal–Wallis test
was used with post hoc Dunn’s analysis (α = 0.05) for variances
in root numbers of different types. PRL was normalized and
fitted in a 5-parameter logistic model of dose-response analysis
using “nplr” package version 0.1-7 (Commo and Bot, 2016).
The half-maximal-effect concentration (EC50) was calculated on
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TABLE 2 | Polyphenolic compounds of interest in SBE.

Class1 Subclass1 Parent level 11 Predicted formula Adduct RT (min) Precursor m/z Area (×105) Total score2

2-Arylbenzofuran flavonoids NA 2-Arylbenzofuran flavonoids C25H28O10 [M + H]+ 7.97 489.1735 0.14 5.90

Cinnamic acids and derivatives Cinnamic acid esters Cinnamic acid esters C11H12O2 [M + H]+ 7.75 177.0916 0.65 5.51

Cinnamic acids Cinnamic acids C9H8O2 [M + H]+ 23.46 149.0597 0.53 6.33

Hydroxycinnamic acids and derivatives Coumaric acids and derivatives C17H16O4 [M + H]+ 9.79 285.1128 0.12 5.78

Hydroxycinnamic acids C9H8O3 [M + H]+ 4.96 165.0547 0.39 6.14

Coumarins and derivatives Hydroxycoumarins 6,7-Dihydroxycoumarins C9H6O4 [M + H]+ 4.20 179.0345 0.35 5.78

7-Hydroxycoumarins C10H8O4 [M + H]+ 4.80 193.0505 1.43 5.98

Furanocoumarins Angular furanocoumarins C17H12O6 [M + H − H2O]+ 6.04 295.0606 0.23 6.09

Pyranocoumarins Angular pyranocoumarins C21H22O7 [M + H]+ 7.89 387.1450 0.22 5.98

Coumarin glycosides Coumarin glycosides C15H16O9 [M + H]+ 4.20 341.0872 0.24 5.84

NA Coumarins and derivatives C9H6O2 [M + H]+ 6.44 147.0443 0.36 5.99

Furanocoumarins Linear furanocoumarins C13H10O5 [M + H − H2O]+ 7.34 229.0500 0.23 5.55

Flavonoids Flavones 3′-Prenylated flavones C20H18O7 [M + H − H2O]+ 8.22 353.1040 0.15 5.75

Flavans 8-Prenylated flavans C20H20O5 [M + H]+ 9.13 341.1380 0.22 6.32

Flavonoid glycosides Flavonoid O-glycosides C21H20O11 [M + H]+ 6.30 449.1083 0.11 6.43

O-Methylated flavonoids 3-O-methylated flavonoids C17H12O8 [M + H]+ 7.20 345.0626 0.29 5.74

8-O-methylated flavonoids C21H22O8 [M + H]+ 7.81 403.1376 1.58 6.04

Isoflavonoids O-Methylated isoflavonoids 4′-O-methylated isoflavonoids C22H22O6 [M + H]+ 7.78 383.1476 0.17 5.97

Isoflavans Isoflavanols C15H14O3 [M + H]+ 6.90 243.1024 0.24 5.74

Isoflavans Isoflavanones C20H20O6 [M + H]+ 8.07 357.1351 0.93 6.28

Isoflav-2-enes Isoflavones C15H10O5 [M + H]+ 5.38 271.0605 0.18 6.30

Isoflavonoid O-glycosides Isoflavonoid O-glycosides C21H20O9 [M + H]+ 8.36 417.1198 0.33 6.52

Furanoisoflavonoids Pterocarpans C20H18O5 [M + H − H2O]+ 6.93 321.1141 0.19 6.37

Stilbenes Stilbene glycosides Stilbene glycosides C21H24O8 [M + H]+ 6.24 405.1557 0.21 6.07

Tannins Hydrolyzable tannins Hydrolyzable tannins C33H32O11 [M + H]+ 8.79 605.2021 0.21 5.38

2-Arylbenzofuran flavonoids NA 2-Arylbenzofuran flavonoids C26H34O11 [M − H]− 6.81 521.2031 0.38 5.63

Coumarins and derivatives Furanocoumarins Angular furanocoumarins C17H12O6 [M − H]− 6.60 311.0547 0.56 5.95

Coumarin glycosides Coumarin glycosides C16H18O9 [M − H]− 3.84 353.0870 2.45 6.00

NA Coumarins and derivatives C10H8O6S [M − H]− 7.06 254.9952 0.50 4.94

Cinnamic acids and derivatives Hydroxycinnamic acids and derivatives Coumaric acids and derivatives C13H16O5 [M − H]− 8.12 251.0909 0.19 5.46

Hydroxycinnamic acids C9H8O4 [M − H]− 6.19 179.0340 25.60 6.24

Diarylheptanoids Linear diarylheptanoids Linear diarylheptanoids C20H24O3 [M − H]− 13.86 311.1670 6.64 5.30

Flavonoids Flavones 3-Prenylated flavones C25H24O7 [M − H]− 7.81 435.1488 0.18 5.15

O-Methylated flavonoids 3′-O-methylated flavonoids C16H12O6 [M − H]− 6.48 299.0578 7.24 6.38

4′-O-methylated flavonoids C16H12O5 [M − H]− 8.45 283.0631 0.81 6.44

6-O-methylated flavonoids C18H18O8 [M − H]− 4.77 361.0936 0.23 5.52

(Continued)
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the PRL inhibition effect by getEstimates function (Venturelli
et al., 2016). Dynamic growth models of plant leaf area
were fitted in exponential growth curves illustrating the early
development patterns. One-way ANOVA analysis was applied
with post hoc Tukey HSD test (α = 0.05) to compare the treatment
difference for other plant traits. Besides, two-way ANOVA
analysis was used for two independent variables: the addition
of growth media and timepoints. The statistical analysis of the
remaining parameters and data visualization were performed
with GraphPad Prism software version 8.0.2 (GraphPad, San
Diego, CA, United States).

RESULTS

Preparation of Sunflower Bark Extract
and Chemical Analysis
Aqueous extraction of sunflower bark was obtained using a
twin-screw extruder as described in the materials and methods.
Supplementary Table 2 shows the chemical composition of the
starting bark materials, with the insoluble fraction constituting
88% of the bark containing 50% cellulose and 15% lignin. The
high content in lignocellulose promoted the separation into
fiber (pulp) and a liquid filtrate, which contained the water-
soluble compounds. The chemical composition and antioxidant
activity of the freeze-dried liquid filtrate (SBE) contained 1.5%
(w/w) soluble protein and 0.7% (w/w) carbohydrate (Table 1).
The polyphenol content (TPC and TFC) per gram dry biomass
of SBE was 6.46 mg AsA equivalents and 29.68 mg CHA
equivalents with phenolic acids, and 9.70 µg QE equivalents
and 15.93 µg rutin equivalents with flavonoids. TAC of SBE
was represented as IC50 from in vitro antioxidant assays, which
were 20.66 and 117.34 TE equivalents in the DPPH and ABTS
assay, respectively.

The low molecular weight primary and secondary metabolites
were characterized by untargeted metabolic profiling using
UHPLC-PDA-HRMS. It resulted in 2369 LC–MS features
in the ESI+ mode and 814 under the ESI− mode (the
chromatograms are shown in Supplementary Figure 2, all
the identified compounds are listed in Supplementary Data
1). A total of 26.03% of the ESI+ and 57.97% of the ESI−
detected peaks were tentatively identified. These compounds
were classified according to 35 distinct categories of plant
metabolites (Figure 1). The lipids and lipid-like molecules,
organic acids, phenylpropanoids and polyketides, benzenoids,
and organoheterocyclic compounds formed the five most
extensive groups representing half of the classified metabolites.
SBE was particularly rich in compounds across chemical
superclasses of phenylpropanoids and polyketides, organic acids
and derivatives, and benzenoids, of which polyphenols are
well-known antioxidants with cytoprotective activity (Kiokias
et al., 2020; Šamec et al., 2021). Thereby, we further focused
on the diverse proportions of non-flavonoid and flavonoid
compounds of interest under the phenylpropanoids and
polyketides superclass in SBE. Eleven polyphenol classes involved
20 subclasses, and 45 tentatively identified compounds were
illustrated in Table 2.
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FIGURE 2 | Dose-response curve of relative primary root length to the
increase of SBE concentration in the Arabidopsis root assay. Each data point
indicates the mean ± SD (n > 15). The black line represents the 5-parameter
logistic regression. SBE, sunflower bark extract; EC50, half-maximal-effect
concentration.

Sunflower Bark Extract Inhibited the
Primary Root Growth of Non-stressed
Arabidopsis Seedlings in a
Dose-Response Manner
The root tip is a sensory organ that evaluates the presence of
mineral nutrients and physical obstructions, adapting its growth
in response to the conditions by altering the growth rate and
orientation of cell division and expansion (Svolacchia et al., 2020).
Hence, the primary root is very susceptible to environmental
conditions, and its plasticity facilitates the detection of slight
changes in the composition of the growing medium (Malamy,
2005). To test the impact of SBE application on root growth,
root length (PRL) and branching (AR, LR, and JR) of in vitro
grown Arabidopsis seedlings were determined (Supplementary
Figure 3). Significantly less AR was formed when treated with
SBE at higher doses. A strong reduction in LR number was
observed at SBE levels from 1 g/L, while the effect on JR formation
was more complex with a promotion up to 1 g/L SBE but a
reduction from a higher concentration above 1 g/L. Furthermore,
the EC50 of SBE inhibition of PRL was 0.63 g/L (Figure 2).
Since root growth often shows an adaptive behavior to exogenous
stimuli, the inhibition of PRL was examined at different time
intervals after transfer to the medium containing SBE. Growth
inhibition was observed 24 h after treatment with 1 g/L SBE,
while at 3 g/L SBE inhibition occurred 6 h after treatment
(Supplementary Figure 4). To avoid secondary effects following
primary root growth inhibition, SBE was applied at 0.5 g/L in the
subsequent assays (Supplementary Figure 3).

Priming With Sunflower Bark Extract Did
Not Alter Germination Rate but
Stimulated Shoot Growth
We did not observe a notable change in shoot growth after
transferring 3 DAG Arabidopsis seedlings to SBE containing
medium (Figure 3B). In addition to the seed priming experiment,
there was no impairment of seed germination rate after 2 days

in any of the treatments (Supplementary Figure 5). After
4 days, however, we observed a slight, statistically significant
increase in the leaf area of seedlings grown on SBE containing
medium (Figure 4A).

Sunflower Bark Extract Alleviated Shoot
Growth Inhibition Under Salt Stress
Biostimulants typically show a more pronounced effect in plants
grown under stress (Rouphael and Colla, 2020). The impact of
SBE was therefore assessed under conditions of salt stress. As the
suppression of shoot growth by NaCl was very notable (Claeys
et al., 2014), the projected leaf area was used as a proxy for
determining the effect of SBE. In the shoot assay, the shoot
growth was severely inhibited in the presence of 100 mM NaCl,
showing a reduced petiole length, smaller cotyledons, and delayed
or even arrested emergence of the first true leaves (Figure 3A).
In the presence of SBE, the NaCl-stressed seedlings generated
a significantly larger green surface area than in control salt-
stressed plants (Figure 3B). NaCl causes osmotic stress and
ionic imbalances, affecting the integrity of the plasma membrane
(Dubois and Inzé, 2020). Therefore, the seedlings were collected
after 13 DAG to determine the electrolyte leakage (Figure 3C).
Salt stressed plants grown on SBE containing medium showed
much lower conductivity than the control plants, suggesting that
SBE treatment protected the plants from cell membrane damage.

We then put more attention to early true leaf development in
seed priming treatment. SBE did not influence the germination
rate of Arabidopsis under salt stress conditions (Supplementary
Figure 5). Since we noticed that shoot growth was enhanced in
SBE containing medium, a time-course analysis was performed
to determine this response in more detail (Figure 4). On 100 mM
NaCl-containing medium, shoot development was significantly
reduced, while this growth inhibition was strongly alleviated
when SBE was included in the medium (Figure 4A). Under
normal conditions, all plants expanded their first true leaves
at 10 DAG, while in the presence of NaCl, only 20% of the
plants produced expanded true leaves. However, the number
of salt-stressed plants with expanded true leaves increased to
around 80% when treated with SBE (Figure 4B). The addition
of SBE advanced true leaf development by about 2 days, and
the effects were already noticeable from 3 DAG when NaCl-
induced anthocyanin accumulation as a red discoloring of the
cotyledons and at the upper hypocotyl margin was observed.
While less intense red coloring was shown in the presence of
SBE (Figure 4C).

Sunflower Bark Extract Preserved
Photosynthesis Pigments and Stabilized
the Cell Membrane Under Salt Stress
The Arabidopsis response to salt stress includes a reduction
in growth, reflected in lower fresh weight and dry weight
(Figures 5A,B), and a bleaching effect that entails a decline
of pigments, the photosynthetic chlorophyll, and carotenoids
(Leschevin et al., 2021). These pigments were quantified, and
chla+b was reduced twofold, whereas carotenoids were down by
about threefold in 10 DAG salt-stressed seedlings (Figures 5C,D).
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FIGURE 3 | Salt stress alleviation of SBE treatment in the Arabidopsis shoot assay. (A) Phenotypes of representative seedlings at 13 DAG grown on multiwell plates.
Bar = 2 mm. The changes of (B) leaf area (n = 16) and (C) conductivity (n = 4) of 13 DAG seedlings. Error bars indicate SDs of the means. Different letters represent
significant differences between treatments using Tukey’s HSD test (p < 0.05). SBE, sunflower bark extract; DAG, days after germination.

FIGURE 4 | Salt stress alleviation of SBE treatment in the Arabidopsis true leaf assay. (A) The dynamic growth of leaf area from 3 DAG to 10 DAG. Error bars
indicate SDs of the means (n = 9). Different letters represent significant differences between treatments using Tukey’s HSD test (p < 0.05). Fitted lines were
exponential curves of dynamic leaf area growth. The symbols * and # represent significant differences between treatment with or without SBE addition under control
or salt stress conditions at the same time point, respectively (p < 0.05). Both salt treatments were significantly different from the two non-stress treatments at every
time point (label not shown). (B) The percentages of plants successfully developed with true leaves at 10 DAG. (C) Phenotype changes of representative seedlings
from 3 DAG to 10 DAG focusing on the center of two cotyledons under binocular 6.3× zoom. Bar = 2 mm. Arrows without tails indicate salt stress alleviation by SBE
addition on anthocyanin accumulation at the cotyledon edges of 3 DAG seedlings. Arrows with tails showed the earliest starting time point of visible true leaves.
SBE, sunflower bark extract; DAG, days after germination.

This protective effect of SBE was accompanied by diminished
salt stress-induced electrolyte leakage (Figure 5E) and MDA
overaccumulation (Figure 5F).

To investigate whether SBE exerts a priming protective effect
on mature leaves, punched leaf discs from fully developed leaves
were pretreated for 1 day with SBE or water as a control
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FIGURE 5 | Salt stress alleviation of SBE treatment on the physiological traits of 10 DAG Arabidopsis in the true leaf assay. (A) Fresh weight, and (B) dry weight of
the whole seedlings at 10 DAG. The changes of photosynthetic pigments containing (C) chlorophyll a and b, (D) carotenoid content, (E) conductivity, and (F) MDA
content. Error bars indicate SDs of the means (n = 4). Different letters represent significant differences between treatments using Tukey’s HSD test (p < 0.05). SBE,
sunflower bark extract; DAG, days after germination; FW, fresh weight; DW, dry weight; Chl a, chlorophyll a; Chl b, chlorophyll b; MDA, malondialdehyde.

(Figure 6A). Next, the leaves were floated for 2 days on a
solution with or without 200 mM NaCl. The SBE pretreated
leaves maintained a higher level of chla+b and carotenoid content
under salt stress conditions (Figures 6B,C). Similar to the salt-
stressed seedlings, SBE pretreatment dampened the accumulation
of MDA production induced by salt (Figure 6D).

Sunflower Bark Extract Mitigates NaCl
Toxicity by Suppressing Hydrogen
Peroxide Overaccumulation
Salinity-induced osmotic and ionic stress affects cellular redox
homeostasis by H2O2 overproduction causing oxidative damage
to proteins and lipids (Munns and Tester, 2008; Huang et al.,
2019). We, therefore, asked if SBE scavenges ROS in salt-stressed
plants. The H2O2 levels more than doubled in salt stress seedlings
at 10 DAG (Figure 7A). The salt-induced increase in H2O2
was reduced to about 60% by SBE application (Figure 7A).
ROS reduction was already apparent after 3 DAG upon ROS
staining with DAB (Supplementary Figure 6 and Figure 7B),
which coincides with the earliest time point when SBE started
showing a significant improvement in shoot growth on NaCl
containing medium (Figure 4C). The relative DAB staining
intensity in plants grown in the presence of SBE was lower than
in plants without SBE (Figure 7B). The quantification of DAB
intensity in the cotyledons, hypocotyl, root, and SAM showed
that the dampening effect of SBE occurred in all seedling organs

(Figure 7C). H2O2 levels were relatively higher in the root
and SAM than in cotyledons and hypocotyl. The SBE mediated
reduction of ROS was most pronounced in the SAM in line with
the protective effect of SBE on true leaf development under salt
stress conditions.

Next, we asked whether SBE neutralizes ROS formation via the
overactivation of antioxidant enzymes that are part of the plant
defense system (Apel and Hirt, 2004; Bobrovskikh et al., 2020).
To this end, the activity of the antioxidant enzymes was measured
in control and salt-stressed seedlings grown with or without SBE
supplement (Figure 8). In control conditions, no difference in
antioxidant enzymes activity was investigated. SBE treatment of
salt-stressed plants significantly increased the activity of CAT,
APX, and POX (Figures 8B–D), which directly participate in
eliminating ROS pathway by catalyzing the conversion from
H2O2 to H2O (Dumanović et al., 2021). In contrast, SOD, GR,
GST, and MR were not significantly altered by SBE treatment
(Figure 8A and Supplementary Figure 7).

DISCUSSION

This study on the analysis of potential biostimulant activity is a
major step in valorizing sunflower stalks. Here, we report that
SBE, a side stream obtained during fiber isolation by twin-screw
extrusion, contains polyphenols and other bioactive molecules
that activate ROS scavenging enzymes, thereby suppressing the
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FIGURE 6 | Salt stress alleviation of SBE pretreatment on expanded Arabidopsis leaves in the leaf disc assay. (A) The representative image of treated leaf discs was
taken before sampling. Bar = 2 cm. Photosynthetic pigments contain (B) chlorophyll a and b, and (C) carotenoid content. (D) MDA content. Error bars indicate SDs
of the means (n = 6). Different letters represent significant differences between treatments using Tukey’s HSD test (p < 0.05). SBE, sunflower bark extract; DAG,
days after germination; FW, fresh weight; Chl a, chlorophyll a; Chl b, chlorophyll b; MDA, malondialdehyde.

oxidative damage to Arabidopsis seedlings grown on the NaCl-
containing medium. Together, the results suggest that SBE is a
potential source of biostimulant.

The twin-screw extrusion method is an extraction technique
for separating insoluble parts (e.g., fibers) from solvent-soluble
molecules in a single step. The solvent, thermal and mechanical
actions are customized to extract fiber-rich plant biomass
from crop waste such as sunflower stems (Evon et al., 2018;
Vandenbossche et al., 2019). The extrusion method is an
ecofriendly biorefinery process that meets the criteria of “green
chemistry” extraction of natural products (Chemat et al., 2012).
Yet, the bark extract is not economically valorized from the
sunflower fiber part. SBE is an aqueous extract adhering to the
guidelines of the European directive for certification of natural
substances without pesticide residue and, as such, can be used to
produce a novel biostimulant.

The outer bark constitutes about 90% dry weight of the
whole stalk, indicating that it is much denser than the pith
(Xu et al., 2020). The stems contain a considerable amount of
polyphenols (Kamal, 2013). The chemical composition of an
aqueous extract from sunflower bark has not yet been reported.
An estimation of phenolics content (TPC) in SBE (Table 1)
was obtained by applying a modified Folin–Ciocalteu assay to
quantify TPC values against CHA (Sánchez-Rangel et al., 2013).
However, the TFC values for evaluating “total” flavonoid content

are not adequate based on aluminum complex reaction as the
two procedures we performed are specific for different flavonoid
structures (Pękal and Pyrzynska, 2014). In this situation, it is
not possible to compare the accurate polyphenol content across
the studies using different protocols. Therefore, to improve the
coverage of present plant metabolites in SBE besides polyphenols,
UHPLC-PDA-HRMS was performed for more precise detection
and identification (Lai et al., 2018). Thanks to the validated
algorithm increasing the accuracy of compound identification
(Tsugawa et al., 2016), MS-DIAL combined with MS-FINDER
is recommended to match MSe spectra in silico for untargeted
metabolomics (Blaženović et al., 2017; Vaniya et al., 2017). Our
study thus provides the chemical composition of SBE, to some
degree, revealing the plant metabolomics with both colorimetric
and UHPLC-PDA-HRMS analysis.

Sunflower bark extract shows conspicuously in vitro activity,
completely inhibiting primary root growth at doses above
1 g/L (Supplementary Figure 3). This strong growth inhibition
contrasts with the growth-promoting effects observed in salt-
stressed plants treated with more diluted SBE. Sunflowers
produce a diverse set of allelochemicals that either positively or
negatively affect the growth of other plant species (Macías et al.,
2002). Some of these allelochemicals were already identified in
sunflower stalks (Maheswari et al., 2019). Allelopathic activity in
sunflower was closely linked with the presence of polyphenols
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FIGURE 7 | Hydrogen peroxide accumulation of 3 DAG and 10 DAG
Arabidopsis seedlings under salt stress in the true leaf assay. (A) H2O2

content in 10 DAG seedlings. (B) Representative images of 3 DAG seedlings
after histological staining of H2O2 by DAB are shown in pseudo-colors of
relative DAB intensity as shown in the color bar. Regions of interested organs
are shown in circles with black dotted lines. Bar = 1 mm. (C) Relative DAB
staining intensity of four organs in 3 DAG seedlings. Error bars indicate SDs of
the means [n = 4 (A) and >25 (B)]. Different letters represent significant
differences between treatments (p < 0.05). SBE, sunflower bark extract; DAG,
days after germination; H2O2, hydrogen peroxide; DAB,
3′,3-diaminobenzidine; C, cotyledon; H, hypocotyl; R, root; SAM, shoot apical
meristem.

and terpenes (Rawat et al., 2017). Sunflower aqueous shoot
extract partially inhibited rapeseed and Cephalaria seedling
growth (Hamad, 2017). Natural polyphenols were extensively
reported to induce cytotoxicity in plant normal cells as well
as cancer cell in dose-dependent manners (Rasouli et al., 2016;
Perveen, 2017). These or other allelopathic compounds are likely
also present in SBE and could be responsible for the primary root
growth inhibition at high doses and may also prime to trigger
a plant defense response, a property of many biostimulants
(Kerchev et al., 2020).

However, at 0.5 g/L, SBE protected Arabidopsis from oxidative
damage induced by a moderate concentration of NaCl in the
medium (Figure 4). Also, allelopathic extracts from Levisticum
officinale Koch were recently identified to have a positive
performance on soybean yield (Szparaga et al., 2021). One of
the reasons is that some polyphenols have antioxidant activity
and play a role in controlling oxidative stress in plants (reviewed
in Ferdinando et al., 2012; Šamec et al., 2021). For example,
quercetin suppressed the ROS toxicity of paraquat in seedlings
of Arabidopsis, tobacco, and duckweed (Kurepa et al., 2016)
and heavy-metal stress in Arabidopsis (Zhang et al., 2017).
Recent evidence shows that flavonoids are active as cytoprotective
antioxidants preventing mitochondrial signaling that regulates

FIGURE 8 | The antioxidant activities of Arabidopsis seedlings under salt
stress at 10 DAG in the true leaf assay. (A) SOD activity, (B) CAT activity,
(C) APX activity, (D) POX activity. Error bars indicate SDs of the means.
Different letters represent significant differences between treatments using
Tukey’s HSD test (p < 0.05). SBE, sunflower bark extract; DAG, days after
germination; U, enzyme activity unit (µmol/min); SOD, superoxide dismutase;
CAT, catalase; APX, ascorbate peroxidase; POX, peroxidases.

autophagy and apoptosis (Kicinska and Jarmuszkiewicz, 2020).
Phenolic acids are also stress-relieving molecules due to their
high antioxidative properties (Šamec et al., 2021), namely, caffeic
and sinapic acids enhance salt tolerance in wheat seedlings when
exogenously applied (Kaur et al., 2017). The reduction in ROS
levels mediated by SBE is likely due to the antioxidant activity
of polyphenols and possibly other molecules within a non-toxic
concentration range.

Next to polyphenols, SBE contained digestible carbohydrates
and soluble protein. Sugars released from carbohydrates function
as energy metabolites, osmoprotectants, and signaling molecules
and mitigate stress responses in plants (Rook et al., 2006;
Krasensky and Jonak, 2012). Likewise, several amino acids
derived from proteins have been proved to be precursors of
secondary metabolites and signaling molecules tightly related to
plant responses under stress (Batista-Silva et al., 2019). These
water-soluble primary compounds may support plant stress
adaptation and complement the ROS suppressing activity of the
above-mentioned bioactive agents.

The true leaf development assay in Arabidopsis is a sensitive
method for evaluating DNA damaging agents (Rosa et al.,
2013). High concentrations of NaCl induce ROS formation in
germinating eggplant leading to DNA damage (Kiran et al.,
2020). In particular stem cells in germinating seeds and in
shoot meristems are highly susceptible to DNA damage causing
an arrest in leaf development (Fulcher and Sablowski, 2009).
We speculate that the accumulation of H2O2 in SAM causes
oxidative damage, including DNA damage and that this prevents
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the development of the first true leaves in our experiments
(Figure 7C). Polyphenols suppress ROS overaccumulation by
neutralizing free radicals with donated electrons or hydrogen
atoms with concomitant formation of stabilized phenolic radicals
(Dumanović et al., 2021). In addition, polyphenols activate
ROS scavenging enzymes (Kerchev et al., 2020). These enzymes
function in plant defense and regulate cell growth and cell
death (Mhamdi and Van Breusegem, 2018). Therefore, SBE will
likely affect shoot growth under salt stress by activating ROS
scavenging enzymes.

In future experiments, fractionation of SBE into less complex
mixtures will be necessary to define the extent of synergism
between the different bioactive molecules. Plant extract-based
biostimulants are typically mixtures of bioactive compounds
(García-García et al., 2020), which may explain why certain
extracts are active despite the applied low dilutions. Given that
the large biomass of sunflower stalks is currently underused,
we anticipate that it is a suitable resource for biostimulant
development and will contribute to valorization of the stems.
Further studies will also focus on the consistency and
reproducibility of bioactivity across separate harvested materials.

CONCLUSION

Taken together, we demonstrated that SBE can be refined from
sunflower bark using water as an extraction solvent in a twin-
screw extruder and that it contains bioactive molecules that
act as protectants against salt stress by maintaining cellular
redox homeostasis. The results highlight the potential of SBE
as a source for biostimulant production that can be used for
seed biopriming, soil, and foliar application. Future studies are
underway to test the effectiveness of SBE biostimulant under field
conditions on various crops. The characterization of the bioactive
ingredients is a critical target to unravel the chemical structure
and underlying mode of action.
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Pseudomonas sp. strain 1008 was isolated from the rhizosphere of field grown

wheat plants at the tillering stage in an agricultural plot near Pergamino

city, Argentina. Based on its in vitro phosphate solubilizing capacity and

the production of IAA, strain 1008 was formulated as an inoculant for

bacterization of wheat seeds and subjected to multiple field assays within

the period 2010–2017. Pseudomonas sp. strain 1008 showed a robust

positive impact on the grain yield (+8% on average) across a number

of campaigns, soil properties, seed genotypes, and with no significant

influence of the simultaneous seed treatment with a fungicide, strongly

supporting the use of this biostimulant bacterium as an agricultural input

for promoting the yield of wheat. Full genome sequencing revealed that

strain 1008 has the capacity to access a number of sources of inorganic and

organic phosphorus, to compete for iron scavenging, to produce auxin, 2,3-

butanediol and acetoin, and to metabolize GABA. Additionally, the genome of

strain 1008 harbors several loci related to rhizosphere competitiveness, but

it is devoid of biosynthetic gene clusters for production of typical secondary

metabolites of biocontrol representatives of the Pseudomonas genus. Finally,

the phylogenomic, phenotypic, and chemotaxonomic comparative analysis

of strain 1008 with related taxa strongly suggests that this wheat rhizospheric

biostimulant isolate is a representative of a novel species within the genus

Pseudomonas, for which the name Pseudomonas pergaminensis sp. nov.

(type strain 1008T = DSM 113453T = ATCC TSD-287T) is proposed.

KEYWORDS

PGPR, Pseudomonas pergaminensis sp. nov., wheat, biostimulant, agronomic
efficiency, genome mining, phylogenomics

Frontiers in Plant Science 01 frontiersin.org

865

https://www.frontiersin.org/journals/plant-science
https://www.frontiersin.org/journals/plant-science#editorial-board
https://www.frontiersin.org/journals/plant-science#editorial-board
https://doi.org/10.3389/fpls.2022.894985
http://crossmark.crossref.org/dialog/?doi=10.3389/fpls.2022.894985&domain=pdf&date_stamp=2022-07-28
https://doi.org/10.3389/fpls.2022.894985
http://creativecommons.org/licenses/by/4.0/
http://creativecommons.org/licenses/by/4.0/
http://creativecommons.org/licenses/by/4.0/
http://creativecommons.org/licenses/by/4.0/
http://creativecommons.org/licenses/by/4.0/
https://www.frontiersin.org/articles/10.3389/fpls.2022.894985/full
https://www.frontiersin.org/journals/plant-science
https://www.frontiersin.org/


fpls-13-894985 July 28, 2022 Time: 7:17 # 2

Díaz et al. 10.3389/fpls.2022.894985

Introduction

The rhizosphere of terrestrial plants harbors complex
assemblages of bacteria that are fundamental for the nutrition,
health, and tolerance to biotic and abiotic stresses of the plant
host (Mendes et al., 2013), being this interkingdom association
a consequence of a long co-evolutionary history that shaped
the current plant holobionts (Rosenberg and Zilber-Rosenberg,
2016; Lyu et al., 2021). Those plant-beneficial bacteria are
collectively referred to as plant growth-promoting rhizobacteria
(PGPR), a concept introduced in the late 70’s (Kloepper et al.,
1980). Although the taxonomic composition of the rhizosphere
microbiome is certainly influenced by the plant genotype,
soil features, agronomical practices, and environmental factors
(Philippot et al., 2013), there are ubiquitous bacterial groups
that are hallmark components of the rhizosphere niche, such
as members of the Streptomyces, Flavobacterium, Bacillus,
Burkholderia, and Pseudomonas genera (Mendes et al., 2011; Rey
and Dumas, 2017; Imade and Babalola, 2021; Kavamura et al.,
2021).

In particular, Pseudomonas spp. strains display a strong
preference for the rhizosphere habitat in comparison to bulk
soil, a feature that has been revealed by both culture-dependent
and culture-independent approaches (Molina et al., 2000;
Agaras et al., 2012; Tao et al., 2020; Chiniquy et al., 2021). The
relative ease to isolate and culture Pseudomonas strains in the
lab, together with the identification and characterization of a
number of genetic and biochemical traits that may significantly
contribute to the growth and health of the host plant, has
fostered the exploitation of a number of Pseudomonas isolates
for the development of agricultural inputs to increase the yield
of different crops. The latter represents a promising conceptual
solution to the worldwide demand of eco-friendly alternatives
to the questioned utilization of chemical inputs in agriculture
(Backer et al., 2018; Höfte, 2021; Müller and Behrendt, 2021).

A group of isolates of the genus Pseudomonas that
have become plant biocontrol models, like Pseudomonas
protegens CHA0, Pseudomonas synxantha 2–79. Pseudomonas
chlororaphis PA23, or Pseudomonas simiae WCS417, have the
ability to protect the roots of colonized plants from diverse
phytopathogens, either through the production of antimicrobial
compounds and/or by inducing systemic resistance in the plant
(Ramette et al., 2011; Duke et al., 2017; Zhang et al., 2020; Höfte,
2021; Pieterse et al., 2021). On the other hand, rhizospheric
isolates like P. fluorescens SS101 or P. fluorescens SBW25, do
not show biocontrol capacity at all, but display plant growth-
promoting traits like strong root competitiveness, stimulation
of root growth and/or modulation of hormone homeostasis
(Park et al., 2015; Shinde et al., 2019), and fall within the
definition of plant biostimulants (Du Jardin, 2015). Usually,
the in vitro characterization of such indirect (biocontrol) or
direct (biostimulant) traits has been further mined at the genetic
and/or genomic level, to unravel the underlying molecular

determinants (Paterson et al., 2017; Agaras et al., 2018; Biessy
et al., 2019; Pieterse et al., 2021), which may ultimately lead to
biotechnological improvements of the identified plant-beneficial
traits (Haskett et al., 2021).

Nevertheless, only a few thoroughly characterized
Pseudomonas isolates with plant-beneficial traits have been
registered worldwide as active ingredients for the production
of commercial agricultural inputs (Basu et al., 2021; Höfte,
2021), a fact that most likely reflects the hurdles existing in the
transition from the lab to the field (Backer et al., 2018). Here,
we report the isolation of the Pseudomonas sp. isolate 1008
from the rhizosphere of field-grown wheat, which proved to
be a highly efficient biostimulant of wheat crops in field assays
under agronomical conditions. Further, we have determined its
full genome sequence, explored its plant-beneficial genetic
traits, and carried out phylogenomic, phenotypic and
chemotaxonomic comparative analyses with related taxa,
which strongly support that strain 1008 is a plant-biostimulant
representative of a novel Pseudomonas species.

Materials and methods

Strain isolation and characterization

Root systems of wheat plants (stage Z.20; tillering) with
their surrounding soil were sampled in a productive plot in the
vicinity of Pergamino city, Province of Buenos Aires, Argentina
(33◦ 56′ 41′′ S, 60◦ 34′ 04′′ W) (Figure 1a). Care was taken
to avoid damaging the root systems. The plants were placed in
clean plastic bags, leaving them open to avoid anoxic conditions,
and were transported to the laboratory for processing without
delay (Figure 1b). The aerial parts were cut, and the root
systems were gently brushed to remove loosely adhered soil
(Figure 1c). Each root system with its tightly associated
rhizospheric soil was placed in an Erlenmeyer flask containing
sterile demineralized water (pH 6.8–7) and agitated for 30 min
at 200 rpm. Thereafter, aliquots of the suspensions were serially
diluted with sterilized water, plated on Pseudomonas agar F
(Merck Millipore) and incubated at 28◦C for 48 h. The colonies
that showed fluorescence upon exposure of plates to UV light
(Figure 1d) were re-streaked for ensuring purity and preserved
for subsequent characterization and preliminary identification.
Colonies of interest were first screened on the basis of
the conventional physiological tests according to Bergey’s
Manual of Determinative Bacteriology (Palleroni, 2015) to
select candidate isolates of the species Pseudomonas fluorescens
or closely related species (i.e., Gram-negative rods that grow
in cetrimide agar: positive; oxidase test: positive; glucose
fermentation: negative; motility: positive; fluorescent pigments
in Pseudomonas F medium: positive; fluorescent pigments in
Pseudomonas P medium: negative; growth at 41◦C: negative;
gelatin hydrolysis: positive). Phosphate solubilization, a feature
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sought for the selection of candidates for the formulation of
biofertilizer inoculants, was applied as the second screening
criterion in agarized Pikovskaya’s medium (Pikovskaya, 1948).
The phosphate solubilizing isolates preliminary identified as
P. fluorescens were further tested with the bioMérieux API
20 NE Gallery System. The isolate 1008, which is the
subject of this study and that was originally designated as a
P. fluorescens representative on the basis of the aforementioned
biochemical and physiological tests, was selected for further
characterization and development of a commercial formulation
for agronomical purposes.

Phenotypic assays

Strain 1008 was routinely grown on Pseudomonas agar F
(Merck Millipore) or nutrient agar (NA; 4% w/v blood agar
base, 0.5% w/v yeast extract; Biokar). Liquid cultures were
grown in tryptone soybean broth (TSB; Laboratorios Britania)
or nutrient yeast broth (NYB; 2.5% w/v nutrient broth, 0.5%
w/v yeast extract; Biokar), with shaking (200 rpm). In all cases,
incubation temperature was 28◦C. The strain was stored at
−80◦C as a suspension of an overnight NYB culture containing
20% w/v of glycerol. Solubilization of mineral phosphate was
qualitatively assessed in agarized medium containing inorganic
phosphate (Pikovskaya, 1948). The presence of a clear halo
around the bacterial colonies was determined after 5 days
of growth. Phosphate solubilization was quantified in liquid
Pikovskaya medium with 5 g/L of Ca3(PO4)2 (Pikovskaya, 1948)
modified by buffering with 100 mM Tris and adjusting the
pH to 8.0 with HCl. Samples from triplicate cultures were
withdrawn to assess soluble phosphate concentration. In total,
1 mL of the cell suspension was centrifuged at 12,000 × g
for 20 min at 4◦C, and the P content in the supernatant was
determined by the molybdenum blue method (Murphy and
Riley, 1962). Zinc solubilization was qualitatively assessed in
agarized Pikovskaya’s base medium containing 1% w/v ZnO
(Tagele et al., 2019). The presence of a clear halo around
the bacterial colonies was determined after 48 h of growth.
Extracellular protease and phospholipase C (lecithinase) activity
were qualitatively assessed in skimmed milk agar or in egg
yolk agar, respectively, as reported previously (Sacherer et al.,
1994). Intracellular and extracellular phosphatase activities
were determined enzymatically by following the hydrolysis of
p-nitrophenyl phosphate in reactions buffered at pH 5.5 or
pH 9.0 (for acid and alkaline phosphatase, respectively), as
reported (Tabatabai and Bremner, 1969). Cellular siderophore
production was qualitatively studied in CAS agar plates
(Schwyn and Neilands, 1987). Hydrogen cyanide production
was detected using the picrate filter paper method (Egan et al.,
1998). Indoleacetic acid (IAA) production was analyzed in
the supernatant of cultures grown for 24 h in tryptophan-
amended medium (20 mg/100 ml) by colorimetry with the

Salkowski reagent, as described elsewhere (Bric et al., 1991). The
capacity of strain 1008 to inhibit the growth of phytopathogenic
fungi was assessed with the dual culture assay on PDA
plates (Muller et al., 2018). Analysis of cellular fatty acids
and metabolic profiling in Biolog GenIII plates were carried
out by DSMZ Services, Leibniz-Institut DSMZ - Deustsche
Sammlung von Mikroorganismen und Zellkulturen GmbH,
Brunswick, Germany.

Transmission electron microscopy

Cells of strain 1008 from early stationary-phase cultures in
NYB were negatively stained with a solution of 2% w/v uranyl
acetate for 5 min and directly observed at a magnification of
15,000–40,000× with a JEOL/JEM 1200 EX II transmission
electron microscope at the Microscopy Service of the School of
Veterinary Sciences (National University of La Plata, La Plata,
Argentina). The dimensions of cells were analyzed in digitalized
images with ImageJ1.

Field assays

Field assays were carried out in three different locations in
the Argentine Pampas, close to the cities of Pergamino, Junín,
and Ferré (Figure 1a). The properties of the soil in each location
are: typic Argiudoll – silt loam, for Pergamino; typic Hapludoll –
loam/silt loam, for Junín and Ferré (Agaras et al., 2020). In
the period 2010–2016, the annual average temperature ranged
between 15.7 and 19◦C, with an average monthly temperature
range of 10 to 23 ◦C; the annual average rainfall ranged between
656 and 1,681 mm, with an average monthly rainfall range of
26 to 182 mm (Supplementary Table 1). The chemical analyses
of soil samples (contents of organic carbon, nitrate, organic
nitrogen, total nitrogen, and extractable phosphorus, and
pH) were determined by Laboratorio SueloFértil (Pergamino,
Buenos Aires2) using standardized agronomical protocols.

For evaluating the impact of seed inoculation with a
commercial formulation based on strain 1008, seeds of different
cultivars of wheat (Triticum aestivum) (Supplementary
Table 2) were treated with the formulated inoculant Rizofos R©

following the instructions of the manufacturer (Rizobacter
Argentina S.A.). Briefly, seeds were treated at a ratio of
0.8 ml of inoculant plus 0.2 ml of Premax R R© bacterial
protectant per 100 g of seeds in a rotary mixer at room
temperature during 2 min. Seeds were immediately sown
or stored at temperatures below 25◦C in the dark for a
period of up to 15 days before sowing. Non-treated seeds
served as control. When indicated (Supplementary Table 2),

1 https://imagej.nih.gov/ij/

2 http://www.suelo-fertil.com.ar
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FIGURE 1

Isolation and microbiological characterization of Pseudomonas sp. strain 1008. (a) Geographic location of the wheat field plot sampled for
isolation of Pseudomonas strain 1008 (1, Pergamino), and of the experimental field assays for evaluation of the performance of the inoculant
based on strain 1008 (1, Pergamino; 2, Ferré; 3, Junín). (b) Wheat plants sampled at tillering stage. (c) Loosely adhered soil was gently brushed
away from the root system. (d) Fluorescent colonies developed on Pseudomonas agar F upon plating of dilutions of rhizospheric suspensions.
(e) Gram staining of cells from a pure culture of strain 1008. (f) Streaks of strain 1008 on Pikovskaya agar with calcium triphosphate as P source.
(g) Close up of a macrocolony of strain 1008 and the surrounding calcium triphosphate solubilization halo on Pikovskaya agar. (h) Transmission
electron micrograph showing cells of strain 1008 grown for 24 h in nutrient yeast broth at 28◦C and 200 rpm. Note the flagella with a typical
polar location. (i) Colony phase variants of strain 1008 on nutrient agar plates. The larger colonies correspond to phase variant 1 (j,k) whereas
the smaller colonies correspond to phase variant 2 (l,m). The colony morphotype of each variant is clearly distinct under magnifying lens (k,m).

seeds had been previously treated with the commercial
fungicide Compinche R© (Rizobacter Argentina S.A.), containing
difenoconazole and metalaxyl-M as active principles.
Genotypes, seed treatments and fertilizer applications
were those recommended by regional agronomical advisers
(Supplementary Table 2).

Each treatment had three replicates per location in a
completely randomized block design, with a plot size of 9 m2

(6 m × 1.5 m, with 7 furrows). Sowing dates, plant densities
and fungicide seed treatments were adjusted to the selected
genotypes and the regional recommendations [Supplementary
Table 2; (Agaras et al., 2020)]. At harvest, the number of plants
and of spikes per m2, and grain yield (kg/ha) were recorded.
When indicated (Supplementary Table 2), the number of
tillers per m2, the tiller and spike dry weight, and the NDVI
(Normalized Difference Vegetation Index, shown as the average
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value per m2, during tillering), were determined during early
crop stages (Benedetti and Rossini, 1993).

Statistical analysis of field assays

The data set comprises twenty-five field assays under
no-till management across seven campaigns, heterogeneously
distributed in three geographical locations. In addition to the
main effect of seed bacterization with the Rizofos R© formulation
containing live cells of strain 1008, the experimental plots
included: the effect of seed pre-treatment with (or without)
the fungicide Compinche R©; five wheat genotypes (Baguette 601,
Klein Tigre, Klein Rayo, Klein Yarará, and Buck SY 300); and
two different forecrops (soybean or cereal/soybean). Thus, we
considered that there were five additional effects that could be
influencing the impact of wheat seed bacterization. First, we
applied ANOVA to evaluate if those effects interacted with seed
bacterization. Upon confirming that the interactions between
bacterization and every additional effect were not significant, we
applied Generalized Linear Mixed Models (GLMM; Di Rienzo
et al., 2011) to evaluate the global effect of seed bacterization
with strain 1008 on crop yield using Infostat v. 2020 software
(Di Rienzo et al., 2020). GLMM were fitted to analyze the data
(with n = 150 for grain yield, plant number and spike number
per m2; n = 114 for tiller number; n = 34 for tiller dry weight;
n = 102 for tiller fresh weight; n = 48 for spike fresh weight),
considering locations, seasons, crop genotypes, forecrops and
seed pre-treatment with fungicide as random effects, and
amending the variance structure to achieve homoscedasticity
when corresponded (Casanoves et al., 2007; Harrison et al.,
2018). The fitted models were evaluated with Akaike’s (AIC)
and Schwarz’s (BIC) Information Criteria, looking for the lowest
values for selecting the best model. Likelihood ratio between
models was applied when AIC ad BIC criteria were not sufficient
to select the best model (Di Rienzo et al., 2011). Finally, ANOVA
tests were performed on each of the 25 field trials to specifically
evaluate the impact of seed bacterization (Di Rienzo et al., 2020).
If appropriate, Fisher’s LSD multiple comparison method was
applied to evaluate significant differences among average values.
In all cases, statistics were done at p < 0.05. Multivariate analyses
were conducted using Principal Component Analysis (PCA) of
grain yield, plant number and tiller number per m2 (n = 150,
Infostat v. 2020).

DNA isolation and genome sequencing

Genomic DNA of strain 1008 was extracted with the Zymo
ZR Soil Microbe DNA MiniPrep kit (Zymo Research), according
to the manufacturer’s guidelines. gDNA concentration and
quality were assessed by UV spectrophotometry with Nanodrop
ND-1000. A sample of 15 µg of gDNA in 10 mM Tris.HCl (pH

8.0) was submitted to Macrogen Inc. (Korea) for whole genome
de novo sequencing with the PacBio RS System. Upon quality
control analysis (fluorescence-based quantification, agarose gel
and microfluidic electrophoresis), the gDNA was processed
according to a guide for preparing SMRTbell template for
sequencing on the PacBio RS System. The templates were
sequenced using SMRT R© sequencing. Sequencing resulted
in a total of 134.530 subreads, with an average length of
9,422 bp, totalizing around 1,27 Gb, which represents 192×
coverage of the genome.

Genome assembly and annotation

The raw data generated from PacBio RS II sequencing was
utilized for whole-genome sequence assembly. The assembly
and annotation approach was performed as described recently
with smaller modifications (Wibberg et al., 2020, 2021). In brief,
the assembly was performed using canu v1.6 (Koren et al.,
2017) resulting in a single, circular contig. This contig was
then polished based on PacBio reads using quiver 2.1 (Chin
et al., 2013) and adjusted to dnaA as the first gene. The finished
genome sequence was annotated with Prokka (Seemann, 2014)
and imported into the annotation platform GenDB (Meyer
et al., 2003). The annotated circular and gapless chromosome
of 6,609,162 bp and a GC content of 60.7% was deposited into
the NCBI database under the accession number CP078013.

Phylogenomic analysis

The phylogenetic position of strain 1008 within the genus
Pseudomonas was inferred by a set of complementary studies
based on comparative sequence analysis of single or multiple
genes, and of genome properties: comparative analysis of whole
genome average nucleotide identity (ANI) and tetranucleotide
usage pattern (Tetra) in the JSpeciesWS server (Richter et al.,
2015); average amino acid identity (AAI) at the EDGAR server
(Dieckmann et al., 2021); 16S rRNA based gene tree, genome-
based phylogenetic tree, and digital DDH at the Type (Strain)
Genome Server (TYGS) (Meier-Kolthoff and Göker, 2019).

Genome mining

The presence of sequences related to integrated plasmids
and prophages was studied with NCBI VecScreen3,
PlasmidFinder 2.1 and PHAST tools (Zhou et al., 2011;
Carattoli et al., 2014). MGEfinder and ICEfinder were used to
identify mobile genetic elements (Liu et al., 2018; Durrant et al.,
2020). oriTfinder was used to identify DNA transfer-related

3 https://www.ncbi.nlm.nih.gov/tools/vecscreen/
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modules (Li et al., 2018). Genomic islands were searched with
IslandViewer 4 (Bertelli et al., 2017). Acquired genes and/or
chromosomal mutations mediating antimicrobial resistance
were inspected using the Resistance Gene Identifier tool4 at the
Comprehensive Antibiotic Resistance Database (Alcock et al.,
2020). The presence of CRISPR/Cas elements was studied with
CRISPRCasFinder and CRISPRMiner2 (Couvin et al., 2018;
Zhang et al., 2018). antiSMASH v6.0 was used for predicting
secondary metabolite biosynthetic gene clusters (Blin et al.,
2021). Bacteriocin gene clusters were mined with BaGel4
(Van Heel et al., 2018). A list of genes related to direct and
indirect plant growth promotion mechanisms, as well as for
rhizosphere competence and interactions with plant cells and
other microbial species, was compiled from recent works
(Berendsen et al., 2015; Biessy et al., 2019; Anderson and Kim,
2020; De Vrieze et al., 2020; Keswani et al., 2020; Singh et al.,
2021) and surveyed in the genome of strain 1008 by using
BlastN and BlastP webservices at the NCBI webpage5. Type IV
secretion system components were identified with OriTfinder
(Li et al., 2018). Type VI secretion system components were
identified with SecRet6 (Li et al., 2015).

Availability of biological material

The type strain, originally designated as 1008, was
deposited in the Leibniz Institute DSMZ - German Collection
of Microorganisms and Cell Cultures GmbH (DSMZ,
Braunschweig, Germany) and in the American Type
Culture Collection (ATCC, Manassas, VA, United States),
under the accession numbers DSM 113453 and ATCC
TSD-287, respectively.

Results

Isolation and characterization of a
phosphate-solubilizing Pseudomonas
isolate with plant growth-promoting
features from field-grown wheat roots

Field-grown wheat plants at the tillering stage were sampled
in an agricultural plot nearby the city of Pergamino (Buenos
Aires province, Argentina; Figure 1a) to generate a collection
of rhizobacterial isolates with potential to be formulated as
an agricultural input. Rhizospheric suspensions were plated on
Pseudomonas agar F, and fluorescent colonies with different
morphological features were subjected to an initial set of
phenotypical tests to retain those P. fluorescens candidates on the

4 https://card.mcmaster.ca/analyze/rgi

5 https://blast.ncbi.nlm.nih.gov/Blast.cgi

basis of Bergey’s determinative manual. Upon further screening
for phosphate-solubilizing potential, one isolate designated as
1008 was retained for further characterization of plant-growth
promoting features (Figure 1 and Table 1). The results of the
bioMérieux API 20 NE Gallery System for strain 1008 were
consistent with an isolate representative of the P. fluorescens
lineage (Supplementary Table 3), which was also supported by
the sequence of its 16S rDNA gene (Supplementary Figure 1).

Strain 1008 was selected by its phosphate-solubilizing
activity in a first screening on agar plates (Figures 1f,g and
Table 1). In liquid Pikovskaya medium after 24 h of growth at
28◦C and 200 rpm, strain 1008 was able to solubilize an average
of 22% of the insoluble calcium triphosphate (final soluble P
content of 45 mg per 100 ml). It was also able to mineralize
P from two types of phosphate rocks (of Chinese and Chilean
origin) achieving a final soluble content of 46 mg P per 100 ml.
In addition to insoluble sources of P, strain 1008 solubilized zinc
in a modified Pikovskaya medium containing ZnO (Table 1 and
Supplementary Figure 2A).

The production of indole acetic acid (IAA)-like compounds
was first detected qualitatively as a positive reaction to
the Salkowski reagent in cells grown in agarized medium
supplemented with 5 mM tryptophan (Table 1). The production
of IAA was confirmed by HPLC-MS/MS analysis of liquid
cultures. Strain 1008 produced IAA in a tryptophan-dependent
manner reaching up to 46,7 mg/100 ml after 48 h of
growth (Supplementary Figure 2E). The production of
extracellular proteolytic and lecithinase activities were revealed
in qualitative plate assays (Table 1 and Supplementary
Figures 2B,C). Spectrophotometric enzymatic assays revealed
the production of both acid and alkaline phosphatases, with
a major fraction of the activity detected in acid conditions
(586 µg p-nitrophenol/mg bacteria.h) of which 83% was located
intracellularly. By contrast, 82% of the total alkaline phosphatase
activity (10 µg p-nitrophenol/mg bacteria.h) was detected in the
culture supernatant.

TABLE 1 In vitro plant growth-promoting traits of Pseudomonas
sp. strain 1008.

PGP trait Detected (+)/Not detected (−)

Phosphate solubilization +

Zinc solubilization +

Alkaline phosphatase activity +

Acid phosphatase activity +

Tryptophan-induced IAA production +

Lecithinase activity +

Exoprotease activity +

Iron sequestration in the presence of CAS +

ACC deaminase activity –

Hydrogen cyanide production –

Antagonism of phytopathogenic fungi –
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FIGURE 2

Agronomic efficiency of Pseudomonas sp. strain 1008. Principal component analyses of wheat parameters measured for 25 field assays (for
details, see Supplementary Table 2). Data were partitioned by seed bacterization treatment with Pseudomonas sp. strain 1008, and by location
(A); or, only by seed bacterization treatment (B). (A) In each location, wheat grain yield and the number of spikes per m2 mainly explain the seed
bacterization effect. Together, PC1 and PC2 explain >85% of the total variance. PC1 explains the geographical effect, whereas PC2 explains the
bacterization effect for each geographical site. (B) Seed bacterization clearly influenced the three measured variables, explaining the whole
variance. In both plots, “Rizofos” refers to the seed bacterization treatment.

Strain 1008 produced soluble and diffusible iron-chelating
compounds detected in CAS plates (Table 1 and Supplementary
Figure 2D) and it was not able to grow on ACC as the
sole C source in defined medium, thus disclosing the lack of
ACC deaminase activity under the tested conditions (Table 1).
Finally, strain 1008 did not produce hydrogen cyanide and
did not inhibit the growth of a variety of phytopathogenic
fungi or an oomycete in dual culture plates (Table 1 and
Supplementary Figure 2F).

Pure cultures of strain 1008 in NYB medium revealed
polarly flagellated cells typical for the Pseudomonas genus,
with average dimensions of 1.9 ± 0.4 µm long and
0.9 ± 0.1 µm wide (Figure 1h). Cells showed on average
1 or 2 polar flagella of up to 10 µm long (Figure 1h).
Interestingly, strain 1008 showed evidence of colony phase
variation in solid medium (Figures 1i–m). The identity
of both phase variants was confirmed by 16S rDNA
sequencing (Supplementary Figure 3). Whereas the colony
morphotypes were clearly distinct (Figures 1i–m), both colony
phase variants were undistinguishable at the cellular level
(Supplementary Figure 3).

To summarize, strain 1008 was isolated from the
rhizosphere of field grown wheat plants at the tillering
stage and preliminary typed as a member of the P. fluorescens
subgroup on the basis of phenotypical tests and its 16S rDNA
sequence (Supplementary Figure 1; see below). In vitro
assessment of plant growth-promoting traits revealed that strain
1008 had features that may directly impact on plant growth
(such as an improvement of P availability to plant roots and
production of IAA). For this reason, strain 1008 was formulated
as an inoculant for wheat seed treatment and subjected to
multiple field assays to evaluate its performance as a plant
biostimulant.

Agronomic efficiency of Pseudomonas
sp. strain 1008

The impact of treating wheat seeds with Rizofos R©, a
commercial formulation based on Pseudomonas strain 1008,
was evaluated in a series of 25 field assays carried out in
the period 2010–2017 (Supplementary Table 2). This dataset
involved seven campaigns in two or three locations (Figure 1a),
a total of five wheat genotypes, two different forecrops, two
treatments with antifungals (Compinche R©, or none), and two
treatments with strain 1008 (Rizofos R©, or none), under no-till
management. The variables that were measured in all 25 assays
were grain yield, number of plants and number of spikes per
m2 (Supplementary Table 2). These were used to carry out
multivariate analyses.

By considering all classifiers (location, campaign, genotype,
seed treatment with antifungals, forecrop, and treatment with
Rizofos R©), we did not find a general impact of any of the
factors (Supplementary Data 1). If location and treatment
with Rizofos R© were only considered for data classification, the
effect of inoculation was clear-cut, specifically based on the
contribution of grain yield and spike number (Figure 2A).
The impact of location was more evident in the plant number
per m2 (Figure 2A). If we only consider the impact of seed
inoculation with Rizofos R© in a principal component analysis,
the PC1 explained 100% of the variability, with those plots in
which seeds were treated with Rizofos R© showing the highest
values for the three variables (number of plants and of spikes
per m2, and grain yield) (Figure 2B). This global analysis of
the field assay dataset thus indicated that all factors other than
seed treatment with Rizofos R© did not strongly influence the data
behavior. Thus, we next proceeded to apply a generalized linear
mixed model, in which all factors (except for seed treatment with
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TABLE 2 Agronomic efficiency of Pseudomonas sp. strain 1008.

Variable n Control +Rizofos R© SE P-value

Grain yield (kg/ha) 150 4,084.4a 4,423.8b 289.0 <0.0001

Number of plants per m2 150 n.s. n.s. n.s. 0.1874

Number of spikes per m2 150 371.4a 388.3b 37.3 0.0274

Tiller number per m2 114 n.s. n.s. n.s. 0.6314

NDVI at tillering * * * * *

Tiller dry weight (g) 34 100.3a 101.9b 10.4 <0.0001

Tiller fresh weight (g) 102 452.6a 489.9b 43.9 0.0007

Spike dry weight (g) * * * * *

Spike fresh weight (g) 48 1,815.0a 1,719.3b 86.0 0.0019

Output of GLMM applied to analyze the impact of wheat seed bacterization with Pseudomonas sp. strain 1008 (Rizofos R©) in field assays. Adjusted average values for non-bacterized
(Control) and bacterized (+Rizofos R©) treatments and associated standard error (SE) are shown. Fisher’s LSD test (α = 0.05) was applied for multiple comparisons. p-value correction was
not applied. See Supplementary Data 1 for more details of the GLMM analysis. *The model could not be built. Different superscript lowercase letters (a, b) denote statistical meaningful
differences between treatment average values. n.s., there was not significant statistical difference among control and treatment with Rizofos.

Rizofos R©) were considered as random effects. This allowed us to
evaluate the impact that treatment of seeds with the inoculant
based on strain 1008 had on the different variables recorded in
the field trials (Table 2 and Supplementary Data 1).

Overall, the variables that responded better and with
statistical support to the seed treatment with Rizofos R© were
grain yield (+8%), number of spikes (+5%), and tiller fresh
weight (+8%) (Table 2). It is worth mentioning that we did
not detect an interaction between the application of fungicide
(Compinche R©) and seed treatment with Rizofos R© for any of the
variables recorded in the field trials (Supplementary Data 1).
In other words, the positive effects of seed inoculation with
Rizofos R© were not influenced by the application of the fungicide
Compinche. With regards to the location of the field trials, the
highest yields were registered nearby Pergamino, although there
was no interaction between the location and seed inoculation
with Rizofos R© (Supplementary Data 1).

When the effect of Rizofos R© was analyzed for each of
the individual field assays by means of a simple ANOVA, we
found that in 18 out of 26 cases (70%), the bacterization of
seeds significantly increased the yield of wheat with p < 0.05
(Supplementary Table 4). If the statistical significance is relaxed
at p < 0.1, the application of Rizofos R© showed a positive yield
response in 100% of the 26 field trials (Supplementary Table 4).

In summary, the application to wheat seeds of an inoculant
formulated with live Pseudomonas sp. strain 1008 showed a
robust positive impact on the grain yield in the field across a
number of campaigns, soil properties, seed genotypes, and with
no significant impact of the simultaneous treatment of the seeds
with a fungicide.

Genomic properties of Pseudomonas
sp. strain 1008

Prompted by the possibility to uncover the genetic basis for
the biostimulant behavior of strain 1008 on the one hand, and

to permit a more confident taxonomic positioning of the strain,
we determined its genome sequence. The 6.6 Mb genome of
this plasmid-free strain is composed by a circular chromosome
with a GC content of 60.72% and is predicted to contain 6,000
protein-coding genes, five ribosomal operons and 67 tRNA
genes (Table 3 and Figure 3). The size and informational
content of strain 1008’ genome is slightly above the average for
the genus (6.3 Mb and 5,775 CDS6, as of July 2021).

One integrative and conjugative element (ICE) of 115 kb
is present in the chromosomal region 3,036,538–3,151,403
(Figure 3 and Supplementary Figure 4). It has a GC content

6 www.pseudomonas.com

TABLE 3 Description of the sequenced, assembled, and annotated
whole genome of Pseudomonas sp. strain 1008.

Sequencing technology PacBio RS chemistry sequencing

Polymerase subread bases 1,267,610,607 bp

Total subreads 134,530

Average subread length 9,422 bp

Average reference coverage 192×

Bio-project number PRJNA741525

NCBI Accession number CP078013

Genome size 6,609,162 bp

G+ C content 60.72%

Chromosome 1

CDS 6,000

Coding density 89%

rRNA operons 5

tRNAs 67

Max. CDS length 14,115 bp

Mean CDS length 980 bp

Genes with COG identified 3,951

Hypothetical proteins (COGs R or S) 34%
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of 56.12% (−4.6% with respect to the chromosome average;
Table 3 and Supplementary Figure 4) and is flanked by perfect
direct repeats of 16 bp at positions 3,036,538 – 3,036,553
(attL) and 3,151,388 – 3,151,403 (attR). This ICE encodes 91
proteins comprising a likely functional T4SS apparatus with
its own relaxase and T4-coupling protein (Supplementary
Figure 4). No integrated plasmids were detected, and no oriT
or relaxase sequences were found outside the ICE region.
A search at the Comprehensive Antibiotic Resistance Database
using the Resistance Gene Identifier tool revealed four ORFs
related to efflux pumps of the RND and MFS families
(Supplementary Table 5), typical of pseudomonads (Pasqua
et al., 2019). One intact 38 kb-prophage of the Pseudomonas
phiCTX family (Hayashi et al., 1990) flanked by attL-attR
sites was identified in between positions 1,778,760 – 1,816,567
(Figure 3). The prophage has a GC content of 57.4% and
encodes 41 ORFs (Supplementary Figure 5A). Importantly,
the ctx gene encoding a eukaryotic cell pore-forming toxin,
originally described for the phiCTX phage of P. aeruginosa
hosts (Hayashi et al., 1990), is not present in the prophage
region of strain 1008 (Supplementary Figure 5A). A second but
incomplete prophage region is present in positions 3,466,884 –
3,483,655 (16.7 kb; Supplementary Figure 5B), and it most
likely represents a phage remnant. Importantly, according to the
PathogenFinder tool of the Center for Genomic Epidemiology
(Cosentino et al., 2013), the genome of Pseudomonas sp. strain
1008 corresponds to a microorganism not pathogenic for
humans (Supplementary Figure 6). In support of the latter
conclusion, strain 1008 did not show evidence of toxicity toward
the nematode Caenorhabditis elegans and the springtail Folsomia
candida, when applied into soil following standardized protocols
(Supplementary Data 2, 3). Strain 1008 was neither pathogenic
in a murine model following intranasal and oral inoculation of
1× 108 cells (Supplementary Data 4).

The chromosome of strain 1008 contains minimal
orphan CRISPR arrays, three of which seem to be derived
from foreign genetic material and two appear to be a self-
targeting spacer originated from the own chromosome
(Supplementary Table 6). However, no CRISPR-associated
(Cas) proteins were detected, so disregarding the functionality
of these CRISPR loci.

Finally, a number of transposable elements were identified
(Figure 3 and Supplementary Table 7), including single copies
of IS66-, IS21-, and IS1182-like elements within the ICE,
and one composite transposon bracketed by two IS3 elements
located just downstream the ICE. In addition, three copies of
IS3 were detected in the rest of the chromosome (Figure 3 and
Supplementary Table 7).

The bacterial genome available in public databases with
the highest similarity at the DNA sequence level to that of
Pseudomonas sp. strain 1008 is by large that of Pseudomonas
azotoformans F77 (GenBank accession CP019856), with an
ANIm = 99.08% along a 94.4% of chromosomes alignment.

We will deepen on the taxonomical implications of this finding
in the next section. As expected, there is a substantial degree
of synteny along both chromosomes, except for the fact that
strain F77 lacks a large region of about 200 kb in the middle
of the replicon, mapping to positions 3,100,000 – 3,300,000 in
the chromosome of strain 1008 (Figure 3 and Supplementary
Figure 7). This gap in the F77 genome may be partially explained
by the insertion of the mobile genetic elements detected in
the chromosome of strain 1008 (specifically, the ICE and the
composite transposon; Figure 3 and Supplementary Figure 7).

Genome mining of plant
growth-promoting, rhizosphere
colonization and competitiveness traits
of Pseudomonas sp. strain 1008

The complete genome of Pseudomonas sp. strain 1008
was annotated with state-of-the-art tools and mined to search
for genetic determinants of direct and indirect plant growth-
promotion, rhizosphere colonization, and competitiveness (see
section “Materials and Methods”). An exhaustive list of the
identified genes and operons of interest for this work is
presented in Supplementary Table 8, and the physical location
of a number of relevant genes/operons is shown in Figure 3.

Pseudomonas sp. strain 1008 does not have the
genetic capacity to carry out biological nitrogen fixation
(Supplementary Table 8), a feature that, within the genus,
is only restricted to the species Pseudomonas stutzeri (Silby
et al., 2011) and to a few number of uncharacterized isolates
(Li et al., 2017). Neither it has the genetic determinants for a
complete denitrification pathway, only bearing one copy of
napA encoding the periplasmic nitrate reductase, and the nirBD
operon encoding subunits of the periplasmic nitrite reductase
(Supplementary Table 8). However, the genome of strain 1008
is equipped with a number of genes encoding enzymes that
may substantially contribute to the acquisition of phosphorus
from extracellular inorganic and organic sources (Figure 3 and
Supplementary Table 8). For instance, we identified homologs
of acpA (acid phosphatase), alkP (alkaline phosphatase), ygiF
(inorganic triphosphatase), phoD1 and phoD2 (phosphatases),
phoX (phosphatase), ppx (exopolyphosphatase), the phn operon
(C-P lyase for organophosphonate utilization), and phyPf
(phytase of the β-propeller type) (Figure 3 and Supplementary
Table 8). Of these, the polypeptides encoded by phyPf, acpA,
phoD1, phoD2, and phoX, contain signal peptides for their
export across the plasma membrane (of the Sec/SPI type for the
phytase, and of the TAT system for the rest). Additionally, there
is one full pqq operon encoding enzymes for the biosynthesis
of pyrroloquinoline quinone (PQQ). This redox coenzyme
is required for the activity of glucose dehydrogenase, an
enzyme whose critical role in the solubilization of inorganic
phosphates has been demonstrated (De Werra et al., 2009).
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FIGURE 3

Characteristics and features of the genome of Pseudomonas sp. strain 1008. The circular map of the 6.6 Mb chromosome was performed with
the GCview server (http://cgview.ca/). The circles represent, from outside to inside: rings 1–6, protein coding genes in the three different
reading frames, oriented in the forward (rings 1–3) and reverse (rings 4–6) orientations, respectively. Ring 7 shows GC skews, with positive and
negative values being indicated with green and purple colors, respectively. Ring 8 shows G + C% content plot (black). The innermost ring
indicates absolute chromosome coordinates. Positions of mobile genetic elements are indicated with arrowheads in the outermost ring. The
location of an intact prophage and of an integrative and conjugative element (ICE) are indicated with boxes. Finally, the position of a number of
genetic loci related to plant growth promotion and rhizosphere competitiveness are indicated with colored lines, following the reference colors
of the legend positioned at the lower left corner.

The corresponding glucose dehydrogenase gene gcd was also
identified (Figure 3 and Supplementary Table 8).

In pure cultures, strain 1008 produces IAA and this is
stimulated by the addition of tryptophan (Supplementary
Figure 2). Of the known pathways for the biosynthesis of
auxin (Spaepen et al., 2007), we could only detect two genes
probably constituting an operon encoding the enzymes for
the IAM pathway: namely, the tryptophan-2-monooxygenase
IaaM and the indole-3-acetamide hydrolase IaaH (Figure 3

and Supplementary Table 8). On the other hand, we did not
find the cluster of genes for IAA catabolism (iacHABICDEFG).
In addition to IAA, the genome of strain 1008 revealed its
genetic potential to produce the volatile compounds acetoin
and 2,3-butanediol (Figure 3 and Supplementary Table 8),
which have been reported as plant biostimulants and inducers of
systemic resistance (Chung et al., 2016). Under stress conditions
plants produce and accumulate GABA, but its production has
to be controlled because high levels of GABA can impair cell
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TABLE 4 Overall genome relatedness indices derived from pairwise genomic comparison between Pseudomonas sp. strain 1008 and type species
with the highest similarity of 16S rDNA sequences.

Type strain 16S1 ANIb (%)2 ANIm (%)3 dDDH4

P. lurida LMG 21995 99.02 90.30 (79.9) 91.73 (79.8) 67.6 (64.2 – 70.8)

P. marginalis pv. marginalis ICMP 3553 98.79 90.02 (76.7) 91.41 (77.8) 61.6 (58.3 - 64.8)

P. extremorientalis LMG 19695 98.57 89.92 (79.5) 91.22 (80.0) 66.9 (63.5 – 70.1)

P. azotoformans LMG 21611 99.85 89.88 (81.3) 91.22 (91.9) 66.6 (63.2 – 69.8)

P. simiae_CCUG_50988 98.91 89.51 (77.2) 90.96 (77.2) 62.5 (59.2 – 65.7)

P. veronii DSM 11331 98.42 86.49 (69.7) 88.87 (66.5) n.d.

P. salomonii LMG 22120 99.09 86.34 (74.4) 88.59 (71.1) n.d.

P. fluorescens ATCC 13525 98.79 86.11 (72.9) 88.45 (69.0) n.d.

P. trivialis_LMG_21464 98.87 85.45 (62.8) 88.33 (58.8) n.d.

1% identity along a 1,325 bp amplicon sequence from Pseudomonas sp. strain 1008, based on BlastN. 2Pairwise average nucleotide identity calculation based on Blast (ANIb) with the %
of aligned genome sequence in between parentheses. 3Pairwise average nucleotide identity calculation based on MUMmer (ANIm) with the % of aligned genome sequence in between
parentheses. 4Digital DNA–DNA hybridization (dDDH) estimate values (%) based on in silico DDH according to formula d6 [a.k.a. GGDC formula 3, TYGS server; (Meier-Kolthoff
et al., 2013; Meier-Kolthoff and Göker, 2019)]; model-based confidence intervals are specified in between parentheses. Shaded cells indicate the highest scores for every genomic feature.
n.d., not determined.

elongation and plant stress resistance (Li et al., 2021). The
identification of gabT and gabD homologs, encoding GABA
aminotransferase and succinate-semialdehyde dehydrogenase
involved in GABA degradation, and the gabP gene, encoding
the GABA permease (Figure 3 and Supplementary Table 8),
suggests that strain 1008 can acquire and metabolize GABA in
the rhizosphere, thus indirectly modulating root GABA levels.

The type three secretion system (T3SS) is a complex protein
structure evolutionary derived from the flagellar apparatus that
spans the cytoplasmic and outer membranes of bacteria and
the cell envelope of the eukaryotic host to deliver effectors
directly into its cytosol (Galan et al., 2014). Thus, T3SSs play
an important role in plant cell-bacterial interactions, with
an outcome of virulent or mutualistic association, essentially
depending on the nature of the transported effectors (Zamioudis
and Pieterse, 2012). We have detected one T3SS locus of
the Hrp-1 type in the genome of strain 1008 (Figure 3 and
Supplementary Table 8). The T3SS cluster is highly similar
and syntenic to those of the plant-beneficial strains P. simiae
WCS417 and P. fluorescens SBW25 (Supplementary Figure 8).
Based on the lack of plant virulence of strain 1008, this T3SS
gene cluster -if functional- may be instrumental for induction
of systemic resistance and/or modulation of other physiological
responses in root cells (Stringlis et al., 2019).

Notably, the genome of strain 1008 lacks biosynthetic gene
clusters (BGCs) responsible for the production of antimicrobial
compounds that are hallmarks of biocontrol strains of the
species P. protegens, P. chlororaphis, Pseudomonas donghuensis,
or P. putida (namely, 2,4-diacetylphloroglucinol, pyrrolnitrin,
pyoluteorin, polyynes, phenazines, hydrogen cyanide, and 7-
hydroxytropolone, among others; Supplementary Table 8 and
Figure 3). The sole exceptions are the presence of the undA gene,
encoding an enzyme for the production of the antifungal volatile
1-undecene (Rui et al., 2014), and of a homolog of the ycaO

gene involved in posttranslational modification of ribosomally
synthesized peptides (Burkhart et al., 2017) (Figure 3 and
Supplementary Table 8). The number of identified BGCs of the
NRPS and PKS type is also remarkably low, just two orphan
NRPS clusters and none PKS clusters (Supplementary Table 8).
Homologs of the broadly distributed genes in Pseudomonas
species encoding the extracellular metalloprotease A (aprA),
the extracellular phospholipase C (plcN), and two extracellular
lipases (lipA, lipB) were identified. By contrast, no chitinase
gene was detected. Strain 1008 neither possesses genes for
characterized insecticidal proteins (Kupferschmied et al., 2013).

In terms of iron scavenging, we identified the pvd
gene cluster for the biosynthesis of pyoverdine. In fact,
spectroscopic signals in the UV-visible range typical of
pyoverdine were detected in supernatants from cultures
of strain 1008 in iron-deficient medium (Supplementary
Figure 2G). Besides the pyoverdine gene cluster, we found genes
encoding the hemophore protein HasA and the corresponding
hemophore receptor. Interestingly, we did not detect the genes
for biosynthesis of the siderophore achromobactin, but we
identified one gene encoding a putative achromobactin receptor
(Supplementary Table 8). No other genetic determinants for
the production of additional siderophores were found. With
regards to the transport of iron complexes, the genome of
strain 1008 bears five genes encoding putative ferric-pyoverdine
receptors and 13 genes for TonB-dependent receptors (six
of which are located adjacent to iron-metabolism genes;
Supplementary Table 8).

Effective colonization of the rhizosphere is key to execute
direct and indirect mechanisms of plant growth-promotion
(Lugtenberg and Kamilova, 2009). Our current studies on
the root colonizing ability of strain 1008 point to a strong
competitiveness to access the rhizoplane of wheat in natural soil
in the presence of indigenous microorganisms and irrespective
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of its initial location (bulk soil or seeds), although the survival
of strain 1008 in bulk soil is severely limited in the absence
of plant roots (unpublished data). The abilities to adhere to
surfaces and establish biofilms, as well as to compete with other
rhizobacteria, are critical factors to colonize the rhizoplane. In
this sense, the genome of strain 1008 is endowed with the genetic
capacity to produce polysaccharides commonly found in the
extracellular matrix of biofilms (e.g., alginate, Psl, and Pel), as
well as for the biosynthesis of a set of macromolecules mediating
surface adhesion (cellulose, PGA adhesin, Fap amyloid fimbriae,
and two large adhesins of the ShlA/HecA/FhaA family)
(Figure 3 and Supplementary Table 8). The rhizosphere niche
colonization by strain 1008 may be facilitated by its swimming
motility driven by the flagellar apparatus (Figure 1) encoded by
the flagellar operons, as well as by twitching motility associated
with pili (Supplementary Table 8).

Strain 1008 lacks canonical luxIR genes for AHL production
and global coordination of gene expression according to
cell density, but it possesses one AHL synthase gene of
the hdtS type, one LuxR-solo gene, and one AHL-lactonase
encoded within the ICE region (Figure 3 and Supplementary
Table 8). This implies that strain 1008 would be able to
respond to its own and/or to foreign AHLs, and/or to
interfere with cell–cell communication of other rhizobacteria.
Finally, we identified genes for production of metabolites
that confer protection to cells against different types of
stress, namely osmotic stress [betAB, ngg-asnO, and treY/treZ,
for betaine, NAGGN and trehalose biosynthesis, respectively;
(Kurz et al., 2010)], oxidative stress [ape cluster for aryl
polyene production; (Schoner et al., 2016)], and general stress
[pha genes for polyhydroxyalkanoates; (Lopez et al., 2015)]
(Figure 3 and Supplementary Table 8). Collectively, the
expression of these genes may confer increased fitness in the
rhizosphere to strain 1008.

An interesting bacterial strategy to compete with non-
kin cells is the type VI secretion system (T6SS), a contractile
nanoweapon to inject toxins directly into the cell membranes,
periplasm, or cytoplasm, leading to killing of competitor cells
if they do not have the matching immunity protein (Ryu,
2015). The injected T6SS effectors have different biochemical
activities, but the nanomachine and their injected toxins are
not harmful for plant cells (Lucke et al., 2020). The genome
of strain 1008 contains two complete T6SS loci, and a number
of potential effector toxins of the tse5 (four copies) and vrgG
(three copies) types (Figure 3 and Supplementary Figure 9 and
Supplementary Table 8). Besides the genetic determinants of
the T6SS nanomachines, strain 1008 contains genes encoding
bacteriocins (Ghequire and De Mot, 2014; Jackson et al., 2018):
we identified functional homologs of S-pyocins of the pys1 (for
a colicin-like rRNAse) and PA3865 (for a tRNAse) types, as well
as two copies of putative CDI toxins related to PA0041 and
PA2462 proteins from P. aeruginosa, and three copies of a gene
encoding a putative bacteriocin of the DUF692 family. It would

be interesting to evaluate the functionality of the two detected
T6SS loci in standard bioassays for antibacterial activity.

The broadly conserved global regulatory cascade of
Pseudomonas species known as Gac-Rsm is fundamental to
coordinate different traits for colonization of plant tissues,
production of secondary metabolites and the interaction with
eukaryotic organisms sharing the niche with pseudomonads
(Ferreiro et al., 2018; Sobrero and Valverde, 2020). The genome
of strain 1008 contains all the essential and accessory genetic
elements delineating a functional Gac-Rsm cascade, including
the GacS-GacA two-component system, the GacS-modulating
histidine kinases RetS, LadS, and PA1611-like, three ortholog
RNA binding proteins of the Rsm family (RsmA, RsmE, and
RsmI), and the two cognate non-coding regulatory RNAs RsmY
and RsmZ (Supplementary Table 8).

Phylogenomic, phenotypic and
chemotaxonomic comparative analysis
of Pseudomonas strain 1008 and
related taxa

The first attempt to assign a taxonomic position to
Pseudomonas sp. strain 1008 by comparative analysis of a
1,325 bp partial sequence of the PCR amplified 16S rDNA
gene indicated that the isolate had >98.4% of sequence identity
with several species belonging to the P. fluorescens subgroup
within the P. fluorescens lineage (Table 4 and Supplementary
Figure 1). For a more detailed analysis of its phylogenetic
positioning, we drew on the complete genome sequence of strain
1008. A pairwise genome comparison with a set of type species
having highly similar 16S rDNA sequences revealed that the
closest taxonomic species was Pseudomonas lurida (Table 4).
However, the calculated ANIb and ANIm values for strain
1008 were far below the current accepted threshold of 95% for
species definition (Jain et al., 2018). In addition, the dDDH
values calculated for each close relative species with respect
to strain 1008, were all below 70% (Table 4), the cutoff for
delimiting species (Meier-Kolthoff et al., 2013). These findings
firmly suggested that strain 1008 may be a representative of a
novel Pseudomonas species within the P. fluorescens subgroup.

To get further support for this hypothesis we profited on the
genome-based taxonomy service provided by the DSMZ Type
(Strain) Genome Server (TYGS; Meier-Kolthoff and Göker,
2019). In agreement with the ANI similarity and dDDH data
(Table 4), the TYGS analysis reinforced the finding that strain
1008 is a representative of a novel species of Pseudomonas
(Figure 4 and Supplementary Figure 8).

When the relatedness of the genome of strain 1008 was
analyzed by comparison to all Pseudomonas genomes available
in public databases, we found that the highest similarity
indexes corresponded to the genome of P. azotoformans
strain F77 (NCBI accession CP019856), with ANIb and AAI
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FIGURE 4

Genome BLAST Distance Phylogeny (GBDP) tree of Pseudomonas sp. strain 1008. The phylogenetic tree was constructed with the type (Strain)
Genome Server (Meier-Kolthoff and Göker, 2019), which produces a GBDP tree by approximating intergenomic relatedness using the MASH
algorithm among all type strain genomes in the TYGS database and by extracting and comparing 16S rRNA gene sequences with >14.990 type
strains using BLAST as a proxy to identify the 50 closest type strains to calculate precise distances. The tree itself was constructed using FastME
version 2.1.4 to infer a balanced minimum evolution tree with branch support. The tree represents only the Pseudomonas spp. most closely
related to strain 1008. Bootstrap support values are shown at the nodes. The leaf label “Species cluster” assigns a different color to denote
genomes from different type species.

(average amino acid identity) values of 99.02 and 99.64,
respectively (Figure 5). However, the genomic similarity
between the type strain of the P. azotoformans species (LMG
21611) and strain 1008 (Table 4 and Figures 4, 5) is not
consistent with this finding, thus raising doubts about the
taxonomical positioning of P. azotoformans F77. In fact,
the ANIm and AAI analyses of all available genomes of
isolates designated as members of the P. azotoformans species
(including that of the species type strain), clearly support
the fact that both strains 1008 and F77 are representatives
of a novel species distinct from P. azotoformans and from
closely related type species (Figures 4, 5). In addition to
the evidence provided by genomic metrics, the comparison
of the composition of whole-cell fatty acids and of key
biochemical activities between strain 1008 and closely

related taxa (Tables 5, 6), also provide phenotypic support
for the separate species status that was shown by the
phylogenomic analysis.

Based on the evidence described above demonstrating
that strain 1008 represents a newly derived branch in the
phylogenomic tree of the P. fluorescens lineage (Figures 4, 5), we
propose a new taxonomic entity with the name “Pseudomonas
pergaminensis” sp. nov.

Description of Pseudomonas
pergaminensis sp. nov.

Pseudomonas pergaminensis (per Ga mi ′nen sis), N.L.
masc./fem. adj. pergaminensis, belonging to Pergamino county
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FIGURE 5

Overall genome relatedness derived from pairwise genomic comparison between Pseudomonas sp. strain 1008 and type species and isolates
with the highest similarity of 16S rDNA sequences. (A) Average nucleotide identity matrix generated with the fastANI matrix tool of the EDGAR
platform (https://edgar.computational.bio.uni-giessen.de/cgi-bin/edgar_login.cgi). (B) Average amino acid identity matrix generated with the
AAI matrix tool of the EDGAR platform (https://edgar3.computational.bio.uni-giessen.de/cgi-bin/edgar.cgi).

(Province of Buenos Aires, Argentina), from where the type
strain was isolated.

Cells of strain 1008T are Gram-reaction negative, aerobic,
oxidase positive, rod-shaped bacteria ranging between

0.6–1.1 mm wide × 1.2–3.2 µm long, non-endospore-
forming rods. Grows on Pseudomonas agar F at 28◦C forming
circular colonies <2 mm, with smooth borders, opaque, of
light beige color, and creamy texture. It may give rise to
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phase-variant colonies. Growth occurs at 4–35◦C but not at
37◦C. Strain 1008T grows in a pH range from 6–9, and with a
NaCl concentration of up to 1% w/v. Results from tests using
API 20 NE Gallery System show that the following substrates
are utilized: D-glucose, D-arabinose, D-mannose, D-mannitol,
N-acetyl-D-glucosamine, D-gluconate, capric acid, adipic
acid, malic acid, and citrate. Using the Biolog GenIII system,
tests positive for the utilization of the following additional
substrates: dextrin, D-fructose, D-fructose-6-phosphate, D-
galactose, D-fucose, L-fucose, L-rhamnose, L-galactonic acid
lactone, D-galacturonic acid, D-glucuronic acid, glucuronamide,
acetic acid, quinic acid, γ-amino butyric acid, formic acid,
and Tween-40 (Supplementary Data 5 and Supplementary
Figure 10). The major cellular fatty acids are C16:0 (30.4%),
C16:1w7c (29.5%), C18:1w7c (15.3%), C17:0cyclow7c (9.1%), C12:0

2OH (4.3%), C12:0 3OH (3.7%), C10:0 3OH (3.0%), and C12:0

(2.3%) (Supplementary Data 6). It is able to solubilize mineral
phosphates and zinc oxide, to produce IAA and siderophores,
to secrete proteases and phospholipases, but not chitinases. The
strain 1008T was isolated form the rhizosphere of field grown
Triticum aestivum, in Pergamino, Buenos Aires province,
Argentina, in 2003. The genomic DNA G + C content of
the type strain is 60.72%. The full genome sequence of the
strain 1008T has been deposited at the NCBI GenBank under
accession number CP078013. The type strain is 1008T (= DSM
113453 = ATCC TSD-287).

Discussion

The urgent need of sustainable and eco-friendly strategies
to mitigate the impact of agrochemical industry and its
massive application has boosted research on plant-biostimulant
microorganisms, whereas at the same time, it has exposed
frequent inconsistencies between the plant-beneficial potential
of isolated microorganisms studied under lab conditions and
their efficiency in the field (Timmusk et al., 2017; Backer et al.,
2018; Basu et al., 2021). Such hurdles may be partially reduced
if the microorganisms are isolated from plant tissues of the
target crop and are applied in the geographical area of origin
(Armada et al., 2018; Müller and Behrendt, 2021). Pseudomonas
sp. strain 1008 was isolated from the rhizosphere of healthy
field-grown wheat plants, as a bacterium able to increase the
availability of phosphate to plant roots and to produce auxin
(Figure 1 and Supplementary Figure 2). Based on these traits,
strain 1008 was formulated as an inoculant for its application
on wheat seeds before sowing and tested in a series of field
trials at three different locations around the isolation site,
across several campaigns involving different wheat varieties
(Figure 1a and Supplementary Tables 1, 2, 4). Collectively,
the results of the whole set of field trials strongly support the
use of this biostimulant bacterium (Du Jardin, 2015) as an
efficient agricultural input for promoting the yield of wheat
(Table 2 and Supplementary Table 4). The fact that a single seed

bacterizing shot with live Pseudomonas sp. strain 1008 resulted
in an average increase of wheat yield of 8% (median = +9.7%;
Table 2 and Supplementary Table 4), suggests that seedling
establishment and its early development are critical stages that
are strongly responsive to the presence of the bacterium and its
physiological activities, and whose beneficial effects are largely
transduced all along the growth cycle of the plant. Recently, it
has been proposed that domestication and breeding strategies
have worked against the maintenance of plant genes promoting
interactions with plant-beneficial bacteria (Valente et al., 2020).
In this regard, bacterization of commercial wheat seeds with
strain 1008 may represent a way to by reinstate key microbial
functions in the rhizosphere of seedlings by compensating the
reduced ability of modern wheat varieties to interact with PGPR
(Perez-Jaramillo et al., 2016; Valente et al., 2020).

Physiological and genomic
plant-beneficial traits of Pseudomonas
sp. strain 1008

In vitro, strain 1008 was capable of solubilizing phosphate
from pure calcium triphosphate and from mineral phosphate
rocks, mineralizing phosphate from organic esters, solubilizing
zinc from ZnO, producing siderophores and extracellular lytic
enzymes of the phospholipase and protease types (Table 1 and
Supplementary Figure 2). All these features may cooperatively
contribute to enhancing nutrient availability in the rhizosphere
of wheat plants.

The closest related strain to Pseudomonas sp. 1008 described
in the literature is the isolate F77 (Supplementary Figures 7, 8).
Strain F77 was originally assigned to the P. azotoformans species,
but on the basis of our phylogenomic analysis this species
ascription should be revised (Figure 5). Strain F77 was reported
as a strong biomineralizer of aluminum and iron from biotite
minerals, being this feature fully dependent on the activity of
the product of the gcd gene, encoding the periplasmic glucose
dehydrogenase enzyme (Wang et al., 2020). In pseudomonads,
glucose dehydrogenase drives the oxidation of glucose into
gluconic acid in a reaction that requires the PQQ cofactor
(Miller et al., 2010). Gluconic acid may be further oxidized in the
periplasm to 2-ketogluconic acid by the activity of the product
of the gad gene (gluconic acid dehydrogenase) (Miller et al.,
2010). This pathway of glucose uptake leads to acidification of
the cell environment, which indirectly facilitates solubilization
of mineral phosphates. In fact, genetic data confirmed the
absolute requirement of gcd, gad and pqq genes for solubilization
of calcium triphosphate by the biocontrol rhizospheric strains
P. fluorescens F113 and P. protegens CHA0 (De Werra et al.,
2009; Miller et al., 2010). Gcd can also oxidize xylose (Dvorak
and De Lorenzo, 2018), another abundant sugar present in
plant root exudates. The genome of strain 1008 encodes
gcd, gad, and pqq homologs (Figure 3 and Supplementary
Table 8), thus providing genomic support for the observed
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capacity to solubilize mineral phosphates. Acidification of the
extracellular environment in the rhizosphere has been found
to contribute to local suppression of root immunity upon
recognition of bacterial inducers of ISR, an effect that for certain
rhizospheric Pseudomonas species required PQQ biosynthesis
and gluconic acid production (Yu et al., 2019). Thus, root
colonization by strain 1008 may also be promoted through this
mechanism of ISR modulation associated with the control of
extracellular pH driven by PQQ-dependent acidification (Yu
et al., 2019), which in parallel contributes to solubilization of
mineral phosphates.

Additionally, several genes of strain 1008 encode
phosphatases acting on organic phosphate esters, some of
which are predicted to be secreted (i.e., a β-propeller-phytase,
the acid phosphatase AcpA, and the phosphatases PhoD1,
PhoD2, and PhoX). Notably, strain 1008 has an alkP homolog,
encoding an alkaline phosphatase, that is also present in only
two out of the 613 complete genomes available in the PseudoDB
database: the phylogenetically closest isolate “P. azotoformans”
strain F77 and Pseudomonas extremorientalis BS2774, the
latter being a member of a subgroup whose type species is
also closely related to strain 1008 (Table 4 and Figure 4).
Altogether, the repertoire of genes related to the metabolism
of inorganic and organic sources of phosphates present in the
genome of strain 1008 (Figure 3 and Supplementary Table 8)
suggests its potential as a phosphorus biofertilizer in the
rhizosphere of wheat.

Pseudomonas sp. strain 1008 produces auxin in a
tryptophan-dependent manner (Table 1 and Supplementary
Figure 2). In bacteria, five different tryptophan-dependent
pathways for IAA biosynthesis have been reported (Spaepen
et al., 2007). By contrast, the genetic basis for the tryptophan-
independent production of IAA is unknown (Spaepen et al.,
2007). We could not identify the ipdC (IPA pathway), oxd and
nha1 (IAOc/IAN pathway), and tdc (TPM pathway) genes in
the genome of strain 1008. We detected, however, a putative
operon highly resembling the iaaMH tandem of the IAM
pathway (Figure 3 and Supplementary Table 8). Given that the
gene responsible for the fifth biosynthetic pathway involving a
tryptophan side-chain oxidase (TSO) is yet unknown (Spaepen
et al., 2007), we cannot rule out the presence of a tso homolog in
the genome of strain 1008. Besides auxin, the genome of strain
1008 has the potential to produce other phytostimulators, such
as the volatiles 2,3-butanediol and acetoin [two compounds
known to be involved in plant growth stimulation (Ryu et al.,
2004; Chung et al., 2016)], and the cofactor PQQ, which in
addition to its role in phosphate solubilization, it has been
reported to act a phytostimulator with antioxidant properties
in tomato and cucumber (Choi et al., 2008). With regards
to modulation of plant hormone homeostasis during abiotic
stress responses, the genome of strain 1008 does not encode a
bona fide ACC deaminase gene acdS, but it encodes the GABA
permease GabP and the GABA catabolic enzymes GabD-GabT
(Figure 3 and Supplementary Table 8). Thus, strain 1008 may

TABLE 5 Comparison of the relative abundance (%) of major cellular fatty acids of Pseudomonas sp. strain 1008 and its closest phylogenetic
relatives (see Table 4 and Figure 4).

Fatty acid 16:0 16:1 w7c 18:1 w7c 17:0 cyclo w7c 12:0 2OH 12:0 3OH

Pseudomonas sp. 1008 30.4 29.5 15.3 9.1 4.3 3.7

P. lurida LMG 21995 n.r. n.r. n.r. n.r. n.r. n.r.

P. marginalis_ICMP_3553 32.4 26.6 14.8 7.5 n.r. n.r.

P. extremorientalis LMG 19695 37.0 8.7 14.0 31.3 n.r. n.r.

P. azotoformans LMG 21611 31.1 32.0 17.2 3.6 3.7 4.0

P. simiae OLiT 30.3 27.0 12.3 11.7 n.r. n.r.

Values were obtained from Campos et al. (2010) for P. marginalis ICMP 3553T, (Ivanova et al., 2002) for P. extremorientalis LMG 19695, (Sawada et al., 2021) for P. azotoformans LMG
21611, and (Vela et al., 2006) for P. simiae OLiT . Values for P. lurida LMG 21995 could not be found in the literature. Cellular fatty acids analysis of strain 1008 was carried out by DSMZ
Services, at the Leibniz-Institut DSMZ (Germany). n.r., not reported in the literature.

TABLE 6 Biochemical features differentiating Pseudomonas sp. strain 1008 from the type strains of closely related species (see Table 4 and
Figure 4).

Strain 1008 P. lurida P. orientalis P. extremorientalis P. azotoformans P. simiae

Nitrate reduction +w − − − + +

Gelatinase − + + + + +

Urease − n.r. + − − −

Arginine dehydrolase − + + + + +

L-rhamnose assimilation +w + + − − −

N-acetyl-D-glucosamine assimilation + + + + + −

Data were retrieved from BacDive (https://bacdive.dsmz.de/) and from the literature (Dabboussi et al., 1999; Behrendt et al., 2007; Von Neubeck et al., 2017; Lick et al., 2020).+, positive
reaction;+w, weak positive reaction;−, negative. n.r., not reported.
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contribute to attenuate the GABA-mediated response to abiotic
and biotic stress (Li et al., 2021) in the rhizosphere of colonized
plants, in a way comparable with bacterial ACC deaminase to
limit ethylene production by plant tissues (Gamalero and Glick,
2015). All these genetic traits directly related to phytoregulation
suggest that cells of Pseudomonas sp. strain 1008 colonizing the
rhizosphere of wheat may have a key role in promoting root
system development locally and contributing systemically to
modulation of plant responses to stresses.

With regards to indirect mechanisms of plant growth
promotion, strain 1008 was unable to produce HCN [a
volatile compound responsible for the inhibition of diverse
phytopathogens (Blumer and Haas, 2000)] and to antagonize
several phytopathogenic fungi and one oomycete in vitro
(Table 1 and Supplementary Figure 2). These findings provide
stronger support toward a direct plant biostimulatory effect,
rather than to an indirect biocontrol-based mechanism, as the
main contribution of strain 1008 to the promotion of wheat
growth and yield in the field. In this regard, mining of the full
genome sequence of strain 1008 clearly indicated that this isolate
was not evolved to fight pathogens with secondary metabolites
typical of biocontrol PGPR, like antibiotics, antimetabolites,
and lipopeptides of NRPS origin (Figure 3 and Supplementary
Table 8) (Keswani et al., 2020). However, the capacity to
induce systemic resistance cannot be discarded for strain
1008, as typical general elicitors of ISR like LPS, flagella
and siderophores of the pyoverdine type (Pieterse et al.,
2014) are structural and functional components of strain
1008 (Figure 1, Supplementary Figure 2, and Supplementary
Table 8). Furthermore, the genome of strain 1008 encodes
genes for the production of the volatile compounds 2,3-
butanediol and acetoin (Figure 3 and Supplementary Table 8),
which are also elicitors of ISR (Pieterse et al., 2014; Silva
Dias et al., 2021). In addition, it has been recently proposed
that certain plant-beneficial rhizobacteria may engage into a
feedback loop. The recognition of key MAMPs by the plant
immune system triggers a defense reaction that stimulates
bacterial production of IAA, thus reinforcing development
of lateral roots and ISR itself on the plant side, but also
promoting root colonization by the rhizobacterium (Tzipilevich
et al., 2021). It would be interesting to explore if the IAA-
producer strain 1008 can also enter into such a virtuous loop
with plant roots.

The compendium of genes and operons detected in the
genome of Pseudomonas sp. strain 1008 that are potentially
involved in biofertilization and phytostimulation as the main
underlying mechanisms for promotion of wheat yield in the
field, as well as those genetic determinants potentially relevant
for rhizosphere colonization and competitiveness (Figure 3
and Supplementary Table 8), set the basis for designing
functional genetics screens and gene expression profiling of
strain 1008, in order to provide experimental support linking
the functional relevance of the cataloged genetic repertoire

of plant-beneficial traits in the rhizosphere. An important
issue that has to be considered when aiming to link gene
functions to PGPR mechanisms and, by transition, to agronomic
efficiency in the field, is that plant-beneficial rhizospheric
microbes may display a set of concurring mechanisms that
contribute to the overall robust performance in the field,
as it has been addressed for the agronomic response of
different crops to the inoculation with Azospirillum brasilense
[i.e., the “multiple mechanisms hypothesis” (Bashan and De-
Bashan, 2010; Cassán et al., 2020)]. This hypothesis may
explain the overall positive impact of strain 1008 on the
yield of wheat across a number of field assays carried out in
different locations, with different seed genotypes and across
different campaigns (Figure 2 and Supplementary Table 2).
Under this scenario, we have preliminary data indicating that
strain 1008 promotes early root development of wheat in
natural soil, and that induces root branching and expression
of auxin-responsive reporter fusions in Arabidopsis thaliana
(unpublished data). These effects would be consistent with the
observed production of auxin by strain 1008 (Supplementary
Figure 2) and with the identification of an operon encoding
the auxin biosynthetic proteins IaaM-IaaH of the IAM pathway
(Figure 3 and Supplementary Table 8); together, these clues
would point to auxin production in the rhizosphere as one
of the possible mechanisms of strain 1008 contributing to
the promotion of root development in the field. However,
and importantly, such hypothesis needs to be challenged with
targeted mutation of the iaaMH genes; the same reasoning
applies to all other genetic traits with potential relevance in the
field that were identified in the genome of strain 1008 (Figure 3
and Supplementary Table 8).

Strain 1008 is a representative of the
proposed novel species Pseudomonas
pergaminensis

The initial taxonomic assignment of strain 1008 indicated
that the isolate belonged to the P. fluorescens lineage, with
its 16S rDNA sequence being 98.4–99.1% similar to those of
different type species within this large and complex cluster
of the Pseudomonas genus (Table 4 and Supplementary
Figure 1). On the basis of the full genome sequence, we
concluded that isolate 1008 represents a novel species of the
genus Pseudomonas (Figure 4 and Supplementary Figure 8).
Moreover, our genomic comparative analysis led us to conclude
that this novel proposed species for strain 1008, must also
include the aluminum- and iron-weathering isolate F77, which
had been originally typed as a P. azotoformans isolate (Wang
et al., 2020), and that shares an overall genomic relatedness
with strain 1008 of 99.08% at the nucleotide level, and of
99.64% at the amino acid level (Figure 5). The phenotypic
and chemotaxonomic features of strain 1008 confirmed its
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differentiation from related taxa (Tables 5, 6, Supplementary
Datas 5, 6, and Supplementary Figure 10). The results from
this polyphasic approach support the classification of 1008T as
a novel species of Pseudomonas, and the name of Pseudomonas
pergaminensis is thus proposed for this strain.

Conclusion

We report the isolation, physiological characterization, and
genomic analysis of a wheat rhizospheric strain representative
of a novel species of the genus Pseudomonas, that showed
a robust positive effect on the yield of field-grown wheat
upon its application as a formulated inoculant on seeds.
In vitro and genomic traits strongly suggest that Pseudomonas
pergaminensis 1008T acts as a plant biostimulant, rather
than as a biocontrol bacterium. Full genome information
will be useful for functional characterization of the
mechanisms underlying the robust performance of strain
1008 in the field.
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To ensure food security given the current scenario of climate change and

the accompanying ecological repercussions, it is essential to search for

new technologies and tools for agricultural production. Microorganism-

based biostimulants are recognized as sustainable alternatives to traditional

agrochemicals to enhance and protect agricultural production. Marine

actinobacteria are a well-known source of novel compounds for

biotechnological uses. In addition, former studies have suggested that

coral symbiont actinobacteria may support co-symbiotic photosynthetic

growth and tolerance and increase the probability of corals surviving abiotic

stress. We have previously shown that this activity may also hold in terrestrial

plants, at least for the actinobacteria Salinispora arenicola during induced

heterologous symbiosis with a wild Solanaceae plant Nicotiana attenuata

under in vitro conditions. Here, we further explore the heterologous symbiotic

association, germination, growth promotion, and stress relieving activity of

S. arenicola in tomato plants under agricultural conditions and dig into the

possible associated mechanisms. Tomato plants were grown under normal

and saline conditions, and germination, bacteria-root system interactions,

plant growth, photosynthetic performance, and the expression of salt

stress response genes were analyzed. We found an endophytic interaction

between S. arenicola and tomato plants, which promotes germination and
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shoot and root growth under saline or non-saline conditions. Accordingly,

photosynthetic and respective photoprotective performance was enhanced

in line with the induced increase in photosynthetic pigments. This was

further supported by the overexpression of thermal energy dissipation, which

fine-tunes energy use efficiency and may prevent the formation of reactive

oxygen species in the chloroplast. Furthermore, gene expression analyses

suggested that a selective transport channel gene, SlHKT1,2, induced by

S. arenicola may assist in relieving salt stress in tomato plants. The fine

regulation of photosynthetic and photoprotective responses, as well as

the inhibition of the formation of ROS molecules, seems to be related to

the induced down-regulation of other salt stress response genes, such as

SlDR1A-related genes or SlAOX1b. Our results demonstrate that the marine

microbial symbiont S. arenicola establishes heterologous symbiosis in crop

plants, promotes growth, and confers saline stress tolerance. Thus, these

results open opportunities to further explore the vast array of marine microbes

to enhance crop tolerance and food production under the current climate

change scenario.

KEYWORDS

Salinispora heterologous symbiont,marine actinobacteria, coral actinobacteria, plant
salt stress, plant biostimulant, photoprotective response

Introduction

Plant biostimulants (PBs) based on microorganisms have
emerged as sustainable alternatives to traditional agrochemicals
by enhancing plant stress tolerance and increasing crop yields
and quality under suboptimal conditions. Nowadays, PBs
are becoming essential components of strategies to mitigate
the effects of climate change. In their native environments,
plants live and grow with many symbiotic microorganisms.
However, intensive cultivation practices and the indiscriminate
use of fertilizers and agrochemicals, which at one point
increased the ecological success of plants, have modified the
natural microbiota of crop soils. Microorganism-based PBs take
advantage of the symbiotic microorganisms that typically occur
in nature and reintroduce them into empty crop soil, which
enables plants to withstand environmental changes that threaten
the global crop industry (Shameer and Prasad, 2018).

Currently, one of the principal problems that affects
crop productivity is soil salinization. Soil salinization has
increased due to the over-irrigation and over-fertilization
of high-yield cropping systems, which have affected 931.67
million hectares worldwide as of 2018 (Mukhopadhyay et al.,
2021). The resulting high salt concentrations in soils produce
osmotic stress and cause imbalances in water and nutrient
uptake by plants (Arif et al., 2020). Moreover, a high
influx of Na+ ions into the plant cells results in the
displacement of K+ ions from many enzymes and cofactors,
which affects plant metabolism (Abdelaziz et al., 2019). Both

ionic and osmotic stressors promote the accumulation of
reactive oxygen species (ROS) and cause oxidative stress,
which can damage DNA, proteins, and lipids (Shahid et al.,
2020). These plant stressors affect germination, photosynthesis,
growth, flowering, and many other physiological processes
responsible for the low crop yields associated with saline soils
(Parihar et al., 2015).

Plants have evolved complex survival responses to cope with
salinity that involve coordination among many physiological
and genetic processes, such as controlling water loss through
stomata pore regulation, ion sequestration, metabolic and
osmotic adjustments, and the activation of enzymatic and non-
enzymatic mechanisms of the antioxidant system to maintain
cellular redox homeostasis (Orsini et al., 2011; Abo-Ogiala et al.,
2014; Adem et al., 2014; Geilfus et al., 2015; Soares et al., 2019).
However, natural plant responses are not always sufficiently able
to cope with stress. To our knowledge, no reliable process is
available to fully restore saline soils (Shankar and Evelin, 2019).
However, the inoculation of plants with certain microorganisms
can increase their salt tolerance and enable them to be cultivated
under saline stress conditions. Rodriguez et al. (2008) elegantly
demonstrated a process, which they defined as habitat-adapted
symbiosis (HAS), in which endophytic symbionts of native
halophytes enable saline-sensitive plants to grow in saline
soils. Since then, HAS strategies employing various halophytes
from different saline habitats have been explored to relieve
salt stress in salt-sensitive plant species. Some examples of
HAS species that confer resistance to salt stress in plants
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are the halophilic bacteria Stenotrophomonas rhizophila, which
inhabits the halophyte Lygeum spartum that is native to the
desert environments of Algeria; Bacillus atrophaeus, which is an
endophyte of the halophytes Suaeda mollis and Salsola tetrandra
that are native to Algeria Salt Lakes; Jejubacter calystegiae,
which is found in the halophyte Calystegia soldanella that is
found on sandy beaches in South Korea; and many fungus-
like microorganisms like Neocamarosporium chichastianum,
N. goegapense, and Periconia macropinosa, which has been
isolated from the desert halophyte Seidlitzia osmarinus collected
at Hoz-e Soltan Salt Lake in Iran (Jiang et al., 2021; Kerbab
et al., 2021; Moghaddam et al., 2021; Dif et al., 2022). Some
of these HAS species have been successfully employed in
PB formulations.

Recently, it was shown that the marine actinobacteria
Salinispora arenicola could establish a symbiotic relationship
with seedlings of the wild-tobacco Nicotiana attenuata under
in vitro conditions (Ocampo-Alvarez et al., 2020) and
relieve saline stress during germination and early growth. As
S. arenicola is a saline habitat symbiont that relieves saline stress
in the saline-sensitive N. attenuata, it partially fulfills the HAS
definition. However, the native habitat of S. arenicola is marine,
and it is found within Porites corals where it establishes what
seems to be three symbiotic trophic interactions between the
coral and Symbiodinium sp., a phototrophic alga. Therefore,
S. arenicola is better defined as a habitat-adapted heterologous
symbiont (HAHS). Nevertheless, the potential of this HAHS
species to relieve salt stress and any associated mechanisms
remain unexplored in terrestrial plants of agricultural interest.

All HAS possess specific mechanisms to ameliorate saline
stress in plants. A common HAS mechanism is the production
of osmolytes, such as proline, trehalose, glycine betaine, or
exopolysaccharides, which directly ameliorate osmotic stress
by decreasing the internal osmotic potential of plants cells
(Bano and Fatima, 2009; Upadhyay et al., 2012; Timmusk et al.,
2014; Upadhyay and Singh, 2015). Other HAS mechanisms
involve activating antioxidant systems, such as enzymes,
biochemical compounds, and secondary metabolites that
counteract the induced oxidative stress (Hashem et al., 2016).
Moreover, several HAS also regulate phytohormone activity
or biosynthesis. For example, ACC (1-aminocyclopropane-
1-carboxylate) deaminase activity lowers the level of the
stress-related phytohormone ethylene, thus avoiding the
down-regulation of genes involved in plant growth (Glick
et al., 2007). Another mechanism to cope with salinity in
plants is the overexpression of specific ionic channels that
counterbalance the K+/Na+ proportion, such as high-affinity
Na+ and K+ transporters (i.e., High-affinity K+, HKT; Na+/K+

antiporters, NHX; or inward-rectifier K+ channel/transporters,
AKTs; Arif et al., 2020). Different mechanisms produce
different levels of protection, which may lead to improved
germination, photosynthesis, growth, flowering, or yield under
saline conditions.

Tomato (Solanum lycopersicum) is an agriculturally
important crop, and its responses to salt stress have been
abundantly reported. Some of the most recognizable effects of
salinity in tomato plants are reduced growth; decreased dry
weights (DW) of roots, stems, and leaves; and leaf senescence
(Munns, 2002; Zribi et al., 2009). Growth reduction is a
consequence of Na+ accumulation due to a decline in the water
potential, which affects photosynthetic activity (Iyengar and
Reddy, 1996; Hanachi et al., 2014). Stomatal closure is probably
the first plant protection response against desiccation and a
direct factor that immediately controls carbon fixation in the
case of C3 plants. Long-term exposure to saline treatments in
tomatoes has been shown to result in a notable and progressive
decline in photochemical processes and a notable increase in
non-photochemical quenching (NPQ) that protects the plant
from an overreduction of the quinone electron acceptor (QA;
Zribi et al., 2009).

In this study, the properties of the marine actinobacteria
S. arenicola as a PB and bio-protector under normal and saline
conditions were evaluated in tomato plants. First, the nature of
the interaction between the tomato plants and S. arenicola was
established. Then, the potential of this actinobacteria to relieve
induced salt stress during germination and plant growth was
explored based on the assumption that the HAHS S. arenicola
may possess specific activities that could alleviate salt stress
in tomato plants. Finally, the photosynthetic performance,
pigment composition, osmolyte content, and changes in the
antioxidant properties of tomato plants were explored while
scouting for changes in the expression of genes potentially
involved in different mechanisms induced by salt stress
conditions. Overall, our results support the potential of this
marine actinobacterium to be used as a crop PB and protective
agent against salt stress.

Materials and methods

Biological samples

Salinispora arenicola strain X29 (GenBank accession
number MT0027531) was isolated from Porites lobata obtained
from the Tropical Central Pacific coral reef system (19◦ 5′ 55.21′′

N, 104◦ 23′ 24.47′′ W and 19◦ 3′ 28.87′′ N, 104◦ 15′ 40.25′′ W)
and cryopreserved at −70◦C in 15% glycerol (Ocampo-Alvarez
et al., 2020) until use.

The bacterial suspension used to treat Tomato plants was
prepared as follows: S. arenicola X29 was cultivated on A1
medium (Mincer et al., 2002) under agitation at 210 rpm
and 28◦C for 5 days and then centrifuged at 10,000 × g
for 5 min. The supernatant was discarded, and the pellet

1 http://www.ncb.nlm.nih.gov/genbank/index.html
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was weighed and resuspended with distilled water to a final
concentration of 1 mg/mL.

All experiments were conducted using tomato plants
(S. lycopersicum L. cv. Rio Fuego; Kristen Seed, San Diego, CA,
United States). Tomato seeds were cleaned by immersion on
a 10% v/v household soapy solution for 1 min and washed
thrice with sterile distilled water. They were then disinfected
with 3% sodium hypochlorite for 10 min and washed thrice with
sterile distilled water. Subsequently, the seeds were either treated
with S. arenicola X29 or not and then sown in phytagel-agar
media for the germination and fluorescence in situ hybridization
(FISH) experiments or with peat moss in germination trays
and later treated at the seedling stage with S. arenicola X29
for subsequent plant response analyses (Figure 1). The plants
were grown at all times in an artificial climate growth chamber
(Thermo Fisher Scientific, Waltham, MA, United States) at
28/17◦C and with a 16:8 h day/night photoperiod (155–300 µm
s−1 m−2).

Root Salinispora colonization

Tomato seeds were cleaned as previously described and
incubated for 2 h in 3 mL of S. arenicola X29 culture or water
(i.e., control) right after cleaning (Figure 1). Then, the seeds
were sown in sterile plates with solid plant growth media [6 g
L−1 phytagel (Sigma-Aldrich, St. Louis, MO, United States) and
3.2 g L−1 Gamborg’s B-5 Basal Medium with Minimal Organics
(Sigma-Aldrich)], with or without 100 mM NaCl (SIGMA,
Merck KGaA, Darmstadt, Germany). Seeds were then incubated
at 28/17◦C with a 16:8 light/dark photoperiod (155–300 µm
s−1 m−2) in a growth chamber. After 30 days, the roots were
harvested, fixed with formaldehyde, and stored at −20◦C until
needed for Giemsa staining and FISH hybridization.

Giemsa-stained roots were then observed under a light
microscope (Olympus BX41; Olympus, Tokyo, Japan; Muresu
et al., 2010). FISH was performed according to the methods
of de-Bashan et al. (2011) and Palacios et al. (2019). Three
probes labeled with FAM dye, which have been previously
reported, were used to target eubacteria: EUB-338-I (5′GCT
GCC TCC CGT AGG AGT-3′), EUB-338-II (5′-GCA GCC
ACC CGT AGG TGT-3′), and EUB-338-III (5′ GCT GCC
ACC CGT AGG TGT-3′; Amann et al., 1990; Daims
et al., 1999). The samples were visualized with a BX41
epifluorescence microscope (Olympus) using a FITC filter at
550/570 nm (excitation/emission; Olympus America, Melville,
NY, United States).

Germination assays

The tomato seed germination assay was conducted
according to the standard protocol of the international society
for seed bioassays (ISTA), which was modified by adding the

actinobacteria or A1 medium (i.e., controls) as previously
described. Approximately 800 surface-sterilized seeds were
mixed with 3 mL of S. arenicola X29 suspension culture or A1
medium (control) for 2 h (Figure 1). Under sterile conditions,
the seeds were transferred into Petri dishes containing wet
Whatman no. 5 filter paper (Whatman International Limited,
Maidstone, United Kingdom).

The salt stress experiment was run with 8 mL of 100 mM
NaCl or sterile distilled water (control). Four groups, each
containing 100 seeds, were included in each experiment. The
seeds were incubated in a growth chamber at 28◦C with a 16:8
light/dark photoperiod (155–300 µm/s/m2). Seed germination
was measured every day for 8 days and only when the radicle was
at least 2 mm long. The germination percentage was determined
using the following formula:

% Germination =
number of germinated seeds

total number of seeds
× 100

Germination was followed daily for 8 days after sowing. The
seed germination data were fitted to the Gompertz equation:

f = a
(

exp−exp
[
−

(
d−d0

b

)])
, where a represents the maximum

germination percentage and d0 represents the half time of
maximum germination. Germinated seeds were grown for five
additional days (13 days after sowing), and the morphological
properties of the seedlings were analyzed. Specifically, the
plumule and radicle lengths (cm) of the seedlings were
measured, and the dry weight of the seedlings was determined
after oven drying at 50◦C to a constant weight. Nitrogen,
carbon, and polyphenol content were determined in seedlings
to evaluate any nutritional or antioxidant benefits induced by
the actinobacteria.

Nitrogen and organic carbon percentages were determined
according to the methodology established by the Association of
Analytical Chemists (955.04; Association of Official Analytical
Chemist, 1990). Total polyphenol content was evaluated with
the Folin-Ciocalteu colorimetric method with a gallic acid
standard (Singleton and Rossi, 1965).

Treatment of plants with Salinispora
arenicola for growth, photosynthesis,
metabolite, antioxidant capacity, and
gene expression analysis

Tomato seeds were germinated in peat moss as previously
described without further treatment. Fifteen-day-old seedlings
were washed with distilled water to remove peat moss. The roots
were incubated for 3 min in the S. arenicola X29 suspension
at a bacteria concentration of 1 mg/mL or water (control). The
treated seedlings were transplanted into pots with 500 g of soil
mixture composed of vermiculite, peat moss, and soil (1v:1v:1v;
Figure 1).
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FIGURE 1

Experiment outline. (A) Root Salinispora colonization and germination assays of tomato (Solanum lycopersicum) plants. Seeds were sterilized,
directly inoculated with S. arenicola X29, and sown and cultured in phytagel-agar plates. Growth and plant response analyses. (B) Tomato
seedling roots were inoculated on day 15. On day 30, the plants were treated for 8 days with increasing NaCl concentrations and analyzed on
day 39.

Salt stress treatment

Fifteen days after treatment with the S. arenicola
suspension, a set of tomato plants was irrigated with increasing
concentrations of saline water (150, 200, 250, and 300 mM
NaCl) every second day. Photosynthetic performance and
morphological parameters were analyzed for all treatments
9 days after inducing salt stress with saline water irrigation (Day
39, Figure 1). Whole leaf samples were collected, flash-frozen
with liquid nitrogen, and stored at −70◦C for metabolite,
pigment, enzyme, or gene expression analyses.

Photosynthetic performance analysis

Chlorophyll-a fluorescence was measured with a
non-intrusive pulse-amplitude modulated (PAM) chlorophyll-
fluorometer (Junior-PAM, Heinz Walz GmbH, Effeltrich,
Germany). All photosynthetic parameters from the fluorescence
measurements were obtained as described by Schreiber (2004)
(Supplementary Table 1). Two standard protocols (i.e.,
induction curves and rapid light response curves) were used
to obtain all photosynthetic parameters for our experiments.
Both protocols were performed on the second youngest,
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attached, fully expanded, and healthy leaves of at least six
plants per treatment. The light guide of the Junior-PAM was
positioned at the midpoint of the adaxial side of the leaf for
both fluorescence protocols. The protocols were initiated after
30 min of dark adaption.

The NPQ induction curves began with a saturating pulse of
10,000 µmol photons m−2 s−1 (800 ms) to measure maximum
fluorescence when all PSII reaction centers were closed. This
pulse was followed by 40 s of darkness to reestablish a basal
F0 measurement, after which the leaf was subjected to 20 min
of high actinic light (1,500 µmol photon m−2 s−1). Saturating
light pulses (SP) were emitted during this lighting period every
30 s. The rapid light curves (RLCs) were set with 12 light levels
(each turned on for 30 s): 25, 45, 65, 90, 125, 190, 285, 420,
625, 820, 1,150, and 1,500 µmol photon m−2 s−1. As in the
induction curve experiments, the RLCs began with a saturating
light pulse of 10,000 µmol photons m−2 s−1 (800 ms) to
measure maximum fluorescence when all PSII reaction centers
were closed. All experiments began early in the morning and
were completed before noon. The induction curve and RLC
parameters were obtained from the automatic data output of the
Junior PAM software.

Photosynthetic pigments

Photosynthetic pigments were extracted and measured
using the method described by Zapata et al. (2000) following
the recommendations of Osuna-Ruíz et al. (2019). Pigments
were extracted from 300 mg of fresh frozen leaves in 90%
acetone for 24 h at 4◦C and then centrifuged at 3,220 × g
for 10 min. The supernatants were recovered and stored at
−20◦C until use. Pigment quantification was performed with
a 1200 Infinity HPLC system (Agilent Technologies, Santa
Clara, CA, United States) coupled to a diode array detector
(DAD) with a C-8 column (ZORBAX 4.6 mm × 100 mm,
3.5 µm particles). The mobile phases consisted of eluent
A (methanol:acetonitrile:pyridine 0.25 M, 50:25:25, v:v:v)
and eluent B (acetonitrile:acetone, 80:20, v:v) delivered with
the following gradient scheme (A%/B%, min): 100/0, 0;
60/40, 22; 5/95, 28; 5/95, 38; and 0/100, 40. The flow
rate was fixed at 1 mL per min. All solvents were HPLC
grade (Tedia, OH, United States). Pigments were identified
by comparing their retention times with standards (DHI,
Hørsholm, Denmark). Pigment coefficients were calculated
to evaluate the photosynthetic and photoprotective status of
whole-treated plants. Total chlorophyll was obtained by the sum
of Chl a + Chl b and was used as a proxy for photosynthetic
capacity. The chlorophyll ratio was obtained by dividing Chl a
by Chl b and was used as an estimator of LHCII antenna size and
the light acclimation state. The pool size of the xanthophyll cycle
pigments (

∑
XC) was obtained by the sum content of the three

xanthophyll pigments [i.e., violaxanthin (Vx), antheraxanthin

(Ax), and zeaxanthin (Zx)] and was used to estimate the
photoprotective capacity to dissipate thermal energy. The
percentage of xanthophyll cycle pigments in deepoxidated state
DEPS was obtained by the formula

(
[Zx]+0.5[Ax]∑

XC

)
× 100 and

was used to assess the actual photoprotective state of the
∑

XC
pool. The β-carotene:total chlorophyll ratio, β−car

Chl a+b , was used as
a proxy of the antioxidant capacity.

Total phenol, flavonoid, proline, and
reducing sugar content

Phenol, flavonoid, and reducing sugar content were
determined from acidified ethanol extractions conducted with
fresh frozen leaves (six plants per treatment) that were
pulverized and lyophilized (ILSHIN BIOBASE Table Top
Freeze Dryer). A total of 25 mg of lyophilized leaves was
extracted in 70% ethanol (acidified with 0.1% HCl) for 24 h
at 4◦C in the dark. The mixture was centrifuged at 4◦C for
20 min at 10,000 × g, and the supernatant was collected for
metabolite analysis.

Total polyphenol content was determined using the Folin-
Ciocalteu (F-C) colorimetric method adjusted for micro-
determination (Cao et al., 2020) with some modifications.
A 100-µL aliquot of the sample extract and 500 µL of F-C
reagent were mixed and incubated at room temperature for
5 min. Afterward, 400 µL of Na2CO3 (15%) was added to the
solution. The mixture was incubated at 45◦C for 10 min. A total
of 200 µL of the reaction mixture was placed into a 96-well plate.
The absorbance was measured at 730 nm in a microplate reader
(MultiskanTM GO Microplate Spectrophotometer, Thermo
Fisher Scientific, Waltham, MA, United States) after mixing
and an 80-min incubation in the dark. A standard curve using
gallic acid was recorded (10–200 µg/mL). Phenol content was
expressed as gallic acid equivalents (GAE, mg) per gram of
DW (mg GAE/g DW).

The reducing sugar assay was conducted according to
the methodology of Negrulescu et al. (2012) with some
modifications. A 100-µL aliquot of the sample extract was added
to 1,000 µL of DNS reagent (3,5-dinitro salicylic acid, Sigma
Aldrich) and mixed. The samples were incubated for 10 min at
100◦C. Subsequently, the mixture was allowed to cool to room
temperature for 4 min, and 200 µL was placed in a microplate.
The absorbance was read at 540 nm with the MultiskanTM

GO microplate reader (Thermo Fisher Scientific). A glucose
calibration curve ranging from 1–10 mg/mL was used.

The proline assay was conducted as described by Palmeros-
Suárez et al. (2015). Briefly, leaves were harvested, flash-frozen
in liquid nitrogen, pulverized, and lyophilized. A total of 25 mg
of powdered tissue from each sample was mixed with 100 µL of
the proline extraction buffer [80% ethanol, 100 mM HEPES N-
(2-Hydroxyethyl)piperazine-N′-(2-ethane sulfonic acid) buffer
at pH 7.4, and 5 mM MgCl2]. The mixture was incubated at

Frontiers in Plant Science 06 frontiersin.org

892

https://doi.org/10.3389/fpls.2022.920881
https://www.frontiersin.org/journals/plant-science
https://www.frontiersin.org/


fpls-13-920881 August 2, 2022 Time: 17:53 # 7

Becerril-Espinosa et al. 10.3389/fpls.2022.920881

4◦C for 10 min with shaking and then centrifuged at 10,000× g
at 4◦C for 10 min. The supernatant was transferred to a new
tube and concentrated by vacuum centrifugation using a Maxi
Dry Lyo (Heto-Holten, Allerød, Denmark). The precipitate was
dissolved in 100 µL of HEPES buffer (100 mM, pH 7.4) with
MgCl2 (5 mM). A 100-µL aliquot of the former solution was
added to 200 µL of a solution containing glacial acetic acid 60%
(v/v), ethanol 20% (v/v), and ninhydrin 1% (w/v). The mixture
was boiled at 95◦C for 20 min, cooled to room temperature, and
the optical density was recorded at 520 nm in the MultiskanTM

GO microplate reader (Thermo Fisher Scientific).

Antioxidant capacity

Antioxidant capacity was measured according to the
methodology of Brand-Williams et al. (1995) following the
recommendations of Rubio-Ochoa et al. (2019). A total of
100 µL of each sample extract and 900 µL of 0.1 M of the
stable radical 2,2-diphenyl-1-picrylhydrazyl (DPPH• in 70%
ethanol) were mixed for 30 min at room temperature in the
dark. Subsequently, a 250-µL aliquot of each sample was placed
in the 96-well MultiskanTM GO microplate (Thermo Fisher
Scientific) and read at 515 nm. The result was expressed in
micromol equivalents of Trolox per gram of tissue (DW) using
a calibration curve ranging from 1–1,000 µM/mL.

Salinity responsive gene expression
assay

Total RNA was extracted from leaves obtained from a pool
of three plants using TRIzol Reagent (Invitrogen, Carlsbad, CA,
United States) following manufacturer recommendations. The
cDNA was obtained from 2 µg of RNA using GoScript reverse
transcriptase (Promega, Madison, NJ, United States) and oligo-
dT (15) primers. qPCR amplifications were performed using
SYBR R© Green detection in 96-well plates in a StepOnePlus
System (Applied Biosystems, Foster City, CA, United States).
Reactions were prepared in a total volume of 15 µL with
1.5 µL of cDNA template (1:10), 7.5 µL SYBR R© Select Master
Mix (Applied Biosystems), and forward and reverse gene-
specific primers (300 nM). The cycling conditions were set as
follows: initial denaturation step at 95◦C for 5 min, followed
by 40 cycles of denaturation at 95◦C for 10 s, and annealing
at 60◦C for 30 s. A melting curve analysis was used to
evaluate reaction specificity. The RT-qPCR system software
automatically determined the baseline and cycle threshold
(Ct). Relative expression was calculated using a comparative
cycle threshold method (Livak and Schmittgen, 2001) and
SlGADPH and SlEF1α as endogenous reference genes. Primers
for SlGADPH and salinity responsive genes were reported

by Devkar et al. (2020) and SlEF1α by Wang et al. (2020)
(Supplementary Table 2).

Statistical analysis

The data sets were analyzed by a one-way ANOVA
and post hoc Tukey HSD tests after both normality and
homogeneity of variance were tested with Shapiro–Wilk and
Bartlett tests, respectively. When these assumptions were not
met, a permutational ANOVA (PERMANOVA) was used. All
statistical analyses were conducted in Sigma Plot v. 12 (Systat
Software, Inc., Chicago, IL, United States) and PRIMER +
PERMANOVA software (Version 7.0.13; PRIMER-e, Plymouth,
United Kingdom).

Results

Tomato root colonization by
Salinispora arenicola

In a previous study (Ocampo-Alvarez et al., 2020), a
close interaction between S. arenicola and Nicotiana attenuata
roots was observed in vitro. To confirm the presence of
such interactions in tomato plants in this study, tomato
seeds inoculated with S. arenicola and controls (bacteria-
free) were grown under either saline or salt-free conditions
and analyzed by Giemsa staining and FISH (Figure 2).
Colonization of S. arenicola was observed in the central zone
of the seedling roots. Under salt-free conditions, we found
the bacteria interacting with the epidermal cells of roots
(Figures 2E,F). Interestingly, bacterial colonization was more
markedly observed under saline conditions on root hairs
(Figures 2G,H). The control seedlings showed no presence of
any bacteria (Figures 2A–D), which confirms that S. arenicola
interaction occurs in tomato plants and that the site of this
interaction changes from epidermal cells to root hairs based
on salinity conditions. As S. arenicola is a bacteria found in
saline habitats with the capacity to sustain a heterologous
symbiotic relationship with plant roots, hereinafter it is
referred to as a HAHS.

Salinispora arenicola increases the
germination percentage of tomato
seeds under salt stress conditions

Once the interaction between S. arenicola and the
tomato plants was confirmed, the effects of this HAHS on
germination competence were evaluated (Figure 3). With salt-
free irrigation, no differences were observed in germination
kinetics between the HAHS-treated and control seeds with
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FIGURE 2

Colonization of Salinispora arenicola on tomato root hairs. Samples underwent Giemsa staining (A,C,E,G) and Fluorescence in situ Hybridization
(FISH; B,D,F,H). Arrows indicate the presence of habitat-adapted heterologous symbiont (HAHS) bacterial cells in samples of plants inoculated
under control (Ctrl; without NaCl) and NaCl conditions (100 mM).

FIGURE 3

Germination kinetics of HAHS-treated and control tomato seeds under saline conditions. Symbols represent the daily average germination

percentage of four replicates with 100 seeds. Seed germination data were fitted to the Gompertz equation: f = ae

(
−e
−

(
d−d0
b

))
. Seeds

inoculated under control (Ctrl) or habitat-adapted heterologous symbiont (HAHS) conditions with water free of NaCl or with 100 mmol NaCl
(+NaCl) irrigation. Statistical significance was analyzed by a univariate analysis of variance. Lowercase letters denote statistical differences
(pairwise test) among treatments for each parameter.
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TABLE 1 Growth and biochemical characteristics of habitat-adapted heterologous symbiont (HAHS)-treated (B) and control (C) tomato seedlings
under salt stress conditions.

Ctrl HAHS NaCl HAHS + NaCl

Plumule (cm) 6.61± 0.24b 9.29± 1.18c 3.84± 0.46a 4.51± 0.40a

Radicle (cm) 6.00± 0.40b 7.35± 0.24c 3.40± 0.21a 3.96± 0.64a

% N 5.09± 0.01b 5.19± 0.01b 3.74± 0.03a 4.72± 0.09c

% C 43.42± 0.09b 38.72± 0.14d 31.20± 0.30a 41.02± 0.19c

Polyphenols (mg/kg) 901.81± 6.37b 600.01± 1.71d 356.97± 5.52a 1,582.53± 14.17c

Ctrl, control; HAHS-free; HAHS = S. arenicola; NaCl = HAHS-free and NaCl condition (100 mM); and HAHS + NaCl = S. arenicola and NaCl condition (100 mM).

∼90% seed germination. Salinity delayed the germination
kinetics in both HAHS-treated (HAHS+NaCl) or HAHS-free
seeds (NaCl). However, although NaCl treatment caused a delay
in seed germination, HAHS-treated seeds reached the maximum
germination percentage (∼90%) at the end of the germination
assay as did the control seeds. In comparison, HAHS-free seeds
with NaCl treatment only reached ∼60% germination. Salt
stress affected tomato seed germination, but treatment with
S. arenicola alleviated this stress by the end of the experiment.

Additionally, in the germinated seedlings, we measured
%N, %C, and polyphenol (mg/Kg) content and the radicle
and plumule heights on day 13 (Table 1). Salinity decreased
the plumule and radicle lengths of both HAHS-treated and
HAHS-free seedlings. Interestingly, treatment with S. arenicola
significantly increased both length measurements under
conditions of no salt stress. Seedling plumule and radicle
lengths correlated nicely with nitrogen content (Pearson
r ≈ 0.8), although the relationships with polyphenols and
carbon showed different patterns. Polyphenol content
decreased in the control tomato seedlings under salt
stress conditions but increased in the plants treated
with S. arenicola under salt stress. The high polyphenol
content in HAHS-treated tomato seedlings could be
related to the enhanced antioxidant activity that protected
tomato seeds during germination. This is supported by
the high correlation between the germination percentage
and polyphenol content (Pearson correlation: r = 0.95).
Furthermore, high correlations were found between %N and
%C content and germination (Pearson correlation: r = 0.97,
0.94, respectively).

Growth promoting activity of
Salinispora arenicola with saline and
salt-free irrigation

Tomato plant seedlings (15 days after germination; DAG)
were submerged in either an S. arenicola suspension (HAHS-
treatment) or water (control) before being transplanted into
pots with soil and allowed to grow for 15 more days
(Figure 1B). Afterward, groups of plants of each treatment
were irrigated for 8 days with increasing NaCl concentrations

up to 300 mM, which resulted in another two treatments:
HAHS+NaCl and NaCl. Plant response parameters (i.e., plant
length from the bottom to the main apex and the number
of leaflets) were recorded 1 day after the last irrigation
treatment (day 9 after the first irrigation). Results showed
a clear and significant effect of S. arenicola in promoting
tomato plant growth (Figure 4). With simple irrigation (salt-
free), we found increases in growth of 27.2% in the shoots
and 42.3% in the roots of plants treated with S. arenicola
compared to those of the controls. In addition, leaflets and
compound leaves increased in number by 20.9% and 36.3%,
respectively (Figure 4).

Saline irrigation showed a slight decrease in all analyzed
phenotypes for both control and HAHS-treated plants
(Figure 4). Interestingly, HAHS-treated plants under salt stress
conditions grew higher than control plants grown without
saline stress, with a slight difference in shoot length (5.7%) and
a notable difference in root length (21.1%; P = 0.001). Moreover,
we still observed that HAHS-NaCl plants substantially outgrew
bacteria free-plants under saline conditions (NaCl), with 26.8%
and 42.2% differences in shoot and root lengths, respectively,
and differences of 17.1% and 24.6% in the number of leaflets
and compound leaves, respectively (Figure 4). Overall, although
growth was affected by salinity in both control and HAHS-
treated plants, S. arenicola-treated plants outperformed the
control plants, which further suggests induced salt-tolerance
activity by the actinobacteria.

Salinispora arenicola enhances
photosynthetic performance and
photoprotection

In line with the growth results obtained with simple
water irrigation, HAHS-treated plants exhibited enhanced
photosynthetic performance compared to HAHS-free plants in
the form of an∼25% larger electron transport rate (ETRMAX), a
marginally but statistically significant increase in the maximum
photochemical quantum yield of PSII (FV/FM; c. 2%), and
∼15% higher dissipation of absorbed energy in the PSII antenna
through a thermal dissipation pathway (NPQ; Figure 5A).
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FIGURE 4

Salinispora arenicola enhances the growth of tomato plants under normal and salt stress conditions. Phenotype measurements of 39 DAG
plants grown with either NaCl-free irrigation or saline irrigation that were either inoculated with a habitat-adapted heterologous symbiont
(HAHS) bacterium or not (control; Ctrl). Statistical significance was determined using a permutational ANOVA (PERMANOVA; p = 0.001).
Lowercase letters denote statistical differences (pairwise test) among conditions.

The yield coefficients of the absorbed energy distribution
[effective photochemical quantum yield, Y(II); the non-
regulated quantum yield of fluorescence emission from
PSII, Y(NO); and light-regulated quantum yield of non-
photochemical fluorescence quenching, Y(NPQ)] confirmed
the bacterial benefits to photosynthetic performance. HAHS
treatment induced a 40% increase of Y(II) compared to that
of the control plants and a drop in the non-regulated Y(NO)
and regulated Y(NPQ) energy distribution pathways in HAHS-
treated compared to those of HAHS-free plants. This points to
an increased capacity of HAHS-treated plants to allocate light-
derived energy into the carbon assimilation pathway induced by
the actinobacteria (Figure 5B).

Interestingly, when plants were irrigated with a saline
solution, the photosynthetic parameters followed an interesting
pattern of change with respect to those observed under non-
stressed conditions in HAHS-free and HAHS-treated plants
(Figure 5A). For HAHS-free plants, salt-stress induced no effect
on FV/FM, although a reduction of∼9% in NPQ and an increase
of∼20% in ETRMAX were observed. On the other hand, HAHS-
treated plants showed no increase in FV/FM, but in contrast, a
significant increase in NPQ (∼74%) and a decrease in ETRMAX

(∼7%) under saline stress was observed when compared to those
of the control plants. This agrees with the observed changes
induced by saline stress in yield coefficients, which showed
a decrease in the proportion of Y(NO) of ∼17%, a marginal
reduction in Y(II) of ∼7%, and a high increase in Y(NPQ) of
∼42% in HAHS-treated plants (Figure 5B).

Photosynthetically related pigments
and metabolites

The photosynthetic changes suggested the activity of
photosynthetic and photoprotective-related pigments and
metabolites. Pigment composition (Figure 6) and metabolite
content (Table 2) were assessed in plant leaves collected 1 day
after the last saline irrigation treatment. An increase in light
collector molecules (Chl a by 11% and Chl b by 6 %) was
observed in HAHS-treated plants under salt-free irrigation
(Figure 6 and Supplementary Table 3), which provides
evidence of extended photosynthetic performance induced by
the actinobacterium. The increase was higher in Chl a than
Chl b, which was reflected in the Chl a/b ratio. Moreover, the
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FIGURE 5

Salinispora arenicola enhances quantum yield and photoprotection under saline stress. (A) Photosynthethic performance parameters and (B)
Yield coefficients of the absorbed energy distribution. Parameters were measured with a non-intrusive pulse-amplitude modulated (PAM) device
(n = 6) 39 days after germination (DAG) in plants grown with either NaCl-free or saline irrigation and inoculated with a habitat-adapted
heterologous symbiont (HAHS) bacteria (turquoise bars) or not (control; C, white bars). FV/FM, Maximum photochemical quantum yield of PSII;
ETRMAX, Maximum electron transfer rate; NPQ, Stern-Volmer type non-photochemical fluorescence quenching; Y(NO), Quantum yield of
non-regulated heat dissipation and fluorescence emission; Y(II), Effective photochemical quantum yield of PSII; Y(NPQ), Quantum yield of
light-induced non-photochemical fluorescence quenching. Statistical significance was determined separately for each irrigation scheme using
a univariate analysis of variance (ANOVA; p = 0.001). Lowercase letters denote statistical differences (pairwise test) among conditions.

Xanthophyl cycle pool size
[∑(

XC
Chl a+b

)]
was reduced by 8%

in HAHS-treated plants compared to that of the control plants,
which was also likely due to the higher content of chlorophyll
molecules. The photoprotective pigment zeaxanthin, which his
related to the light-regulated energy dissipation mechanism, was
not affected, although the antioxidant molecule beta-carotene
increased∼60% in HAHS-treated plants.

In HAHS-free plants, salt stress caused a significant
reduction in all analyzed pigments [chl a (∼21%), chl b (∼22%),
Zeaxanthin (∼11%), and Beta-carotene (∼19%)] and on the
xanthophyll cycle pool size (∼16%). In contrast, treatment with
HAHS prior to saline stress partially lessened the reduction
in light collector molecules (chl a down to 12% and chl b to
17%) and the xanthophyll cycle pool (down to 6%) with respect
to those of the control conditions. Furthermore, the content
of Zeaxanthin and Beta-carotene was enriched up to 2 and
40%, respectively, which suggests induced zeaxanthin-related
photoprotective and beta-carotene-related antioxidant activity
by the actinobacterium S. arenicola.

Antioxidant metabolites, such as proline and phenol, and
DPPH antioxidant activity tended to increase in plants under

salinity as a strategy to mitigate stress by reducing the cellular
osmotic potential and free radical scavenging. We found an
increase in all of these parameters after saline irrigation.
However, the increase was onefold lower in HAHS-treated
plants than in untreated plants for both proline and DPPH
(Table 2). This result implies that the symbiotic bacteria
may reduce oxidative and osmotic stress and thus alleviate
responses upstream, perhaps by inducing cation-transporters or
reducing ROS formation.

Studies have also reported changes in sugar accumulation
after saline stress (Yin et al., 2010), which are likely a
consequence of a metabolic reconfiguration and redistribution
of resources or an effect of photosynthetic changes. We observed
a significant reduction in the content of reducing sugars (∼50%)
when HAHS-free plants were treated with saline water (Table 2).
This reduction was not observed in HAHS-treated plants. Sugar
content reduction in untreated plants may be due to the
observed decrease in photosynthesis (El-Beltagi et al., 2017).
Overall, metabolic changes suggest that the symbiotic bacteria
may lessen oxidative and osmotic stress and thereby protect
plant metabolism.
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FIGURE 6

Salinispora arenicola induces changes in photosynthetically related pigments under normal and saline conditions. Plants (n = 4) 39 days after
germination (DAG) were grown with either normal irrigation (white boxes) or saline irrigation (NaCl; gray boxes) and inoculated with a
habitat-adapted heterologous symbiont (HAHS; B, turquoise) or not (control; C, black). Statistical significance was determined separately for
each irrigation scheme using a univariate analysis of variance (ANOVA; p = 0.001). Lowercase letters denote statistical differences (pairwise test)
among conditions.

TABLE 2 Proline, phenolics, antioxidant activity, and reducing sugars in tomato plant leaves.

Ctrl HAHS NaCl HAHS + NaCl

Proline 37.39± 1.53a 35.68± 1.14a 133.55± 3.23b 93.08± 1.46c

Total phenolics 5.03± 0.22a 4.75± 0.28a 5.47± 0.332b 5.30± 0.16b

DPPH antioxidant activity 3.64± 0.48a 3.17± 0.45a 6.50± 0.303c 5.94± 0.34b

Reducing sugars 41.67± 1.34c 35.34± 0.92b 27.33± 0.70a 33.27± 2.29b

DPPH is a water soluble, stable radical 2,2-diphenyl-1-picrylhydrazyl; DPPH Antioxidant activity (µg Trolox/g FW), proline (µg/mg FW), reducing sugars (mg/g FW), total phenolics (mg
GAE/g FW), and flavonoids (mg/g FW) in six-week-old tomato plant leaves. Ctrl = control, habitat-adapted heterologous symbiont (HAHS)-free; HAHS = S. arenicola; NaCl = HAHS-free
and NaCl (100 mM); and HAHS+NaCl = S. arenicola and NaCl (100 mM). Values are mean ± standard deviation (n = 6). Different letters indicate significant differences according to
Tukey tests (P < 0.05).
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Salinispora arenicola modulates salinity
responsive gene expression

To obtain insights into the possible mechanism responsible
for alleviating saline stress, the expression of the following five
genes was assessed: SlHBF7, a transcription factor regulator
of salt tolerance; SlRD29B, a gene involved in early responses
to desiccation; SlSDR1A, a responsive gene involved in ABA
biosynthesis; SlHKT1,2, a cation transmembrane transporter
involved in Na+/K+ homeostasis; and SlAOX1b, a gene
related with oxidative stress-related genes and ROS scavenging
(Figure 7). Most of the genes were upregulated under salt
stress conditions, with or without bacteria, except SlRD29B,
which did not show any changes in expression. Interestingly,
the expression of SlHKT1,2 increased in HAHS-treated plants
regardless of whether or not they were subjected to salt stress.
SlHKT1,2 encodes a Na+/K+ transporter and plays a crucial
role in salinity tolerance mechanisms by alleviating osmotic
stress. On the other hand, SlAOX1b and SlHBF7 decreased
their expression by half under salt stress conditions in HAHS-
treated plants when compared to that of control plants under the
same stress conditions. Therefore, HAHS treatment may induce
changes that prime plants to better respond to salt-induced
osmotic stress to avoid oxidative stress.

Discussion

The indiscriminate use of agrochemicals coupled with the
projected increases in population growth and soil salinity are
expected to negatively impact the native microbiota of soils,
and thus sustainable alternatives must be explored for plant
agriculture. In this study, we show a growth-promoting and
induced saline resilience effect in tomato plants by the marine
actinobacteria S. arenicola. This actinobacterium established an
endophytic symbiosis with tomato plant roots (Figure 2). The
presence of this actinobacteria on tomato seeds relieved the
inhibitory effect of salt on tomato germination and enhanced
tomato plant growth under normal irrigation conditions
(Figures 3, 4). Although salt-induced growth inhibition was
still observed with HAHS-treated tomato plants, we observed
enhanced quantum yield and photoprotective mechanisms
(Figure 5). These changes appeared with increased quantities
of photosynthetic pigments like Chl a, Chl b, β-carotene, and
zeaxanthin along with increased amounts of reducing-sugars
compared to those present in HAHS-free plants, which suggests
improved photoprotection and a specific NPQ mechanism at
play. Interestingly, we observed reductions in proline osmolyte
and antioxidant activity in plant leaf tissues compared to that
of the control plants under saline conditions (Figure 6 and
Table 2), which implies that the bacterial treatment might
ameliorate the underlying causes that induce these responses.

Furthermore, after scouting for the possible mechanisms
involved in these responses based on gene expression, only two
genes with significant differences in expression between HAHS-
treated and HAHS-free plants were identified (Figure 7). The
expression of SlHKT1,2, which is involved in ion-transporter
encoding, was found to be significantly higher in HAHS-treated
plants than in HAHS-free plants under both normal and saline
conditions. SlHKT1,2 expression may explain the ameliorated
responses in HAHS-treated plants to salt stress by restoring the
K+/Na+ balance and relieving osmotic stress.

Microscopic analysis showed that S. arenicola established
a stable symbiotic interaction with tomato plants (Figure 2).
Interestingly, this interaction was observed to change with the
salinity conditions of the substrate. Under salt-free conditions,
S. arenicola was found on epithermal roots cells, while we
observed them mainly distributed on root hairs under saline
conditions. Both epidermal root cells and root hairs have
been recognized as active interaction sites for microbes. The
roles of root hairs in plant exudation in part determine the
growth of symbiotic bacteria (Mercado-Blanco and Prieto,
2012). Furthermore, an evaluation of the effect of saline
stress conditions on root exudation patterns in barley plants
by Knipfer et al. (2021) revealed higher water exchange by
exudation in the root hair region compared to the mature region
(epidermal and endodermal cells) under saline stress, whereas
higher water exchange occurs in mature regions in the absence
of saline stress. Similar phenomena could occur in tomato roots
under saline stress, with an increase in exudation in the root hair
region that produces chemotaxis of S. arenicola and improves
colonization in this region. Moreover, Salinispora is an obligate
halophile (Mincer et al., 2002). Therefore, it is also possible
that S. arenicola could migrate out of the plants or to more
superficial cells, such as root hairs, in salty soil. In non-salty
soil, the bacteria would likely prefer deeper cells to escape low-
salinity soil. However, it would be interesting to further explore
and define the specific reasons behind this behavior.

Tomato seeds exposed to salt stress showed delayed
germination and a reduction in the percentage of germinated
seeds. Salt stress disrupts germination by decreasing water
uptake due to changes in the hydraulic potential or the activity
of phytohormones, such as gibberellins (GAs) and abscisic
acid (ABA; Liu et al., 2018). However, HAHS-treated seeds
under saline conditions showed the same overall germination
percentage as that of control plants, although with a slight
delay. GAs activate amylase enzymes that make endosperm
energy available in the embryo for germination; however,
salinity is known to affect amylase activity (Liu et al., 2018).
The recovery of the germination percentage in HAHS-treated
seeds may be explained by the high production of saline-
stable glycosyl hydrolases by S. areniola, including α-amylase,
endoglucanases, and endomanases, which are seen in the
S. arenicola genome (CNS-205, T00613; Penn and Jensen, 2012)
and published in the Kyoto Encyclopedia of Genes and Genomes
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FIGURE 7

Salinispora arenicola modulates the expression of saline response genes in tomato plant leaves. Shade plot showing up- (blue) or
downregulated (red) saline responsive genes in plants in the habitat-adapted heterologous symbiont (HAHS), HAHS + NaCl, and NaCl
treatments. Gene expression was normalized to control expression. Black numbers inside the colored blocks indicate changes in expression at
least 50% lower or higher than that of the control.

database2. Therefore, even if GAs are not produced in sufficient
concentrations due to low water uptake during imbibition under
saline conditions, the enzymes necessary for germination could
be provided by the HAHS S. arenicola.

Salt exposure also affected the growth of tomato plants,
independent of the bacterial treatment. However, HAHS-treated
plants were healthier, with thicker stems, greener leaves, and
fewer senescent leaves than those of HAHS-free plants. It is
possible that the initial effect on growth and perhaps nutrition
by HAHS treatment prior to saline irrigation may have prepared
the plant to better cope with salt stress conditions. This is
consistent with the onset of arrested growth. However, we
observed increased photoprotection parameters, such as NPQ,
and a reduction in Y(NO) and ETRMAX in HAHS-treated
plants under salt stress conditions. ETRMAX increased in HAHS-
free plants under salt stress conditions, although this does not
seem to be consistent with the observed arrested growth. It
could be argued that the electron flow in these plants was
directed toward an alternative electron sink pathway, such as
photorespiration (Figure 8). Photorespiration is considered to
be a significant electron sink pathway for C3 plants under
saline stress (Di Martino et al., 1999; Hossain and Dietz,
2016). Absicic acid-mediated stomata closure is one of the first
responses to salt stress (Zhao et al., 2021). Stomata closure
decreases the availability of CO2 in leaves and increases the
probability of RuBP oxygenation by Rubisco, which leads to
photorespiration (Kalaji et al., 2011). Photorespiration is an
energy-expensive process that affects plant growth (Walker

2 https://www.genome.jp/kegg/kegg2.html

et al., 2016). Therefore, although an increase in ETRMAX was
observed in NaCl-treated plants, it does not necessarily translate
to increased photosynthesis and growth. HAHS-treated plants
seem to prevent this scenario by redirecting quantum energy to
dissipation mechanisms, as evidenced by the increase in NPQ,
which is consistent with the increase in zeaxanthin pigment.
The onset of this NPQ mechanism (Figure 8) allows the
plant to reduce PSII pressure and prevent oxidative damage
through the reduction of the un-regulated dissipation of
energy [Y(NO)], which may result in ROS production at the
photosynthetic antenna.

To avoid damage caused by the overproduction of ROS,
plants employ an arsenal of antioxidant defense mechanisms,
one of which involves the synthesis of molecules with
antioxidant properties, such as polyphenols (Salem et al., 2014;
Zhao et al., 2015). Antioxidant production is often observed
as a plant tolerance mechanism to cope with salt stress
(Soares et al., 2019; Akyol et al., 2020). Salt stress affects the
electron transport chain, which may favor the formation of
potentially harmful ROS that are then scavenged by antioxidants
(Ahanger et al., 2017; Numan et al., 2018). Inoculation with
several plant growth-promoting rhizobacteria (PGPR), such
as Sphingobacterium BHU-AV3 in tomato plants, increases
phenols and antioxidative enzymes and directly alleviates the
induced oxidative stress (Kohler et al., 2009; Hashem et al.,
2016; Vaishnav et al., 2020). As expected, phenols and the overall
antioxidant activity in plant leaf tissues increased with salt
stress in tomato plants. However, no significant changes were
observed in phenols or antioxidant activity between HAHS-
treated and HAHS-free plants (Table 2) that would improve
the performance of the HAHS-treated plants in our experiment.
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FIGURE 8

Model of habitat-adapted heterologous symbiont (HAHS)-induced changes in the light reactions of photosynthesis and associated alternative
electron transfer pathways. The light energy distribution (pink side) and electron transport (blue side) of the light reactions of photosynthesis are
shown. In the control plants, the photochemical energy flows to NADPH, mainly via the linear electron flow (LEF) pathway. Reduced Y(NO) and
increased Y(II) indicate a lower probability of non-regulated dissipation but a higher probability of energy conduction to photochemistry as
observed for HAHS-treated plants. As a result, plants exhibited higher FV/FM values and high plant growth. An increase in Chl content, the Chl
a/b ratio, and beta-carotene but a reduction of XC/Chl a+b suggests a reduction of antenna size and an increase of PSII reaction centers in
agreement with the increase in photosynthetic performance. High ETRMAX with a small antenna and no PSII damage indicates highly efficient
energy consumption in the Calvin cycle induced by HAHS interaction. Plants under salt stress without HAHS did not exhibit differences in Y(NO)
or Y(NPQ) dissipation, indicating that no induced protective mechanism was present in the antenna. However, a significant increase in Y(II)
linked to lower plant size was found, suggesting that a salt-induced mechanism in tomato plants without HAHS is related to the activation of
alternative sinks such as photorespiration. Induced stomatal closure due to saline stress reduces CO2/O2 ratio increases the photorespiration
probability. Photorespiration reduces the energy destined for photosynthetic Calvin Benson cycle, thereby affecting plant growth. In plants
treated with HAHS under saline conditions, the HAHS protects plant photosynthesis by increasing the regulated thermal energy dissipation
Y(NPQ) pathway, which decreases the potential for ROS formation in the LHCII antenna. This is also reflected in high FV/FM values compared to
those of the control and control + NaCl plants. PsBS, pigment-binding protein associated with photosystem II (PSII); VDE, Violaxanthin
De-Epoxidase; XC, Xanthophyll cycle pigments (Zx+Ax+Vx); Zx, Zeaxanthin; Ax; Antheraxanthin, Vx, Violaxanthin; LHC, Light-Harvesting
Complex; PSII, Photosystem II; OEC, oxygen-evolving complex; PQ, Plastoquinone; PQH, Plastoquinol; AOX, Alternative Oxidase; Cyt b6/f,
Cytochrome b6/f; PC, Plastocyanin; PSI, Photosystem I; ROS, Reactive oxygen species; ETRMAX, Maximum electron transfer rate; Y(NO),
Quantum yield of non-regulated heat dissipation and fluorescence emission; Y(II), Effective photochemical quantum yield of PSII; Y(NPQ),
Quantum yield of light-induced non-photochemical fluorescence quenching.

It is likely that the higher NPQ levels observed in HAHS-
treated plants under salt stress may contribute to avoiding
ROS formation and thus reducing oxidative stress beforehand.
Therefore, although antioxidant activity and metabolites were
equivalent in plants with or without HAHS treatment, oxidative
stress may have been reduced in HAHS-treated plants.
Further experiments that analyze ROS production, ROS half-
life times, and other antioxidant metabolites are needed to
answer this question.

The presence of bacteria alone induced a drop in reducing
sugars even though ETRMAX was enhanced. An increase in
ETRMAX suggests an increase in sugar production. However, it
is likely that the rate of sugar consumption also increased in
HAHS-treated plants, with sugars being redirected to growth
and development (as suggested by the high shoot and root
lengths and the number of branches) to sustain the symbiotic
relationship with the bacteria. The symbiotic consumption
of photosynthetically produced sugars has been demonstrated
for other root symbiotic interactions, such as mycorrhizal

interactions (Schweiger et al., 2014). On the other hand, salt-
stress conditions lowered the sugar levels in HAHS-free plants.
This was also observed in ETRMAX levels, which were increased
by salt stress in HAHS-free plants. However, considering that
growth was inhibited, the flow of the electrons at ETRMAX may
follow alternative electron sink pathways. Moreover, the rapid
secretion of photosynthetically produced molecules other than
sugars, such as osmolytes, can lead to high ETRMAX but low
growth rates (Demmig-Adams et al., 2017). Interestingly, salt
stress conditions had no significant effect on reducing sugars
in HAHS-treated plants. This may be due to a reduction in
ETRMAX by redirecting quantum energy to dissipative NPQ
mechanisms and a decrease in the sugar used, as suggested by
the reduced growth. This coordinated response may favor the
plant by avoiding energy waste and oxidative stress.

Proline accumulation in the leaves and roots is considered
to be a salt-sensitive trait in tomato plants that may be
used to select varieties with different degrees of tolerance
(Gharsallah et al., 2016). Many reports have shown that the
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proline concentration increases in the shoots of plants grown
under saline conditions (Vicente et al., 2004; Amini and
Ehsanpour, 2005; Roy et al., 2014). Plants accumulate proline
as a non-toxic and protective compatible solute, which
participates in cytosolic osmotic adjustments and balances
osmotic pressure differences between the cytosol and vacuoles
(Parida and Das, 2005; Munns and Tester, 2008; Kamanga
et al., 2020). Additionally, proline acts as an energy supplier
and a signaling/regulatory molecule that can activate responses
involved in the adaptation process, which helps to improve
salinity tolerance (Maggio et al., 2002). In agreement with this,
our experiments showed increased proline levels when plants
were exposed to salt stress conditions, although this increase was
lower in HAHS-treated plants (Table 2). As with any stimuli
response mechanism, a quantitative level of damage or impact
must induce a protective response of a similar scale. In this case,
a lower response in HAHS-treated tomatoes does not necessarily
mean a lower capacity to protect against the damaging effects
of salt, as suggested by the observed growth and photosynthetic
performance (Figures 4, 5). Instead, this could be due to lower
adverse effects produced by Na+ ions. A potential hypothesis
is that the activation of ion transporters ameliorates some of
the adverse effects of Na+. Which is line with many other
studies that have shown that the activation of HKT1 transporters
under saline stress conditions increases salinity tolerance in
plants (Rodríguez-Navarro and Rubio, 2006). This aligns well
with the observed overexpression of SlHKT1,2 in HAHS-treated
plants with regular or saline irrigation (Figure 7). The increased
expression of SlHKT1,2 in HAHS-treated plants, even in the
absence of salt stress, could serve as a mechanism that prepares
the plants to withstand stress by ameliorating other stress
responses. In agreement with this, HKT1 induction has been
proposed as a protective mechanism to salinity stress conditions
in halophytes (Rodríguez-Navarro and Rubio, 2006) or in salt
sensitive plants, where growth promoting bacteria (Zhang et al.,
2008) and synthetic bacterial community (Schmitz et al., 2022)
induced HKT1 expression. However, SlHKT1,2 gene behavior
in response to HAHS even in salty or regular conditions, needs
further investigation. Additionally, the decreased expression
of SlAOX1b and SlHBF7 under saline conditions in HAHS-
treated plants compared with those of the control plants
indicates lower damage caused by free radicals and other salt-
related effects. Salinispora is endemic to marine ecosystems,
and Salinispora strains offer a vast array of potential benefits
to their ubiquitous hosts. These strains are recognized for their
antimicrobial activity (Cardoso-Martínez et al., 2015; Chase
et al., 2021), ability to modify microbiotas (Tuttle et al., 2019),
and ability to degrade recalcitrant materials. The particular
strain used in this study was isolated from corals. However,
many other strains have been obtained from other marine
sources, including ascidians (Steinert et al., 2015), seaweeds
(Jensen et al., 2005), soft corals (Louka et al., 2022), and
sponges (Kim et al., 2005), which suggests that Salinispora

is a ubiquitous symbiont. However, we were surprised to
find that this actinobacterium was able to sustain a stable
interaction with a terrestrial plant, although S. arenicola is
closely related to several terrestrial actinobacteria (Trujillo et al.,
2014). Thus, the ability to sustain this interaction may be
due to a conserved mechanism present among terrestrial or
marine actinobacteria or an evolutionary memory in S. arenicola
metabolism that allows it to interact with terrestrial plants.
A better understanding of the interactions between S. arenicola
and terrestrial plants may allow us to identify the fundamental
mechanisms necessary for sustaining symbiotic relationships,
promoting growth, and alleviating saline stress. We define
this interaction as a habitat-adapted heterologous symbiosis
following the guidelines of Rodriguez et al. (2008). However,
ecological interactions are not always positive. For example,
Chhun et al. (2021) demonstrated that S. arenicola could inhibit
the growth of some marine phototrophs. Therefore, it is essential
to further study actinobacteria interactions to mitigate any
potential side effects in terrestrial plants.
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of salt stress on photosystem II efficiency and CO2 assimilation of two Syrian
barley landraces. Environ. Exp. Bot. 73, 64–72. doi: 10.1016/j.envexpbot.2010.10.
009

Kamanga, R. M., Echigo, K., Yodoya, K., Mekawy, A. M. M., and Ueda,
A. (2020). Salinity acclimation ameliorates salt stress in tomato (Solanum
lycopersicum L.) seedlings by triggering a cascade of physiological processes in the
leaves. Sci. Hortic. 270:109434. doi: 10.1016/j.scienta.2020.109434

Kerbab, S., Silini, A., Chenari Bouket, A., Cherif-Silini, H., Eshelli, M., El
Houda Rabhi, N., et al. (2021). Mitigation of NaCl stress in wheat by rhizosphere
engineering using salt habitat adapted PGPR halotolerant bacteria. Appl. Sci.
11:1034. doi: 10.3390/app11031034

Kim, T. K., Garson, M. J., and Fuerst, J. A. (2005). Marine actinomycetes
related to the “Salinispora” group from the great barrier reef sponge Pseudoceratina
clavata. Environ. Microbiol. 7, 509–519. doi: 10.1111/j.1462-2920.2004.00716.x

Knipfer, T., Danjou, M., Vionne, C., and Fricke, W. (2021). Salt stress reduces
root water uptake in barley (Hordeum vulgare L.) through modification of the
transcellular transport path. Plant Cell Environ. 44, 458–475. doi: 10.1111/pce.
13936

Kohler, J., Hernández, J. A., Caravaca, F., and Roldán, A. (2009). Induction of
antioxidant enzymes is involved in the greater effectiveness of a PGPR versus
AM fungi with respect to increasing the tolerance of lettuce to severe salt stress.
Environ. Exp. Bot. 65, 245–252. doi: 10.1016/j.envexpbot.2008.09.008

Liu, L., Xia, W., Li, H., Zeng, H., Wei, B., Han, S., et al. (2018). Salinity inhibits
rice seed germination by reducing α-amylase activity via decreased bioactive
gibberellin content. Front. Plant Sci. 9:275. doi: 10.3389/fpls.2018.00275

Livak, K. J., and Schmittgen, T. D. (2001). Analysis of relative gene expression
data using real-time quantitative PCR and the 2_DDCT method. Methods 25,
402–408. doi: 10.1006/meth.2001.1262

Louka, X. P., Sklirou, A. D., Le Goff, G., Lopes, P., Papanagnou, E. D.,
Manola, M. S., et al. (2022). Isolation of an extract from the soft coral symbiotic
microorganism Salinispora arenicola exerting cytoprotective and anti-aging
effects. Curr. Issue Mol. Biol. 44, 14–30. doi: 10.3390/cimb44010002

Maggio, A., Miyazaki, S., Veronese, P., Fujita, T., Ibeas, J. I., Damsz, B., et al.
(2002). Does proline accumulation play an active role in stress-induced growth
reduction? Plant J. 31, 699–712. doi: 10.1046/j.1365-313X.2002.01389.x

Mercado-Blanco, J., and Prieto, P. (2012). Bacterial endophytes and root hairs.
Plant Soil 361, 301–306. doi: 10.1007/s11104-012-1212-9

Mincer, T. J., Jensen, P. R., Kauffman, C. A., and Fenical, W. (2002). Widespread
and persistent populations of a major new marine actinomycete taxon in ocean
sediments. Appl. Environ. Microbiol. 68, 5005–5011. doi: 10.1128/AEM.68.10.
5005-5011.2002

Moghaddam, M. S. H., Safaie, N., Soltani, J., and Hagh-Doust, N. (2021). Desert-
adapted fungal endophytes induce salinity and drought stress resistance in model
crops. Plant Physiol. Biochem. 160, 225–238. doi: 10.1016/j.plaphy.2021.01.022

Mukhopadhyay, R., Sarkar, B., Jat, H. S., Sharma, P. C., and Bolan, N. S. (2021).
Soil salinity under climate change: challenges for sustainable agriculture and food
security. J. Environ. Manage. 280:111736. doi: 10.1016/j.jenvman.2020.111736

Munns, R. (2002). Comparative physiology of salt and water stress. Plant Cell
Environ. 25, 239–250. doi: 10.1046/j.0016-8025.2001.00808.x

Munns, R., and Tester, M. (2008). Mechanisms of salinity tolerance. Annu. Rev.
Plant Biol. 59, 651–681. doi: 10.1146/annurev.arplant.59.032607.092911

Muresu, R., Maddau, G., Delogu, G., Cappuccinelli, P., and Squartini, A. (2010).
Bacteria colonizing root nodules of wild legumes exhibit virulence-associated
properties of mammalian pathogens. Antoine van Leeuwenhoek 97, 143–153. doi:
10.1007/s10482-009-9396-6

Negrulescu, A., Patrulea, V., Mincea, M. M., Ionascu, C., Vlad-Oros, B. A., and
Ostafe, V. (2012). Adapting the reducing sugars method with dinitrosalicylic acid
to microtiter plates and microwave heating. J. Braz. Chem. Soc. 23, 2176–2182.
doi: 10.1590/S0103-50532013005000003

Numan, M., Bashir, S., Khan, Y., Mumtaz, R., Shinwari, Z. K., Khan, A. L., et al.
(2018). Plant growth promoting bacteria as an alternative strategy for salt tolerance
in plants: a review. Microbiol. Res. 209, 21–32. doi: 10.1016/j.micres.2018.02.003

Ocampo-Alvarez, H., Meza-Canales, I. D., Mateos-Salmón, C., Rios-Jara, E.,
Rodríguez-Zaragoza, F. A., Robles-Murguía, C., et al. (2020). Diving into reef
ecosystems for land-agriculture solutions: coral microbiota can alleviate salt stress
during germination and photosynthesis in terrestrial plants. Front. Plant Sci.
11:648. doi: 10.3389/fpls.2020.00648

Orsini, F., Accorsi, M., Gianquinto, G., Dinelli, G., Antognoni, F., Carrasco,
K. B. R., et al. (2011). Beyond the ionic and osmotic response to salinity in
Chenopodium quinoa: functional elements of successful halophytism. Funct. Plant
Biol. 38, 818–831. doi: 10.1071/FP11088

Osuna-Ruíz, I., Nieves-Soto, M., Manzano-Sarabia, M., Hernández-Garibay,
E., Lizardi-Mendoza, J., Burgos-Hernández, A., et al. (2019). Gross chemical
composition, fatty acids, sterols and pigments in tropical seaweed species off
Sinaloa, México. Cien. Mar. 45, 101–120. doi: 10.7773/cm.v45i3.2974

Palacios, O. A., Lopez, B. R., Bashan, Y., and de-Bashan, L. E. (2019). Early
changes in nutritional conditions affect formation of synthetic mutualism between
Chlorella sorokiniana and the bacterium Azospirillum brasilense. Microb. Ecol. 77,
980–992. doi: 10.1007/s00248-018-1282-1

Palmeros-Suárez, P. A., Massange-Sánchez, J. A., Martínez-Gallardo, N. A.,
Montero-Vargas, J. M., Gómez-Leyva, J. F., and Délano-Frier, J. P. (2015). The
overexpression of an Amaranthus hypochondriacus NF-YC gene modifies growth
and confers water deficit stress resistance in Arabidopsis. Plant Sci. 240, 25–40.
doi: 10.1016/j.plantsci.2015.08.010

Parida, A., and Das, A. B. (2005). Salt tolerance and salinity effects on plants: a
review. Ecotoxicol. Environ. Saf. 60, 324–349. doi: 10.1016/j.ecoenv.2004.06.010

Parihar, P., Singh, S., Singh, R., Singh, V. P., and Prasad, S. M. (2015). Effect of
salinity stress on plants and its tolerance strategies: a review. Environ. Sci. Pollut.
Res. 22, 4056–4075. doi: 10.1007/s11356-014-3739-1

Penn, K., and Jensen, P. R. (2012). Comparative genomics reveals evidence of
marine adaptation in Salinispora species. BMC Genomics 13:86. doi: 10.1186/1471-
2164-13-86

Rodriguez, R. J., Henson, J., Van Volkenburgh, E., Hoy, M., Wright, L.,
Beckwith, F., et al. (2008). Stress tolerance in plants via habitat-adapted symbiosis.
ISME J. 2, 404–416. doi: 10.1038/ismej.2007.106

Rodríguez-Navarro, A., and Rubio, F. (2006). High-affinity potassium and
sodium transport systems in plants. J. Exp. Bot. 57, 1149–1160. doi: 10.1093/jxb/
erj068

Roy, S. J., Negrão, S., and Tester, M. (2014). Salt resistant crop plants. Curr. Opin.
Biotechnol. 26, 115–124. doi: 10.1016/j.copbio.2013.12.004

Rubio-Ochoa, E., Pérez-Sánchez, R. E., Ávila-Val, T. C., Gómez-Leyva, J. F., and
García-Saucedo, P. A. (2019). Propiedades fisicoquímicas de frutos silvestres de
Rubus con potencial nutracéutico y alimenticio. Rev. Mexicana Cienc. Agríc. 23,
291–301. doi: 10.29312/remexca.v0i23.2028

Salem, N., Msaada, K., Dhifi, W., Limam, F., and Marzouk, B. (2014). Effect of
salinity on plant growth and biological activities of Carthamus tinctorius L. extracts
at two flowering stages. Acta Physiol. Plant 36, 433–445. doi: 10.1007/s11738-013-
1424-5

Schmitz, L., Yan, Z., Schneijderberg, M., de Roij, M., Pijnenburg, R., Zheng, Q.,
et al. (2022). Synthetic bacterial community derived from a desert rhizosphere
confers salt stress resilience to tomato in the presence of a soil microbiome. ISME
J. 16, 1–14. doi: 10.1038/s41396-022-01238-3

Schreiber, U. (2004). “Pulse-amplitude-modulation (PAM) fluorometry and
saturation pulse method: an overview,” in Chlorophyll a Fluorescence. Advances in
Photosynthesis and Respiration, Vol. 19, eds G. C. Papageorgiou and T. Govindjee
(Dordrecht: Springer).

Frontiers in Plant Science 18 frontiersin.org

904

https://doi.org/10.3389/fpls.2022.920881
https://doi.org/10.1093/aobpla/plw055
https://doi.org/10.1093/aobpla/plw055
https://doi.org/10.1080/07352680701572966
https://doi.org/10.1007/s11099-014-0007-z
https://doi.org/10.3389/fmicb.2016.01089
https://doi.org/10.3389/fpls.2016.00548
https://doi.org/10.1111/j.1462-2920.2005.00785.x
https://doi.org/10.3390/d13010024
https://doi.org/10.3390/d13010024
https://doi.org/10.1016/j.envexpbot.2010.10.009
https://doi.org/10.1016/j.envexpbot.2010.10.009
https://doi.org/10.1016/j.scienta.2020.109434
https://doi.org/10.3390/app11031034
https://doi.org/10.1111/j.1462-2920.2004.00716.x
https://doi.org/10.1111/pce.13936
https://doi.org/10.1111/pce.13936
https://doi.org/10.1016/j.envexpbot.2008.09.008
https://doi.org/10.3389/fpls.2018.00275
https://doi.org/10.1006/meth.2001.1262
https://doi.org/10.3390/cimb44010002
https://doi.org/10.1046/j.1365-313X.2002.01389.x
https://doi.org/10.1007/s11104-012-1212-9
https://doi.org/10.1128/AEM.68.10.5005-5011.2002
https://doi.org/10.1128/AEM.68.10.5005-5011.2002
https://doi.org/10.1016/j.plaphy.2021.01.022
https://doi.org/10.1016/j.jenvman.2020.111736
https://doi.org/10.1046/j.0016-8025.2001.00808.x
https://doi.org/10.1146/annurev.arplant.59.032607.092911
https://doi.org/10.1007/s10482-009-9396-6
https://doi.org/10.1007/s10482-009-9396-6
https://doi.org/10.1590/S0103-50532013005000003
https://doi.org/10.1016/j.micres.2018.02.003
https://doi.org/10.3389/fpls.2020.00648
https://doi.org/10.1071/FP11088
https://doi.org/10.7773/cm.v45i3.2974
https://doi.org/10.1007/s00248-018-1282-1
https://doi.org/10.1016/j.plantsci.2015.08.010
https://doi.org/10.1016/j.ecoenv.2004.06.010
https://doi.org/10.1007/s11356-014-3739-1
https://doi.org/10.1186/1471-2164-13-86
https://doi.org/10.1186/1471-2164-13-86
https://doi.org/10.1038/ismej.2007.106
https://doi.org/10.1093/jxb/erj068
https://doi.org/10.1093/jxb/erj068
https://doi.org/10.1016/j.copbio.2013.12.004
https://doi.org/10.29312/remexca.v0i23.2028
https://doi.org/10.1007/s11738-013-1424-5
https://doi.org/10.1007/s11738-013-1424-5
https://doi.org/10.1038/s41396-022-01238-3
https://www.frontiersin.org/journals/plant-science
https://www.frontiersin.org/


fpls-13-920881 August 2, 2022 Time: 17:53 # 19

Becerril-Espinosa et al. 10.3389/fpls.2022.920881

Schweiger, R., Baier, M., and Müller, C. (2014). Arbuscular mycorrhiza-induced
shifts in foliar metabolism and photosynthesis mirror the developmental stage of
the symbiosis and are only partly driven by improved phosphate uptake. Mol.
Plant Microbe Interact. 27, 1403–1412. doi: 10.1094/MPMI-05-14-0126-R

Shahid, M. A., Sarkhosh, A., Khan, N., Balal, R. M., Ali, S., Rossi, L., et al. (2020).
Insights into the physiological and biochemical impacts of salt stress on plant
growth and development. Agronomy 10:938. doi: 10.3390/agronomy10070938

Shameer, S., and Prasad, T. N. V. K. V. (2018). Plant growth promoting
rhizobacteria for sustainable agricultural practices with special reference to biotic
and abiotic stresses. Plant Growth Regul. 84, 603–615. doi: 10.1007/s10725-017-
0365-1

Shankar, V., and Evelin, H. (2019). “Strategies for reclamation of saline soils,” in
Microorganisms in Saline Environments: Strategies and Functions, eds B. Giri and
A. Varma (Cham: Springer).

Singleton, V., and Rossi, J. (1965). Colorimetry of total phenolic compounds
with phosphomolybdic-phosphotungstic acid reagents. Am. J. Enol. Viticult. 16,
144–158.

Soares, C., Carvalho, M. E., Azevedo, R. A., and Fidalgo, F. (2019). Plants facing
oxidative challenges-A little help from the antioxidant networks. Environ. Exp.
Bot. 161, 4–25. doi: 10.1016/j.envexpbot.2018.12.009

Steinert, G., Taylor, M. W., and Schupp, P. J. (2015). Diversity of Actinobacteria
associated with the marine ascidian Eudistoma toealensis. Mar. Biotechnol. 17,
377–385. doi: 10.1007/s10126-015-9622-3

Timmusk, S., El-Daim, I. A. A., Copolovici, L., Tanilas, T., Kännaste, A., Behers,
L., et al. (2014). Drought-tolerance of wheat improved by rhizosphere bacteria
from harsh environments: enhanced biomass production and reduced emissions
of stress volatiles. PLoS One 9:e96086. doi: 10.1371/journal.pone.0096086

Trujillo, M. E., Bacigalupe, R., Pujic, P., Igarashi, Y., Benito, P., Riesco, R.,
et al. (2014). Genome features of the endophytic actinobacterium Micromonospora
lupini strain Lupac 08: on the process of adaptation to an endophytic life style?
PLoS One 9:e108522. doi: 10.1371/journal.pone.0108522

Tuttle, R. N., Demko, A. M., Patin, N. V., Kapono, C. A., Donia, M. S.,
Dorrestein, P., et al. (2019). Detection of natural products and their producers
in ocean sediments. Appl. Environ. Microbiol. 85:e02830-18. doi: 10.1128/AEM.
02830-18

Upadhyay, S. K., and Singh, D. P. (2015). Effect of salt-tolerant plant growth-
promoting rhizobacteria on wheat plants and soil health in a saline environment.
Plant Biol. 17, 288–293. doi: 10.1111/plb.12173

Upadhyay, S. K., Singh, J. S., Saxena, A. K., and Singh, D. P. (2012). Impact
of PGPR inoculation on growth and antioxidant status of wheat under saline
conditions. Plant Biol. 14, 605–611. doi: 10.1111/j.1438-8677.2011.00533.x

Vaishnav, A., Singh, J., Singh, P., Rajput, R. S., Singh, H. B., and Sarma,
B. K. (2020). Sphingobacterium sp. BHU-AV3 induces salt tolerance in tomato by
enhancing antioxidant activities and energy metabolism. Front. Microbiol. 11:443.
doi: 10.3389/fmicb.2020.00443

Vicente, O., Boscaiu, M., Naranjo, M. A., Estrelles, E., Bellés, J. M., and
Soriano, P. (2004). Responses to salt stress in the halophyte Plantago crassifolia
(Plantaginaceae). J. Arid Environ. 58, 463–481. doi: 10.1016/j.jaridenv.2003.12.003

Walker, B., VanLoocke, A., Bernacchi, C., and Ort, D. R. (2016). The costs of
photorespiration to food production now and in the future. Annu. Rev. Plant Biol.
67, 107–129. doi: 10.1146/annurev-arplant-043015-111709

Wang, W. R., Liang, J. H., Wang, G. F., Sun, M. X., Peng, F. T., and Xiao,
Y. S. (2020). Overexpression of PpSnRK1α in tomato enhanced salt tolerance by
regulating ABA signaling pathway and reactive oxygen metabolism. BMC Plant
Biol. 20:128. doi: 10.1186/s12870-020-02342-2

Yin, Y. G., Kobayashi, Y., Sanuki, A., Kondo, S., Fukuda, N., Ezura, H., et al.
(2010). Salinity induces carbohydrate accumulation and sugar-regulated starch
biosynthetic genes in tomato (Solanum lycopersicum L. cv.‘Micro-Tom’) fruits
in an ABA-and osmotic stress-independent manner. J. Exp. Bot. 61, 563–574.
doi: 10.1093/jxb/erp333

Zapata, M., Rodríguez, F., and Garrido, J. L. (2000). Separation of chlorophylls
and carotenoids from marine phytoplankton: a new HPLC method using a
reversed phase C8 column and pyridine-containing mobile phases. Mar. Ecol.
Prog. Ser. 195, 29–45. doi: 10.3354/meps195029

Zhang, H., Kim, M. S., Sun, Y., Dowd, S. E., Shi, H., and Paré, P. W. (2008).
Soil bacteria confer plant salt tolerance by tissue-specific regulation of the sodium
transporter HKT1. Mol. Plant Microbe Interact. 21, 737–744. doi: 10.1094/MPMI-
21-6-0737

Zhao, G. M., Han, Y., Sun, X., Li, S. H., Shi, Q. M., and Wang, C. H. (2015).
Salinity stress increases secondary metabolites and enzyme activity in safflower.
Ind. Crop. Prod. 64, 175–181. doi: 10.1016/j.indcrop.2014.10.058

Zhao, S., Zhang, Q., Liu, M., Zhou, H., Ma, C., and Wang, P. (2021). Regulation
of plant responses to salt stress. Int. J. Mol. Sci. 22:4609. doi: 10.3390/ijms2209
4609

Zribi, L., Fatma, G., Fatma, R., Salwa, R., Hassan, N., and Néjib, R. M. (2009).
Application of chlorophyll fluorescence for the diagnosis of salt stress in tomato
“Solanum lycopersicum (variety Rio Grande)”. Sci. Hortic. 120, 367–372. doi: 10.
1016/j.scienta.2008.11.025

COPYRIGHT

© 2022 Becerril-Espinosa, Hernández-Herrera, Meza-Canales, Perez-
Ramirez, Rodríguez-Zaragoza, Méndez-Morán, Sánchez-Hernández,
Palmeros-Suárez, Palacios, Choix, Juárez-Carrillo, Lara-González,
Hurtado-Oliva and Ocampo-Alvarez. This is an open-access article
distributed under the terms of the Creative Commons Attribution
License (CC BY). The use, distribution or reproduction in other forums
is permitted, provided the original author(s) and the copyright owner(s)
are credited and that the original publication in this journal is cited, in
accordance with accepted academic practice. No use, distribution or
reproduction is permitted which does not comply with these terms.

Frontiers in Plant Science 19 frontiersin.org

905

https://doi.org/10.3389/fpls.2022.920881
https://doi.org/10.1094/MPMI-05-14-0126-R
https://doi.org/10.3390/agronomy10070938
https://doi.org/10.1007/s10725-017-0365-1
https://doi.org/10.1007/s10725-017-0365-1
https://doi.org/10.1016/j.envexpbot.2018.12.009
https://doi.org/10.1007/s10126-015-9622-3
https://doi.org/10.1371/journal.pone.0096086
https://doi.org/10.1371/journal.pone.0108522
https://doi.org/10.1128/AEM.02830-18
https://doi.org/10.1128/AEM.02830-18
https://doi.org/10.1111/plb.12173
https://doi.org/10.1111/j.1438-8677.2011.00533.x
https://doi.org/10.3389/fmicb.2020.00443
https://doi.org/10.1016/j.jaridenv.2003.12.003
https://doi.org/10.1146/annurev-arplant-043015-111709
https://doi.org/10.1186/s12870-020-02342-2
https://doi.org/10.1093/jxb/erp333
https://doi.org/10.3354/meps195029
https://doi.org/10.1094/MPMI-21-6-0737
https://doi.org/10.1094/MPMI-21-6-0737
https://doi.org/10.1016/j.indcrop.2014.10.058
https://doi.org/10.3390/ijms22094609
https://doi.org/10.3390/ijms22094609
https://doi.org/10.1016/j.scienta.2008.11.025
https://doi.org/10.1016/j.scienta.2008.11.025
http://creativecommons.org/licenses/by/4.0/
http://creativecommons.org/licenses/by/4.0/
http://creativecommons.org/licenses/by/4.0/
http://creativecommons.org/licenses/by/4.0/
http://creativecommons.org/licenses/by/4.0/
https://www.frontiersin.org/journals/plant-science
https://www.frontiersin.org/


TYPE Original Research

PUBLISHED 08 August 2022

DOI 10.3389/fpls.2022.950393

OPEN ACCESS

EDITED BY

Maurizio Ruzzi,

University of Tuscia, Italy

REVIEWED BY

Maria Giordano,

University of Naples Federico II, Italy

El-Sayed Mohamed Desoky,

Zagazig University, Egypt

*CORRESPONDENCE

Abdur Rehim

abdur.rehim@bzu.edu.pk

Yucong Geng

tiger86gyc@gmail.com

†These authors have contributed

equally to this work and share first

authorship

SPECIALTY SECTION

This article was submitted to

Plant Nutrition,

a section of the journal

Frontiers in Plant Science

RECEIVED 22 May 2022

ACCEPTED 24 June 2022

PUBLISHED 08 August 2022

CITATION

Raza Q-U-A, Bashir MA, Rehim A,

Ejaz R, Raza HMA, Shahzad U,

Ahmed F and Geng Y (2022)

Biostimulants induce positive changes

in the radish morpho-physiology and

yield. Front. Plant Sci. 13:950393.

doi: 10.3389/fpls.2022.950393

COPYRIGHT

© 2022 Raza, Bashir, Rehim, Ejaz, Raza,

Shahzad, Ahmed and Geng. This is an

open-access article distributed under

the terms of the Creative Commons

Attribution License (CC BY). The use,

distribution or reproduction in other

forums is permitted, provided the

original author(s) and the copyright

owner(s) are credited and that the

original publication in this journal is

cited, in accordance with accepted

academic practice. No use, distribution

or reproduction is permitted which

does not comply with these terms.

Biostimulants induce positive
changes in the radish
morpho-physiology and yield

Qurat-Ul-Ain Raza1†, Muhammad Amjad Bashir2†,

Abdur Rehim1*, Rafia Ejaz2, Hafiz Muhammad Ali Raza1,2,

Umbreen Shahzad2, Faraz Ahmed3 and Yucong Geng4*

1Department of Soil Science, Faculty of Agricultural Sciences and Technology, Bahauddin Zakariya

University, Multan, Pakistan, 2College of Agriculture, Bahauddin Zakariya University Multan, Bahadur

Sub-Campus Layyah, Layyah, Pakistan, 3Soil and Water Testing Laboratory, Sargodha, Pakistan,
4KOYO Star Agriculture Technology Co., LTD., Beijing, China

An ever-increasing population has issued an open challenge to the agricultural

sector to provide enough food in a sustainable manner. The upsurge in

chemical fertilizers to enhance food production had resulted in environmental

problems. The objective of the current study is to assess the utilization

of biostimulants for sustainable agricultural production as an alternative to

chemical fertilization. For this purpose, two pot experiments were conducted

to examine the response of radish against individual and combined applications

of biostimulants. In the first experiment, the e�ects of chemical fertilizer

(CK), glycine (G), lysine (L), aspartic acid (A), and vitamin B complex (V)

were studied. The results demonstrated that V significantly improved the

transpiration rate (81.79%), stomatal conductance (179.17%), fresh weight

(478.31%), and moisture content (2.50%). In the second experiment, tested

treatments included chemical fertilizer (CK), Isabion® (I), glycine + lysine +

aspartic acid (GLA), moringa leaf extract + GLA (M1), 25% NPK + M1 (M2). The

doses of biostimulants were 5g L−1 glycine, 1g L−1 lysine, 2g L−1 aspartic

acid, and 10ml L−1 moringa leaf extract. The photosynthetic rate improved

significantly with GLA (327.01%), M1 (219.60%), and M2 (22.16%), while the

transpiration rate was enhanced with GLA (53.14%) and M2 (17.86%) compared

to the Ck. In addition, M1 increased the stomatal conductance (54.84%),

internal CO2 concentration (0.83%), plant fresh weight (201.81%), and dry

weight (101.46%) as compared to CK. This study concludes that biostimulants

can e�ectively contribute to the sustainable cultivation of radish with better

growth and yield.

KEYWORDS

biostimulants, fertilization, glycine, radish, vegetable production

Introduction

The main challenge the world is facing today is to feed its increasing

population using less and highly efficient inputs (Bashir et al., 2021). It is estimated

that by 2050 the population will increase to 9.7 billion; this demands a 70%

increase in food production to feed such a huge population (Del Buono, 2021).
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On the other hand, the key factors influencing crop productivity

are limited available land, climate change, the genetic potential

of crops, and depletion of natural resources (Maja and Ayano,

2021). The Green Revolution was a promising approach to food

security, but in the long run, its adverse impact on agriculture,

human health, and the environment were observed worldwide

(John and Babu, 2021).

There is rampant overuse of chemical fertilizers and about

1.9 × 1011 tons of them are used globally (Wan et al., 2021).

Conventional agricultural patterns that include excessive use

of fertilizers and pesticides have increased crop production

but have negatively impacted food quality and environmental

sustainability (Chouhan et al., 2021). The excessive use of

chemical fertilizers contributes to groundwater and atmospheric

pollution, poor food quality, increased input cost with lower

outputs, deterioration of the soil quality and fertility status,

reduced nutrient efficiency, susceptibility to pathogens, nutrient

leaching, greenhouse gases emission, and other abiotic stresses

(Rahman and Zhang, 2018; Godlewska et al., 2021; Wan et al.,

2021).

To improve crop yield, quality, and environmental

sustainability, various breeding programs have been attempted.

The need for sustainable and modernized agriculture makes it

imperative to improve plant growth and development functions,

stimulate plant metabolism, and improve environmental safety

(Bashir et al., 2021). Biostimulants are organic/ inorganic

substances gaining popularity due to their incredible benefits

for better plant growth and development. They are involved in

the stimulation of plant physiological processes and improved

plant shoot/ root growth. They minimize chemical fertilizer

use, are cost-effective, enhance plant’s tolerance to biotic and

abiotic stresses, boost yield, and, more importantly, offer

an environmentally friendly approach (Bashir et al., 2021;

Rehim et al., 2021; Bell et al., 2022; Samuels et al., 2022).

European Biostimulant Industry Council (EBIC) reported that

biostimulants improve the nutrient use efficiency and uptake

in plants, counteract the influence of biotic and abiotic stresses,

and improve crop quality (Bashir et al., 2021). Based on their

origin, biostimulants are generally classified as humic, amino-

acid/nitrogen-containing, inorganic, chitosan/ biopolymers,

beneficial microbes, seaweed, and botanical extracts (Samuels

et al., 2022).

One of the beneficial effects of biostimulants to be identified

recently is crop yield enhancement. Moringa leaf extract

is a potent bio-stimulator that improves plant growth and

yield. It contains essential nutrients, sugars, amino acids,

phytohormones, vitamins, and antioxidants. It benefits the

plants by improving seed germination, nutrient status, growth

and yield processes, fruit quality, chlorophyll content, and

biometric attributes (Abd El-Mageed et al., 2017; Arif et al.,

2022). Moreover, using biostimulants also promotes nutrient

uptake, enzymatic activity, crop physiology, green leaf pigment,

plant metabolism, and molecular processes (Rehim et al., 2021).

The use of amino acid-based biostimulants positively

impacts the plants’ metabolic processes and favors sustainable

agriculture (Alfosea-Simón et al., 2020). In addition, animal-

based protein hydrolysates significantly increase the gaseous

exchange and chlorophyll fluorescence (Cristiano and De

Lucia, 2021). Without chemical fertilizers, the foliar application

of biostimulants, vitamins, and coenzyme Q10 significantly

improves the radish root-shoot biomass under green-house

conditions (Rehim et al., 2021). Radish is of various cultivars,

including shapes (oval, round, spindle, icicle, cylindrical, long,

conical, half long), color (white, red, pink, black, purple),

and flavor. The crop is cultivated worldwide on a large

scale; its extensive cultivation is better due to its taste, high

nutritional content, low calories, and myriad health benefits

(Godlewska et al., 2021). In Asia, it is one of the most

economically important crops; it is cultivated for its soft

leaves and root, which is consumed raw, dried, pickled, or

simmered (Lee and Park, 2020). Radish has also been reported

to reduce health risks associated with cancer, stone formation,

constipation, jaundice, and anxiety (Godlewska et al., 2021).

As per published data, biostimulants play a vital role in the

yield enhancement of various vegetables along with controlled

chemical fertilization. Still, there is a considerable gap in

identifying the potential benefits of biostimulants for morpho-

physiological parameters of radish. This makes the current study

timely and important to identify the influence of biostimulants

on sustainable agriculture.

Considering the positive effects of biostimulants on

plant growth, development, and yield, the present study

was undertaken with the following objectives: (i) identify

the physiological response of radish against individual and

combined use of biostimulants, (ii) estimate the efficacy of

biostimulants on crop morphology, and (iii) find an alternative

to minimize the use of chemical fertilizers.We hypothesized that

the use of biostimulants will not just only improve the radish

production but will also enhance the photosynthetic rate and

other related physiological indices.

Materials and methods

Two pot experiments were conducted to assess the role of

biostimulants on radish yield, morphology, and physiology. A

brief description of each experiment is given below.

Experiment 1

The experiment was conducted from September to

December 2021 at the research area of the Department of Soil

Science (30.258◦ E, 71.515◦ N), Bahauddin Zakariya University,

Multan, Pakistan. The climate of the Multan region is semi-arid

to arid. The pots were lined with plastic sheets and filled with
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15 kg soil having the following physicochemical properties: pH

7.7, EC 0.5 dS·m−1, organic matter 0.4%, saturation percentage

34%, texture loam, nitrogen (N) 221mg kg−1, phosphorus (P)

8.2mg kg−1, and potassium (K) 30.1 mg kg−1.

The experiment consisted of five treatments with three

replications in a completely randomized design (CRD). The

tested treatments were: recommended chemical fertilizer (CK;

N 61.8 kg ha−1, P 49.4 kg ha−1, K 61.7 kg ha−1), glycine

(G; C2H5NO2), lysine (L; C6H14N2O2), aspartic acid (A;

C4H7NO4), and vitamin B complex (V; vitamin B1, B6, B12).

The doses of biostimulants were maintained the same according

to the crop’s N requirements (61.8 kg ha−1). G, L, and A were

purchased from Sigma Aldrich, while V was purchased from

Martin Dow Market Ltd.

Six radish seeds (cultivar “Mino early long white,” Nongwoo

Bio) were sown in each pot on 24 September 2021. Smaller

seedlings were later eradicated, and only two plants per pot were

maintained. The foliar application was performed four times

in the morning on sunny and windless days (15 October, 25

October, 5 November, and 15 November). Plants were harvested

on 9 December 2021. Regular manual weed eradiation and

irrigation practices were maintained during the growth period.

Plant samples (rosette and root) were collected after harvesting

for further analysis.

Experiment 2

The experiment was conducted between October 2021 and

January 2022 at the research area of the College of Agriculture

(30.97◦ E, 70.96◦ N), Bahauddin Zakariya University, Bahadur

Sub-campus Layyah, Pakistan. The region has a desert climate

with usually no rainfall, and similar to experiment one, the pots

were lined with plastics sheets and filled with 8 kg soil (pH 7.8,

EC 0.1 dS·m−1, organic matter 0.7%, saturation percentage 28%,

texture sandy loam, N 450mg kg−1, P 7.1mg kg−1, and K 62.34

mg kg−1).

The experiment comprised five treatments with three

replications in a completely randomized design (CRD). The

treatments included: recommended chemical fertilizer (CK; N

61.8 kg ha−1, P 49.4 kg ha−1, K 61.7 kg ha−1), Isabion R© (I),

glycine + lysine + aspartic acid (GLA), moringa leaf extract +

GLA (M1), 25% NPK + M1 (M2). The doses of biostimulants

were 5 g L−1 glycine, 1 g L−1 lysine, 2 g L−1 aspartic acid, and

10ml L−1 moringa leaf extract. Whereas, Isabion R© was used as

recommended by the manufacturer. G, L, and A were purchased

from Sigma Aldrich, while I was purchased from Syngenta,

Pakistan. Moringa leaf extract was prepared at the laboratory.

Fresh moringa (50 g) leaves were weighed and soaked in 200ml

distilled water for 12 h, then sonicated, centrifuged, and stored

supernatant for further use.

Similar to experiment one, six seeds were sown in each pot

on 21 October 2021, and two healthy plants were maintained.

Four foliar applications of biostimulants were applied on 16

November, 26 November, 6 December, and 16 December 2021.

The crop was harvested on 13 January 2022, and plant rosette

and root samples were collected for further analysis.

Gaseous exchange parameters

Gaseous exchange parameters (photosynthetic rate,

transpiration rate, internal CO2, and stomatal conductance)

were measured at vegetative maturity (ten days before

harvesting) using an infrared gas analyzer (IRGA; Analytical

Development Company, Hoddesdon, UK). Readings were taken

between 8:00 and 9:00 a.m. The IRGA chamber was attached to

a fresh expanded radish leaf and logged for ten seconds (Scafaro

et al., 2018; Zaheer et al., 2020).

Photosynthetic pigments

To determine the chlorophyll a + b content, fresh

leaf samples (0.5 g) were collected and cut into fine pieces

(<0.25 mm2). The samples were dipped in ethanol (96% v/v)

for chlorophyll extraction and placed in darkness for 24 h.

Afterward, the spectrophotometer was used to determine the

chlorophyll a + b contents by measuring absorbance at 665

and 649 nm. The following equation was used to calculate the

chlorophyll a+ b contents (mg g−1).

Chlorophyll a + b =
(5.1× A665+ 20.24 × A649) × V

m

Where A665 and A649 is the absorbance value, V is the

volume of solution (liters), and m is the weight (g) of the sample

used (Yuan et al., 2016).

Leaf greenness index

The leaf greenness index was measured using SPAD 502

Plus Chlorophyll Meter (Konica Minolta, Osaka, Japan). Three

fully expanded fresh leaves from each pot were selected, and the

readings were measured three times. The average was calculated

to estimate leaf greenness.

Fresh and dry weight

Plant samples (rosette and roots) were collected and washed

at harvest, and fresh plant weight was measured. Later on,

the samples (root and rosette) were oven-dried at 65◦C until

a constant weight was achieved. The plant dry weight was

measured using a weighing balance and recorded in grams.
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Moisture content

The moisture content in samples was determined using the

following formula.

Moisture content (%) =
(Fresh weight− Oven dry weight)

Fresh weight
× 100

Where fresh weight is the weight of plant

samples at the time of harvest, and oven-dry weight

was obtained after drying the samples at 65◦C

until a constant weight was achieved. A weighing

balance was used for weighing, and readings

were taken.

Biometric analysis

The biometric analysis of radish included root

diameter and length. After harvest, the radish was washed,

and its length was measured using a measuring tape.

FIGURE 1

Pigment analysis: (A) Photosynthetic pigments (B) Leaf

greenness indexes observed in experiment 1 using chemical

fertilizer (CK), glycine (G), lysine (L), aspartic acid (A), and vitamin

B complex (V). The values mentioned herein are indicated as

mean ± S.D and the lowercase letters indicate the significant

di�erence among the means.

Whereas, the diameter of radish was determined using

Vernier calipers.

Statistical analysis

Data sets were represented as means ± standard

deviation (SD), and CRD was the basis of the

analysis of variance (ANOVA). The least significant

difference (LSD) test was used for comparison at a

5% probability level. Statistical softwares R-studio R©

and Statistix 9 R© were used for statistical analysis.

Microsoft Excel 2016 was used for data processing and

visualization. Pearson correlation analysis was performed

using R-studio.

FIGURE 2

Plant weight and moisture content: (A) Plant fresh weight, (B)

Plant dry weight, (C) Moisture content observed in experiment 1

using chemical fertilizer (CK), glycine (G), lysine (L), aspartic acid

(A), and vitamin B complex (V). The values mentioned herein are

indicated as mean ± S.D and the lowercase letters indicate the

significant di�erence among the means.
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Results

The radish growth performance improved

significantly with the use of biostimulants. In our

experiments, the control group contained plants

sprayed with the recommended dose of chemical

FIGURE 3

Biometric attributes of radish: (A) Root length (B) Root diameter

observed in experiment 1 using chemical fertilizer (CK), glycine

(G), lysine (L), aspartic acid (A), and vitamin B complex (V). The

values mentioned herein are indicated as mean ± S.D and the

lowercase letters indicate the significant di�erence among the

means.

FIGURE 4

Photosynthetic pigments observed in experiment 2 using

chemical fertilizer (CK), Isabion® (I), glycine + lysine + aspartic

acid (GLA), moringa leaf extract + GLA (M1), 25% NPK + M1

(M2). The values mentioned herein are indicated as mean ± S.D

and the lowercase letters indicate the significant di�erence

among the means.

fertilizers (CK). All the treatments are compared

with CK.

Experiment 1

Gaseous exchange parameters

Photosynthetic rates showed insignificant changes with the

identified values as 4.03 µmol m−2 s−1 in CK, 4.23 µmol m−2

s−1 in G, 4.00 µmol m−2 s−1 in L, 4.61 µmol m−2 s−1 in A,

and 3.78 µmol m−2 s−1 in V respectively. Transpiration rate

was significantly increased with the application of V (81.79%),

followed by A (47.77%), L (36.77%), and G (1.17%), respectively,

compared with CK. The identified values were 0.97 mmol m−2

s−1 in CK, 1.17 mmol m−2 s−1 in G, 1.33 mmol m−2 s−1 in

L, 1.43 mmol m−2 s−1 in A, and 1.76 mmol m−2 s−1 in V

FIGURE 5

Plant weight and moisture content: (A) Plant fresh weight, (B)

Plant dry weight, (C) Moisture content observed in experiment 2

using chemical fertilizer (CK), Isabion® (I), glycine + lysine +

aspartic acid (GLA), moringa leaf extract + GLA (M1), 25% NPK +

M1 (M2). The values mentioned herein are indicated as mean ±

S.D and the lowercase letters indicate the significant di�erence

among the means.
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respectively. Stomatal conductance was also increased with a

similar trend where V showed the highest increase (179.17%),

followed by A (141.67%), L (87.50%), and G (47.92%). The

values observed were 0.16 mmol m−2 s−1 in CK, 0.24 mmol

m−2 s−1 in G, 0.30 mmol m−2 s−1 in L, 0.39 in A, and

0.45 mmol m−2 s−1 in V. Internal CO2 concentration was

significantly improved with the application of biostimulants.

The highest increase was observed with G (15.04%), L (14.69%),

V (13.81%), and A (11.70%), respectively, compared with CK.

The values reported were 379.00 µmol mol−1 in CK, 436.00

µmol mol−1 in G, 434.67µmol mol−1 in L, 423.33µmol mol−1

in A, and 431.33 in V.

Photosynthetic pigments

The foliar application of biostimulants on radish increased

the photosynthetic pigments in leaves. Chlorophyll contents

were improved significantly with the application of A (45.81%),

followed by V (43.89%), L (41.28%), and G (16.01%) as

compared to CK (Figure 1A). The identified values were 1.15mg

g−1 in CK, 1.33mg g−1 in G, 1.62mg g−1 in L, 1.68mg g−1 in

A, and 1.65mg g−1 in V, respectively. The SPAD measurements

demonstrated that G enhanced (9.91%) the greenness index of

the leaves, while the values observed were 47.31 in CK, 52.00 in

G, 46.70 in L, 45.37 in A, and 46.99 in V (Figure 1B).

Fresh and dry weight

A significant improvement in plant total fresh and dry

weights were observed with the application of biostimulants.

The identified values were 121.33 g in CK, 466.67 g in G, 441.67 g

in L, 695.00 g in A, and 701.67 g in V, respectively. The most

significant change in fresh plant weight was observed in radish

plants receiving V (478.31%), followed by A (472.82%), G

FIGURE 6

Root length of radish observed in experiment 2 using chemical

fertilizer (CK), Isabion® (I), glycine + lysine + aspartic acid (GLA),

moringa leaf extract + GLA (M1), 25% NPK + M1 (M2). The

values mentioned herein are indicated as mean ± S.D and the

lowercase letters indicate the significant di�erence among the

means.

(284.63%), and L (264.02%) (Figure 2A). In addition, plant dry

weight improved significantly in A, followed by L, V, and G

(364.73, 337.90, 364.73, and 212.50%) compared to the CK

(Figure 2B). The identified values were 11.33 g in CK, 34.78 g in

G, 48.74 g in L, 51.72 g in A, and 48.61 g in V.

Moisture content

The use of biostimulants influenced radish moisture

contents. The moisture contents were higher in V (2.50%),

followed by A (1.94%), and G (1.92%) as compared to CK.

Whereas, the identified values were 90.80% in CK, 92.55% in

G, 88.97% in L, 92.56% in A, and 93.07% in V respectively

(Figure 2C).

Morphological analysis

The biostimulants influenced the root length and diameter

significantly. Root length was increased significantly with A

(172.86%), followed by V (157.50%), L (107.27%), and G

(84.10%) in comparison with CK. The identified values were

13.67 cm in CK, 25.17 cm in G, 28.33 cm in L, 37.30 cm in A, and

35.20 cm in V, respectively (Figure 3A). Similarly, root diameter

was increased with L (111.89%), V (102.40%), G (97.40%), and A

(79.91%) as compared to CK. The values observed were 6.67 cm

in CK, 13.17 cm in G, 14.13 cm in L, 12.0 cm in A, and 13.50 cm

in V, respectively (Figure 3B).

Experiment 2

Gaseous exchange parameters

Similar to experiment one, biostimulants significantly

improved the plants’ physiology in experiment two (Figure 4).

Photosynthetic rates were significantly enhanced with GLA

(327.01%), M1 (219.60%), and M2 (22.16%), respectively. The

identified values were 3.64 µmol m−2 s−1 in CK, 3.42 µmol

m−2 s−1 in I, 15.54 µmol m−2 s−1 in GLA, 11.63 µmol

m−2 s−1 in M1, and 4.45 µmol m−2 s−1 in M2 respectively.

The transpiration rate was significantly improved with GLA

(53.14%) and M2 (17.86%) compared to the CK. The identified

values were 4.46 mmol m−2 s−1 in CK, 4.31 mmol m−2 s−1 in

I, 6.83 mmol m−2 s−1 in GLA, 4.03 mmol m−2 s−1 in M1, and

5.26mmolm−2 s−1 inM2 respectively. In addition, the stomatal

conductance was enhanced significantly with M1 (54.84%)

followed by GLA (43.01%), and internal CO2 concentration

was improved with M1 and M2 (0.83 and 1.93%, respectively)

compared to CK. Whereas, the values of stomatal conductance

were 0.31 mmol m−2 s−1 in CK, 0.30 mmol m−2 s−1 in I,

0.44 mmol m−2 s−1 in GLA, 0.48 mmol m−2 s−1 in M1, and

0.28 mmol m−2 s−1 in M2 respectively. Moreover, the values

of internal CO2 concentration were 363.33 µmol mol−1 in CK,
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344.67 µmol mol−1 in I, 338.67 µmol mol−1 in GLA, 366.33

µmol mol−1 in M1, and 370.33 in M2.

Photosynthetic pigments

The photosynthetic pigments of radish leaves showed

non-significant results with the spraying of biostimulants.

Chlorophyll a + b was highest in I (5.11%) and M1 (1.47%) as

compared to CK. The identified values were 0.31mg g−1 in CK,

0.33mg g−1 in I, 0.28mg g−1 in GLA, 0.31mg g−1 in M1, and

0.29mg g−1 in M2 respectively (Figure 4).

Fresh and dry weight

A significant increase in plant total fresh and dry weights

were observed with the application of biostimulants. The

highest plant fresh weight was achieved in plants receiving M1

(201.81%), followed by GLA (167.06%), I (130.47%), and M2

(18.29%). The identified values were 54.67 g in CK, 126.00 g in I,

146.00 g in GLA, 164.00 g in M1, and 64.67 g in M2, respectively

(Figures 5A,B). In addition, plant dry weight was significantly

improved in M1, followed by I and GLA (101.46%, 63.84%, and

54.93% higher than CK). The observed values were 7.33 g in CK,

12.01 g in I, 11.36 g in GLA, 14.77 g in M1, and 7.22 g in M2

(Figure 5C).

Moisture content

Moisture contents were also influenced by the use of

biostimulants and were significantly improved with GLA

(6.51%) followed by M1 (5.16%) and I (4.48%) as compared

to CK. The identified values were 86.59% in CK, 90.47% in I,

92.23% in GLA, 91.06% in M1, and 88.82% in M2 respectively

(Figure 6).

Morphological analysis

Radish length was influenced significantly by the use of

biostimulants and was shown by I (16.52%) followed by M1

(14.09%) and M2 (0.35%) as compared to CK. The values

observed were 27.42 cm in CK, 31.91 cm in I, 26.33 cm in GLA,

31.28 cm in M1, and 27.52 cm in M2, respectively (Figure 7).

Pearson correlation

Photosynthesis is strongly positively correlated with

transpiration rate and moderately associated with stomatal

conductance. It has a weak negative correlation with internal

CO2 assimilation and chlorophyll content. Transpiration

showed a strong negative association with internal CO2

assimilation, chlorophyll content, fresh weight, and dry weight.

Moreover, a weak positive correlation was observed between

stomatal conductance and root diameter. Stomatal conductance

showed a strong positive association with root length and a

weak positive relationship with root diameter. Internal CO2

concentration strongly correlates with chlorophyll content,

fresh weight, and dry weight. In addition, a moderate positive

relation with root diameter was observed. Chlorophyll content

showed a strong positive correlation with fresh and dry weight,

moderate relation with root diameter, and a weak association

with moisture content. Plant fresh weight had a strong positive

relation with dry weight and moderate association with

moisture content, root length, and diameter. Moreover, dry

weight had a strong positive correlation with root diameter,

moderate correlation with root length, and a weak association

with moisture content. Root length and diameter were also

positively correlated with each other (Figure 7).

Discussion

An increasing population along with climate change has

threatened agricultural production. Today’s need is to develop

new sustainable products to increase production and yield

and support organic farming (Godlewska et al., 2021). In this

scenario, biostimulants can play an environment-friendly role to

increase crop productivity, which is associated with the minimal

use of chemical fertilizers. In the current study, individual and

the combined application of biostimulants showed a potential to

improve radish morphology, growth, and yield.

Our results demonstrated an increase in leaf gas exchange

attributes. The use of biostimulants improved the transpiration

rate, stomatal conductance, and internal CO2 in plants

(Figures 8, 9). Biostimulants can potentially improve water-use

efficiency in plants (Jiménez-Arias et al., 2022), which also

increases turgor pressure in radish leaf guard cells and increases

gaseous exchange attributes. Leaf greenness and chlorophyll are

essential in transmitting and absorbing solar energy (Ahmad

et al., 2021). The results showed that amino acid-based

biostimulants significantly improved the chlorophyll content

(Figures 1, 4). The increased pigments with biostimulants

can be associated with water and ion use efficiency, better

stomatal conductance, photosynthetic capacity, and bioactive

compounds, i.e., vitamins (Ali et al., 2020), amino acids, and

mineral nutrients (Bahmani Jafarlou et al., 2022). In addition,

moringa leaf extract also improves chlorophyll content with its

induced sink capability through the supply and translocation

of photo-assimilates from leaves to other parts of a plant that

improve fruit quality (Arif et al., 2022).

In addition, the use of biostimulants showed a positive

response to radish yield and growth. The results determined

that the use of A, V, and M1 significantly improved the radish

yield and production (Figures 2, 5). Whereas a low yield was

observed with the combined use of biostimulants and mineral

fertilizers. The amino acid-based biostimulants positively impact

plant physiology and metabolism, while the interaction of
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FIGURE 7

Pearson correlation indicating the relation between assessment parameters: P is Photosynthetic rate, T is Transpiration rate, SC is Stomatal

conductance, CA Internal CO2 concentration, Chl a+b is Photosynthetic pigments, LGI is Leaf greenness indexes, FW is Plant fresh weight, DW is

Plant dry weight, Moisture content is Moisture content, Diameter is Root diameter, and Length is Root length. The * indicates week relationship,

** shows strong, and *** shows very strong relationship.

biostimulants when applied in combination is still unknown

(Alfosea-Simón et al., 2021). Plants can produce amino acids

and vitamins, but it requires considerable energy; therefore,

if applied exogenously, they can save energy and improve

their development at different growth stages (Popko et al.,

2018). In addition, improved yield can also be related to the

potential of Vitamins B1 and B6 to develop resistance in plants

against oxidative stress (Asensi-Fabado and Munné-Bosch,

2010). Biostimulants also act as signal-transducing molecules

and benefit plant physiological processes that contribute to

higher yield and biomass (Khan et al., 2019).

The results of both experiments also suggest that foliar

application of amino acids and vitamins improves the radish

root morphology (Figures 3, 6). Previous literature reported

that root growth is also stimulated with the application of

biostimulants having vitamin B-complex (Rehim et al., 2021).

Vitamins B1 is a cofactor that contributes significantly to

improve primary metabolic processes in plants (glycolysis,

tricarboxylic acid cycle, and pentose phosphate pathway) that

ultimately increases plant growth performances (Soppelsa et al.,

2019). In addition, free amino acids are small molecules easily

absorbed by plant leaves and roots and promote endogenous

biosynthesis of plant hormones that ultimately regulate plant

phenological processes (Caruso et al., 2019). Foliar application

of amino acids improves plant growth, yield, and morphology

in beans and radish (Kocira et al., 2020; Rehim et al., 2021).

Amino acids are involved in synthesizing organic compounds

and phytohormones (auxin and gibberellin) and enhancing

macro and micronutrient uptake, contributing to better crop

productivity (Kocira et al., 2020). Moreover, glycine has a better

potential to release N molecules than urea (McCoy et al.,

2020).

Although the use of chemical fertilizers contributes a

lot to improving crop productivity and yield, it has adverse
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FIGURE 8

Gaseous exchange parameters: (A) Photosynthetic rate, (B) Transpiration rate, (C) Stomatal conductance (D) Internal CO2 concentration

observed in experiment 1 using chemical fertilizer (CK), glycine (G), lysine (L), aspartic acid (A), and vitamin B complex (V). The values mentioned

herein are indicated as mean ± S.D and the lowercase letters indicate the significant di�erence among the means.

FIGURE 9

Gaseous exchange parameters: (A) Photosynthetic rate, (B) Transpiration rate, (C) Stomatal conductance (D) Internal CO2 concentration

observed in experiment 2 using chemical fertilizer (CK), Isabion® (I), glycine + lysine + aspartic acid (GLA), moringa leaf extract + GLA (M1), 25%

NPK + M1 (M2). The values mentioned herein are indicated as mean ± S.D and the lowercase letters indicate the significant di�erence among

the means.

effects on the soil, water, and environment. The results

of our study demonstrated that the foliar application of

biostimulants has a promising role in improving crop

yield, physiology, and morphology. Moreover, it is an

innovative method for the sustainable cultivation of

radish. However, the long-term impact and effects of

biostimulants on soil properties and field conditions need

to be explored.
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Conclusion

The demand for food and a safe environment is gaining

attention from the scientific community, and sustainable

agriculture needs effective chemical fertilizers, genetically

improved plants, and growth-promoting biostimulants.

Biostimulants are a rich source of biologically active compounds

and can potentially improve plant metabolic processes to

achieve better crop quality, yield, and productivity. The study

concludes that the foliar application of biostimulants increases

gaseous exchange activities and chlorophyll content in radish as

well as the plant’s morphology, and its fresh and dry biomass,

which can be conclusive evidence to reduce chemical fertilizers.

However, further studies regarding field conditions, long-term

uses and impacts, effects on soil mineral status, nutrient use

efficiency, and plant biochemical properties are the identified

research gaps. In addition, the mechanistic approaches behind

the improved results with the combined use of biostimulants

need attention.
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Leszczyńska, D., et al. (2020). Changes in biochemistry and yield in response
to biostimulants applied in bean (Phaseolus vulgaris L.). Agronomy 10, 189.
doi: 10.3390/agronomy10020189

Lee, O. N., and Park, H. Y. (2020). Effects of different colored filmmulches on the
growth and bolting time of radish (Raphanus sativus L.). Sci. Hortic. (Amsterdam).
266, 109271. doi: 10.1016/j.scienta.2020.109271

Maja, M. M., and Ayano, S. F. (2021). The Impact of Population
Growth on Natural Resources and Farmers’ Capacity to Adapt to Climate
Change in Low-Income Countries. Earth Syst. Environ. 5, 271–283.
doi: 10.1007/s41748-021-00209-6

McCoy, R. M., Meyer, G. W., Rhodes, D., Murray, G. C., Sors, T. G., and
Widhalm, J. R. (2020). Exploratory study on the foliar incorporation and stability
of isotopically labeled amino acids applied to turfgrass. Agronomy 10, 358.
doi: 10.3390/agronomy10030358

Popko, M., Michalak, I., Wilk, R., Gramza, M., Chojnacka, K., and
Górecki, H. (2018). Effect of the new plant growth biostimulants based on
amino acids on yield and grain quality of winter wheat. Molecules 23, 470.
doi: 10.3390/molecules23020470

Rahman, K. M. A., and Zhang, D. (2018). Effects of fertilizer
broadcasting on the excessive use of inorganic fertilizers and
environmental sustainability. Sustain. 10, 759. doi: 10.3390/su100
30759

Rehim, A., Amjad Bashir, M., Raza, Q.-U.-A., Gallagher, K., and Berlyn,
G. P. (2021). Yield Enhancement of Biostimulants, Vitamin B12, and
CoQ10 Compared to Inorganic Fertilizer in Radish. Agronomy 11, 697.
doi: 10.3390/agronomy11040697

Samuels, L. J., Setati, M. E., and Blancquaert, E. H. (2022). Towards a better
understanding of the potential benefits of seaweed based biostimulants in vitis
vinifera L. Cultivars. Plants 11, 348. doi: 10.3390/plants11030348

Scafaro, A. P., Atwell, B. J., Muylaert, S., Reusel, B., Van, R.uiz,
G. A., Rie, J., et al. (2018). A thermotolerant variant of rubisco
activase from a wild relative improves growth and seed yield in rice
under heat stress. Front. Plant Sci. 871, 1663. doi: 10.3389/fpls.2018.
01663

Soppelsa, S., Kelderer, M., Casera, C., Bassi, M., Robatscher, P., Matteazzi, A.,
et al. (2019). Foliar applications of biostimulants promote growth, yield and fruit
quality of strawberry plants grown under nutrient limitation. Agronomy 9, 483.
doi: 10.3390/agronomy9090483

Wan, L. J., Tian, Y., He, M., Zheng, Y. Q., Lyu, Q., Xie, R. J., et al.
(2021). Effects of chemical fertilizer combined with organic fertilizer application
on soil properties, citrus growth physiology, and yield. Agriculture 11, 1207.
doi: 10.3390/agriculture11121207

Yuan, Z., Cao, Q., Zhang, K., Ata-Ul-Karim, S. T., Tan, Y., Zhu, Y., et al. (2016).
Optimal leaf positions for SPAD meter measurement in rice. Front. Plant Sci. 7,
719. doi: 10.3389/fpls.2016.00719

Zaheer, I. E., Ali, S., Saleem, M. H., Imran, M., Alnusairi, G. S. H., Alharbi,
B. M., et al. (2020). Role of iron–lysine on morpho-physiological traits and
combating chromium toxicity in rapeseed (Brassica napus L.) plants irrigated
with different levels of tannery wastewater. Plant Physiol. Biochem. 155, 70–84.
doi: 10.1016/j.plaphy.2020.07.034

Frontiers in Plant Science 11 frontiersin.org

916

https://doi.org/10.3389/fpls.2022.950393
https://doi.org/10.3390/agronomy9090505
https://doi.org/10.1016/j.micres.2021.126763
https://doi.org/10.3389/fpls.2021.640608
https://doi.org/10.1016/j.scitotenv.2020.141763
https://doi.org/10.3389/fpls.2021.651152
https://doi.org/10.3390/agronomy12030571
https://doi.org/10.3389/fsufs.2021.644559
https://doi.org/10.3390/agronomy9050266
https://doi.org/10.3390/agronomy10020189
https://doi.org/10.1016/j.scienta.2020.109271
https://doi.org/10.1007/s41748-021-00209-6
https://doi.org/10.3390/agronomy10030358
https://doi.org/10.3390/molecules23020470
https://doi.org/10.3390/su10030759
https://doi.org/10.3390/agronomy11040697
https://doi.org/10.3390/plants11030348
https://doi.org/10.3389/fpls.2018.01663
https://doi.org/10.3390/agronomy9090483
https://doi.org/10.3390/agriculture11121207
https://doi.org/10.3389/fpls.2016.00719
https://doi.org/10.1016/j.plaphy.2020.07.034
https://www.frontiersin.org/journals/plant-science
https://www.frontiersin.org


fpls-13-956391 August 10, 2022 Time: 12:9 # 1

TYPE Original Research
PUBLISHED 11 August 2022
DOI 10.3389/fpls.2022.956391

OPEN ACCESS

EDITED BY

Maurizio Ruzzi,
University of Tuscia, Italy

REVIEWED BY

Philipp Franken,
Friedrich Schiller University Jena,
Germany
Cristina Cruz,
University of Lisbon, Portugal

*CORRESPONDENCE

Andrea Fiorini
andrea.fiorini@unicatt.it

SPECIALTY SECTION

This article was submitted to
Crop and Product Physiology,
a section of the journal
Frontiers in Plant Science

RECEIVED 30 May 2022
ACCEPTED 11 July 2022
PUBLISHED 11 August 2022

CITATION

Ganugi P, Fiorini A, Rocchetti G,
Bonini P, Tabaglio V and Lucini L (2022)
A response surface methodology
approach to improve nitrogen use
efficiency in maize by an optimal
mycorrhiza-to-Bacillus co-inoculation
rate.
Front. Plant Sci. 13:956391.
doi: 10.3389/fpls.2022.956391

COPYRIGHT

© 2022 Ganugi, Fiorini, Rocchetti,
Bonini, Tabaglio and Lucini. This is an
open-access article distributed under
the terms of the Creative Commons
Attribution License (CC BY). The use,
distribution or reproduction in other
forums is permitted, provided the
original author(s) and the copyright
owner(s) are credited and that the
original publication in this journal is
cited, in accordance with accepted
academic practice. No use, distribution
or reproduction is permitted which
does not comply with these terms.

A response surface
methodology approach to
improve nitrogen use efficiency
in maize by an optimal
mycorrhiza-to-Bacillus
co-inoculation rate
Paola Ganugi1, Andrea Fiorini2*, Gabriele Rocchetti3,
Paolo Bonini4, Vincenzo Tabaglio2 and Luigi Lucini1

1Department for Sustainable Food Process, Università Cattolica del Sacro Cuore, Piacenza, Italy,
2Department of Sustainable Crop Production, Università Cattolica del Sacro Cuore, Piacenza, Italy,
3Department of Animal Science, Food and Nutrition, Università Cattolica del Sacro Cuore, Piacenza,
Italy, 4oloBion-OMICS LIFE LAB, Barcelona, Spain

Co-inoculation of arbuscular mycorrhizal fungi (AMF) and bacteria can

synergically and potentially increase nitrogen use efficiency (NUE) in plants,

thus, reducing nitrogen (N) fertilizers use and their environmental impact.

However, limited research is available on AMF-bacteria interaction, and the

definition of synergisms or antagonistic effects is unexplored. In this study,

we adopted a response surface methodology (RSM) to assess the optimal

combination of AMF (Rhizoglomus irregulare and Funneliformis mosseae)

and Bacillus megaterium (a PGPR—plant growth promoting rhizobacteria)

formulations to maximize agronomical and chemical parameters linked to N

utilization in maize (Zea mays L.). The fitted mathematical models, and also 3D

response surface and contour plots, allowed us to determine the optimal AMF

and bacterial doses, which are approximately accorded to 2.1 kg ha−1 of both

formulations. These levels provided the maximum values of SPAD, aspartate,

and glutamate. On the contrary, agronomic parameters were not affected,

except for the nitrogen harvest index (NHI), which was slightly affected (p-

value of < 0.10) and indicated a higher N accumulation in grain following

inoculation with 4.1 and 0.1 kg ha−1 of AMF and B. megaterium, respectively.

Nonetheless, the identification of the saddle points for asparagine and the

tendency to differently allocate N when AMF or PGPR were used alone,

pointed out the complexity of microorganism interaction and suggests

the need for further investigations aimed at unraveling the mechanisms

underlying this symbiosis.

KEYWORDS

biostimulants, Bacillus megaterium, Rhizoglomus irregulare, Funneliformis mosseae,
nutrients uptake, plant growth promoting rhizobacteria
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Introduction

Nitrogen (N) represents a major nutrient for plants, being an
essential component of proteins, nucleotides, chlorophyll, and a
broad range of secondary metabolites. Cereals grains, providing
60% of the food necessary to feed the world’s population,
require significant inputs of N to achieve optimum yields.
Nevertheless, N availability can represent a limiting condition
since nitrate (NO3

−) and ammonium (NH4
+), representing the

readily available N pool, account for only 2% of total soil N
content (Moreau et al., 2019).

At the same time, the increasing use of synthetic N
fertilizers over the last decades has posed concerns about the
contamination of surface and groundwater bodies by nitrate,
the impairment of biodiversity, and the emission of greenhouse
gases (Ahmed et al., 2017). In line with the EU “Farm to fork”
strategy, which aims at increasing the agricultural land managed
under organic farming by 25%, scientific efforts are being done
to maintain (or even increase) crop productivity by efficiently
using organic fertilizers, which have been recognized to increase
N losses very often, especially if applied inappropriately (Maris
et al., 2021). Such an increase in N use efficiency can
significantly minimize N losses and the consequent adverse
impacts on ecosystems while decreasing costs for organic
fertilizers (Galloway et al., 2014).

All the pathways of N cycling in soils mainly depend
on the edaphic conditions, agronomic management, climate,
crop genetics, and finally determines N availability, transfer,
transformation, and losses (Congreves et al., 2021). Many
scientific contributions have reported best agronomic practices
and breeding solutions to enhance NUE, commonly defined
as the plant biomass accumulation per unit of soil N available
(Peng et al., 2006; van Bueren and Struik, 2017; Anas et al.,
2020). N assimilation by plants involves the GS–GOGAT
pathway, for which glutamine, asparagine, glutamate, and
aspartate are upstream key intermediates; once incorporated
into organic compounds, N is then distributed to a broad
range of different N-containing compounds. Over the last
two decades, biotechnological engineering of the amino acid
metabolism has led to promising results for the improvement
of NUE, especially the content of glutamine, asparagine,
glutamate, and aspartate has been adopted as an interesting
target to carry out these studies, being involved in plant
N utilization and storage after assimilation (Dellero, 2020;
The et al., 2021). Recently, especially in a framework of
sustainable crop production, the inoculation with beneficial
microorganisms has gained importance in such plant NUE
increase (Di Benedetto et al., 2017; Verzeaux et al., 2017; Dalla
Costa et al., 2021).

Arbuscular mycorrhizal fungi (AMF) have been reported
to increase NUE by developing the symbiotic association
with most terrestrial plants, favoring access to N uptake in a
larger soil volume (Verzeaux et al., 2017). Interestingly, the

specific up-regulation of NO3
− and NH4

+ transporters has
been observed in AMF colonized roots compared with the
non-colonized plants (Courty et al., 2015; Garcia et al., 2016).
In cereals such as sorghum, maize, and rice, AMT3.1 plant
NH4

+ transporter transcripts were specifically up-regulated
following the mycorrhizal colonization (Koegel et al., 2017).
Similarly, higher NUE has been observed following beneficial
associations with N2-fixing bacteria such as Rhizobia, Frankia
sp., and Cyanobacteria, and some other diazotrophs like
Azospirillum spp., Herbaspirillum spp., and Paenibacillus spp.
Interestingly, a community of mycorrhizosphere bacteria living
strictly associated with AMF has been suggested to encompass
improved crop performances, acting synergistically with AMF
(Oldroyd et al., 2011; Santi et al., 2013; Udvardi and Poole,
2013; Agnolucci et al., 2015; Kollah et al., 2016; Mus et al.,
2016; Rosenblueth et al., 2018). In this regard, a high degree
of specificity between bacteria and AMF has been proposed,
and this tripartite association can potentially increase NUE in
plants (Tajini et al., 2012; Giovannini et al., 2020; Paul et al.,
2020).

The dynamic assembly of the rhizosphere microbial
community depends on a large set of factors and is driven
by an intricate set of belowground chemical communications
(van Dam and Bouwmeester, 2016; Qu et al., 2020). However,
very little information is available in the literature regarding
optimizing AMF-bacteria co-inoculation to manipulate
rhizomicrobiome and improve plant performance.

The present study aimed at optimizing the co-inoculation
between mycorrhiza and Bacillus megaterium using the response
surface methodology (RSM), with reference to enhanced N
utilization in maize (Zea mays L.). The RSM approach has been
chosen to account for the interaction(s) between the fungal and
bacterial inoculum in the framework of the complex rhizosphere
community. Similarly, different plant-based indices of NUE (i.e.,
NHI and NUtE; López-Bellido and López-Bellido, 2001) and
yield of maize have been considered to account for the different
assimilation, metabolization, mobilization processes, as well as
the translocation to reproductive portions, to overcome the
temporal and spatial edges of NUE indices (Congreves et al.,
2021).

Materials and methods

Experimental site and microorganism
inoculation

The field experiment was conducted over one maize
cropping season—between May 2021 and September 2021—
at the CERZOO experimental research station in Piacenza
(45◦00′21.6′′N, 9◦42′27.1′′E; altitude 68 m a.s.l.), Northern Italy.
At the experimental site, the climate is temperate (Cfa following
Köppen classification), with an average annual temperature of
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13.2◦C and cumulative annual precipitation of 837 mm (20-
yr data). The soil is a fine, mixed, mesic Udertic Haplustalf
based on the Keys to Soil Taxonomy (Soil Survey Staff
2014). The physicochemical properties of soil (0–30 cm soil
layer) measured before starting the experiment were: organic
matter content 27 g kg−1; pH H2O 7.8; bulk density 1.36 g
cm−3; sand 127 g kg−1; silt 445 g kg−1; clay 428 g kg−1;
soil total N 1.3 g kg−1; available P (Olsen) 32 mg kg−1;
exchangeable K (NH4

+ Ac) 294 mg kg−1, and cation exchange
capacity 30 cmol+ kg−1. Biostimulant treatments consisted of
a seed dressing with the powder AMF-based product Aegis
Sym irriga R© (Rhizoglomus irregulare BEG72 and Funneliformis
mosseae BEG234, 700 sp g−1 each species) formulation, or
the PGPR Bactrium

R©

(Bacillus megaterium BM77 e BM06,
5 × 109 CFU/g each species) liquid formulation, all from
Athens, Agrotecnologia Naturales SL (Tarragona, Spain). The
seed dressing was homogenized with maize seeds using an
automated mixer.

To assess the effect of different doses of AMF and bacteria
on yield and NUE in maize, nine different types of seed dressing
were prepared as all the possible combinations of the three
doses of AMF (low: 0.1 kg ha−1; medium: 2.1 kg ha−1; and
high: 4.1 kg ha−1) and three doses of B. megaterium (low:
0.1 kg ha−1; medium: 2.1 kg ha−1; and high: 4.1 kg ha−1).
As a result, the present field experiment was set up as a
randomized complete block (RCB) design with 9 treatments
and 4 replicates (blocks). Each plot was 28 m2: 10 m long
and 2.8 m wide (4 maize rows at a 0.7 m inter-row distance).
Before planting maize, the seed dressing was carried out in the
Lab separately for each treatment. In brief, each level of the
3 × 3 AMF-B. megaterium doses were manually mixed with
maize seeds (at around 82,000 seeds ha−1). Then, maize was
planted with a common two-row plot seeder on 7 May 2021.
Maize cropping management followed principles reported by
the regulation (EU) 2018/848 on the organic farming production
methods. To represent local practice under organic farming, a
170 kg N ha−1 slurry distribution was applied to all the plots
before soil tillage (autumn 2020), and no fertilizer was applied
during the cropping cycle of maize. To prevent water stress,
maize was sprinkler-irrigated three times at doses of 30, 40, and
45 mm. Harvesting took place on 20 September 2021 with a
plot-scale combination.

SPAD measurement

On 13 August, relative chlorophyll concentrations, defined
as SPAD value, were estimated between 02:00 p.m. and 03:00
p.m. using a SPAD-502 chlorophyll meter (Minolta, Tokyo,
Japan). The average value of five measurements of three leaves
was taken as the maize SPAD value per plot.

Asparagine, glutamine, aspartate, and
glutamate content in leaves

On 13 August, the ninth leaf of five plants per plot was
sampled and stored at −20◦C. The frozen samples were used to
determine the content of four amino acids, namely, asparagine,
glutamine, aspartate, and glutamate.

Initially, the five leaves per plot were ground together
with liquid nitrogen using a pestle and mortar to obtain a
homogeneous and representative final sample. Two aliquots
(2× 1 g) per plot were extracted in 10 ml of 50% methanol, 50%
deionized water, and 0.01% formic acid using an Ultra-Turrax
(Ika T-25, Staufen, Germany) and successively centrifuged
(12,000× g).

The different extracts were diluted 1,000-fold with
deionized water and then filtered in the HPAEC vials using
0.20 µm syringe filters until instrumental analysis. The amino
acid content of the hydroalcoholic leaf extracts was then
investigated through High-Performance Anion Exchange
Chromatography with Pulsed Amperometric Detection
(HPAEC–PAD). The analyses were carried out on a Dionex
ICS-5000 + instrument (Thermo Fisher Scientific, Waltham, the
United States) provided with an electrochemical cell consisting
of a gold-working electrode and a pH–Ag/AgCl reference
electrode. The separation was performed using a Thermo
ScientificTM DionexTM AMINOPACTM PA10 Analytical
column (2 × 250 mm). The chromatographic runs were
executed in a total time of 80 min, with multi-gradient elution
consisting of a mobile phase of deionized water (eluent A),
250 mM aqueous sodium hydroxide (eluent B), and 1 M sodium
acetate solution (eluent C). The flow rate was 0.25 ml/min, and
the injection volume was 25 µl, with a column and detector
compartment temperature at 30◦C. Gradient elution consisted
of 0–12 min with 80% of eluent A and 20% of eluent B; 12–
16 min with 68% of eluent A and 32% of eluent B; 16–40 min
of 36% of eluent A, 24% of eluent B, and 40% of eluent C. Also,
a 40 min of equilibration phase was considered, sing 80% of
eluent A and 20% of eluent B. The amino acids were detected
by an ICS-5000 + electrochemical detector in integrated
pulsed amperometric detection mode applying the following
waveform potentials and durations: E1 = 0.13 V (t1 = 0.40 s),
E2 = 0.33 V (t2 = 0.210 s), E3 = 0.55 V (t3 = 0.460 s),
E4 = 0.33 V (t4 = 0.560 s), E5 = −1.67 V (t5 = 0.580 s),
E6 = 0.93 V (t6 = 0.590 s), and E7 = 0.13 V (t7 = 0.600 s). For the
quantification step, a calibration curve (R2 > 0.98) of the four
amino acids was prepared by appropriately diluting an amino
acid standard mix (2.5 µmol/ml in 0.1M HCl solution, provided
by Merck, Darmstadt, Germany), considering the following
concentration range: 25-10-5-2.5-1 µM (Supplementary
Figure 2). The chromatographic system was controlled through
the Thermo ScientificTM DionexTM ChromeleonTM software
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version 7.0 for the instrumentation command, chromatograms
acquisition, and processing.

Maize yield and agronomic nitrogen
use efficiency indices

At the BBCH 89, maize yield was measured by manually
harvesting 8 m2 per single plot. Plants were weighed and
separated into grain and biomass (stalks). A 100-g sub-sample
of each grain and biomass sample was oven-dried at 65◦C
until constant weight to measure dry matter content. Grain
and biomass N-uptake were calculated by multiplying grain
and biomass yield by their N-concentrations, determined by
the Dumas combustion method with an elemental analyzer
varioMax C:N (VarioMax C:NS, Elementar, Germany).

The two following N-efficiency parameters were calculated
for each treatment according to López-Bellido and López-
Bellido (2001): (i) N harvest index (NHI;%) as the ratio of
N in grain to N in total plant biomass; and (ii) N-utilization
efficiency (NUtE; kg kg−1) as the ratio of grain yield to total
plant N-uptake.

Statistical analysis

Data analysis was performed with Rstudio 3.6.1 software
(R Core Team, 2013). On each NUE parameter, two different
two-way ANOVA (p < 0.05) were carried out. The first
ANOVA was focused on the differences between treatments,
thus, the combination of AMF and bacterial doses, as
well as the block, were considered as factors, respectively,
represented by 9 and 3 levels. The response profiles not
impacted by the microbial inoculations were plotted as
box plots using the ggplot package to represent the data
distribution according to treatments (Wickham and Chang,
2007). Successively, the second ANOVA was performed to
study the effects and the interactions of the AMF and bacteria
factors.

After that, response-surface analysis was performed with
the rsm package (Lenth, 2009). According to Kumar et al.
(2020), the face-centered composite design (FCDD) was
used and two independent variables with three levels were
selected: AMF (x1: 0.1 kg ha−1; 2.1 kg ha−1; 4.1 kg
ha−1) and B. megaterium (x2: 0.1 kg ha−1; 2.1 kg ha−1;
4.1 kg ha−1). A full factorial design of 27 experimental
runs with 12 cube points, 12 axial points, and 3 center
points was chosen (Table 1), while SPAD values, amino acid
concentrations, and other NUE parameters were considered
response profiles for modeling. The experimental runs were
randomized to minimize the effect of unexpected variability on
the observed responses. The following second-order quadratic

model was used to develop the optimization and predictive
model:

Y = β0 + (β∗i x1) + (β∗j x2) + (B∗ijx
∗
1x2)+

(β∗i x1
2) + (βj∗x2

2); (1)

where Y is the predicted response profile, β0, βi, βj, and βij are
the interactive regression coefficients, and x1 and x2 are the AMF
and B. megaterium doses, respectively.

Results

Analysis of variance revealed a significant effect of the
treatments on maize in terms of SPAD value and amino acid
concentrations (Table 2). Interestingly, the highest value of
SPAD (62.95 ± 1.41) was found with the intermediate dose of
AMF and B. megaterium, corresponding to 2.1 kg ha−1 of each
inoculum. Similarly, the same result was obtained for aspartate,
whose highest concentration (0.81 ± 0.38 µM) was registered
at the same treatment level, showing a content 4.7- and 3.5-
folds higher than those, respectively, registered with the lowest
(0.1 kg ha−1) and the highest (4.1 kg ha−1) doses of both
inocula. Surprisingly, asparagine and glutamine concentrations
reached the maximum concentration (respectively, 2.95 ± 0.52
and 0.86 ± 0.13 µM) at 2.1 + 2.1 kg ha−1 AMF-B. Megaterium
combination, then decreased with the increasing dosage of AMF
and raised again at the highest levels of mycorrhizal and bacterial
inocula. At final, the inoculum with 2.1 + 4.1 kg ha−1 of
AMF and B. megaterium combined reflected a higher glutamate
content (0.82± 0.14 µM).

However, the ANOVA did not reveal a significant effect
of the treatments for the considered agronomic parameters,
except for NHI, which seemed to be slightly affected (p-value
of < 0.10) and indicated a higher N accumulation in grain
following 4.1 and 0.1 kg ha−1 of AMF and B. megaterium
inoculation (Table 2). Box plots (Figure 1) provided high-level
information regarding data symmetry, variance, and outliers,
allowing comparisons between different treatments.

Overall, biomass and biomass N-uptake values showed a
similar trend, with 2.1 + 2.1 kg ha−1, 2.1 + 4.1 kg ha−1,
and 4.1 + 4.1 kg ha−1 doses of mycorrhizal and bacterial
inocula that tended to increase maize performances. Biomass
N-concentration tended to be the highest under 0.1 + 2.1 kg
ha−1, 2.1 + 0.1 kg ha−1, and 4.1 + 4.1 kg ha−1 doses of
mycorrhizal and bacterial inocula.

Grain yield values showed a tendency to be increased under
0.1 + 2.1/4.1 kg ha−1, 2.1 + 2.1 kg ha−1, and 4.1 + 0.1 kg
ha−1 doses. Moreover, grain N-concentration tended to be
higher (1.51± 0.16%) in the absence of mycorrhizal inoculation
(0.1 + 4.1 kg ha−1 of AMF and B. megaterium). At last, the
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TABLE 1 RSM–CCDmatrix for response surface analysis on the maize experiment.

Run Coded label Actual label

Factor x1 Factor x2 Factor x1 Factor x2

AMF dose B. megaterium dose AMF dose B. megaterium dose
(ka ha−1) (ka ha−1) (ka ha−1) (ka ha−1)

1 −1 −1 0.1 0.1

2 +1 0 4.1 2.1

3 −1 0 0.1 2.1

4 +1 +1 4.1 4.1

5 0 +1 2.1 4.1

6 0 0 2.1 2.1

7 0 −1 2.1 0.1

8 +1 −1 4.1 0.1

9 +1 −1 4.1 0.1

10 +1 0 4.1 2.1

11 +1 +1 4.1 4.1

12 −1 0 0.1 2.1

13 0 0 2.1 2.1

14 −1 +1 0.1 4.1

15 0 +1 2.1 4.1

16 +1 −1 4.1 0.1

17 −1 −1 0.1 0.1

18 +1 0 4.1 2.1

19 −1 +1 0.1 4.1

20 0 −1 2.1 0.1

21 −1 0 0.1 2.1

22 −1 −1 0.1 0.1

23 0 +1 2.1 4.1

24 0 −1 2.1 0.1

25 −1 +1 0.1 4.1

26 0 0 2.1 2.1

27 +1 +1 4.1 4.1

highest NUtE value was obtained with 4.1 kg ha−1 and 2.1 kg
ha−1, respectively, of AMF and B. megaterium dose.

A prediction model was developed for those indices
being significantly affected (p-value of < 0.05) by AMF and
B. megaterium treatment. The quadratic equations of the final
models are given below Eqs. 1–5:

YSPAD = 62.57 + 0.81x1 + 0.89x2 −−0.39x1x2−

4.39x1
2
− 3.42x2

2 (2)

YASPARTATE = 0.69 + 0.05x1 + 0.02x2 − 0.09x1x2−

0.33x1
2
− 0.09x2

2 (3)

YGLUTAMATE = 0.69 + 0.09x1 + 0.08x2 − 0.03x1x2−

0.22x1
2
− 0.07x2

2 (4)

YASPARAGINE = 2.89 + 0.28x1 − 0.02x2 − 0.16x1x2−

0.87x1
2
+ 0.17x2

2 (5)

YGLUTAMINE = 0.80 + 0.23x1 + 0.09x2 − 0.19x1x2−

0.27x1
2
+ 0.14x2

2 (6)

Regarding the SPAD value, the model showed a high
coefficient of determination (R2 = 0.9) and a high F-value
(224.9), while the p-value was < 0.05 and no significant lack of fit
values (> 0.05) were found. Similarly, a high-predictive model
was found for glutamine concentration, exhibiting R2 = 0.8, F-
value = 8.75, and a p-value of < 0.05. Glutamate, asparagine,
and aspartate models showed lower R2, being 0.5, 0.6, and
0.4, respectively, corresponding to 4.3, 6.4, and 3.9 F-values.
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TABLE 2 Two−way ANOVA on SPAD value, amino acid concentrations, and agronomic parameters observed in the maize crop following AMF and B. megaterium treatment.

Treatment

x1 + x2 SPAD
value

Aspartate Glutamate Asparagine Glutamine Biomass Biomass
N conc.

Biomass
N uptake

Grain N
conc.

Grain N
uptake

Grain
yield

NHI NUtE

(kg ha−1) (µ M) (µ M) (µ M) (µ M) (Mg ha−1) (%) (kg ha−1) (%) (kg ha−1) (Mg ha−1)

0.1 + 0.1 52.89± 0.61 0.17± 0.14 0.25± 0.07 1.57± 0.20 0.20± 0.11 8.09± 0.89 0.72± 0.07 58.8± 13.64 1.39± 0.11 132.23± 21.88 9.46± 0.85 69.36± 1.76 50.14± 4.73

0.1 + 2.1 57.01± 0.58 0.25± 0.11 0.37± 0.18 1.90± 0.47 0.35± 0.07 10.62± 0.44 0.79± 0.03 84.16± 7.21 1.49± 0.14 177.59± 23.46 11.85± 0.64 67.76± 1.08 45.56± 3.57

0.1 + 4.1 55.38± 1.01 0.32± 0.04 0.42± 0.05 2.08± 0.37 0.61± 0.04 9.16± 1.29 0.76± 0.10 69.52± 14.89 1.51± 0.16 179.71± 36.71 11.83± 1.51 72.13± 1.84 48.04± 4.49

2.1 + 0.1 58.01± 0.59 0.44± 0.35 0.54± 0.11 3.27± 0.16 0.66± 0.15 9.25± 1.14 0.8± 0.11 73.54± 8.87 1.5± 0.09 158.79± 14.48 10.58± 0.93 68.33± 3.29 45.49± 0.82

2.1 + 2.1 62.95± 1.41 0.81± 0.38 0.60± 0.22 2.95± 0.52 0.86± 0.13 11.73± 2.92 0.75± 0.10 87.02± 23.38 1.43± 0.10 170.09± 5.76 11.94± 1.27 66.55± 5.46 46.45± 1.14

2.1 + 4.1 59.93± 1.31 0.64± 0.17 0.82± 0.14 2.79± 0.33 1.18± 0.17 12.13± 3.12 0.71± 0.07 87.16± 34.15 1.44± 0.06 168.86± 26.49 11.68± 1.80 66.74± 5.24 46.22± 3.92

4.1 + 0.1 55.12± 0.55 0.46± 0.18 0.41± 0.24 2.66± 0.08 1.14± 0.15 9.39± 0.76 0.69± 0.09 64.36± 6.56 1.46± 0.15 178.73± 27.49 12.25± 1.09 73.43± 1.23 50.73± 4.99

4.1 + 2.1 58.98± 1.14 0.34± 0.16 0.68± 0.14 2.07± 0.79 0.66± 0.05 9.21± 1.63 0.72± 0.12 67.53± 23.61 1.34± 0.14 151.67± 32.63 11.25± 1.63 69.62± 4.64 52.49± 9.27

4.1 + 4.1 56.03± 0.95 0.23± 0.01 0.47± 0.16 2.52± 0.50 0.78± 0.14 11.79± 0.68 0.8± 0.17 95.04± 24.55 1.42± 0.15 150.32± 15.80 10.78± 2.23 61.48± 8.64 44.23± 10.97

Significance(p-value)

Two-wayANOVA

Treatment <2E−16 0.03 0.01 2.00E−03 3.11E−07 0.27 0.86 0.37 0.83 0.33 0.38 0.07 0.71

Block 0.98 0.33 0.31 0.18 0.45 0.56 0.57 0.43 0.85 0.54 0.42 0.06 0.58

Two way ANOVA

AMF dose 7.74E−03 2.52E−03 2.52E−03 1.10E−04 6.37E−08 0.41 0.66 0.60 0.28 0.79 0.55 0.43 0.64

Bacterial dose 3.55E−03 0.53 0.06 0.61 1.68E−03 0.045 0.71 0.05 0.86 0.38 0.29 8.2E−02 0.34

AMF dose * Bacterial dose 0.28 0.25 0.29 0.24 4.40E−05 0.58 0.53 0.38 0.26 9.07E−03 0.02 5.79E−03 0.51

Values are presented as mean± standard error (SE). Bold values denote statistical significance at the p < 0.05 level. The “*” symbolizes the interaction of the two factors (AMF and bacteria) within ANOVA.
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FIGURE 1

Box plot diagrams of agronomic parameters for AMF and Bacillus megaterium treatments on maize (Zea mays L.). The X-axis describes the
combination of AMF and B. megaterium doses (0.1 kg ha−1, 2.1 kg ha−1, and 4.1 kg ha−1) while the Y-axis represents the values for maize
biomass (mg ha−1) (A), grain yield (mg ha−1) (B), biomass nitrogen concentration (%) (C), biomass nitrogen-uptake (kg ha−1) (D), grain nitrogen
concentration (%) (E), grain nitrogen-uptake (kg ha−1) (F), NHI (G), and NutE (H). Each box line corresponds to the median of the data while the
ends of the box show the upper (Q3) and lower quartiles.
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However, in all the three cases, the p-value was < 0.05, and a
significant lack of fit was not provided (> 0.05).

The final regression analysis equations were used for
plotting 3D response surface and contour plots which
represented the interaction of the input factors—AMF and
B. megaterium—to trace the stationary point of each variable for
the desired response (Figure 2 and Supplementary Figure 1).
This stationary point was a maximum for SPAD value, aspartate,
and glutamate, indicating a maximum response of these
profiles obtained with mycorrhizal and bacterial-specific doses
(Figure 2). The RSM optimized values for maximum SPAD
value (62.66) were 2.27 ka ha−1 for AMF and 2.35 ka ha−1 for
B. megaterium. Moreover, 2.22 and 2.24 ka ha−1 indicated the
optimized doses of mycorrhizal and bacterial inocula to reach
the highest aspartate content (0.69), while 2.41 ka ha−1 and
3.31 ka ha−1 obtained the maximum glutamate concentration.
Concerning asparagine and glutamine, the stationary point
was represented by a saddle point (2.91 and 0.85), which
consisted of an inflection point of the response surface and
was, respectively, achieved with 2.40 ka ha−1 and 2.36 ka
ha−1, and with 2.99 ka ha−1 and 2.03 ka ha−1 of AMF
and B. megaterium inocula. The contour plots of the fitted
response surfaces allowed us to visualize the behavior of the
fitted surface around the stationary point (Supplementary
Figure 2). Each plot displayed a color image overlaid by
the contour lines of constant responses in a two-dimensional
space.

Discussion

The choice of the best AMF-bacteria combination to
improve NUE and thus ensure efficient and sustainable food
production has become a burning question in the perspective
of developing new strategies for the ecological transition of
agriculture (Agnolucci et al., 2019). B. megaterium and AMF
are both supposed to be potential bio-fertilizer agents able to
play a key role in plant growth promotion. Their single and
dual inoculation has revealed beneficial emerging properties
in plant symbiosis, mostly translated into enhanced plant
growth, yield, and abiotic stress tolerance (Ortiz et al., 2015;
Khalid et al., 2017). RSM allows testing of multiple factors
with complex interactions, modeling the system mathematically
and using a limited number of experimental trials. However,
despite the presence of studies based on the application of RSM
models to improve plant growth, yield, and NUE, the statistical
optimization of the best performing inoculum which can boost
plant N acquisition is still limited in literature (Peng et al.,
2014; Gundi et al., 2018; Naili et al., 2018; Mazumdar et al.,
2021).

Several studies have shed light on the ability of AMF
or PGPR to increase plant NUE, reporting higher grain
and biomass values, as well as higher levels of NUtE,

in different crops. In maize, clear evidence of improved
NUE have been observed following inoculation with
bacterial strains of P. fluorescens S3X and C. necator
1C2 (Pereira et al., 2020), Bacillus megaterium (Ganugi
et al., 2022), and other. Concerning AMF, positive results
were reported by single inoculation with R. irregulare
BEG72 and F. mosseae BEG234, and coupled application
of Rhizophagus irregularis and Bacillus spp. (Adesemoye et al.,
2008).

Nevertheless, understanding the specific mycorrhizal and
bacterial synergic action requires considerable study since
PGPR–AMF affinity and colonization efficiency seem to be
strongly related to the fungus species and origin. Marulanda-
Aguirre et al. (2008) found different results for B. megaterium
when inoculated on lettuce (Lactuca sativa L.) coupled with
Glomus constrictum autochthonous, G.constrictum from a
collection or commercial G.intraradices. In addition, this
study highlights how an optimized mycorrhizal-to-bacterial
inoculation rate on maize seeds at planting might be a success
factor for the establishment and effectiveness of an AMF–PGPR
symbiosis. Interestingly, our optimization aimed at enhancing
maize NUE revealed similar RSM values for maximum SPAD,
aspartate, and glutamate concentrations, which correspond to
the intermediate doses of AMF and B. megaterium. Together
with indicating a treatment effect on these NUE indices,
this point confirmed the tripartite synergy between plants,
mycorrhizae, and microbial communities for plant nutrition.
Such synergy can be translated into a significant increase in N
acquisition compared with the single inoculation of AMF or
B. megaterium (Hestrin et al., 2019). However, the identification
of saddle points for asparagine and glutamine pointed to the
complexity of microorganisms’ interactions. The presence of
such intricate microbial interactions indicates the need for
further deep analyses, focused on experimental runs at points
along this path, using the observed response values for guidance
on where to locate the next factorial experiment (Lenth, 2009;
Jan et al., 2021).

Despite the lack of significant treatment effect on most of
the agronomic parameters, our data revealed interesting trends
which is worth exploring in the future. On the one hand, it
seems that maize plant biomass and biomass N-uptake could be
increased by the concomitant action of AMF and B. megaterium
at > 2.1. On the other hand, grain yield, grain N-uptake,
and NHI showed a tendency to be increased preferentially
by the single action of either AMF or B. megaterium, while
lower values were registered under co-inoculation conditions.
This latter statement was further corroborated by the fact
that NHI (which was close to being significantly affected by
the treatments) had the highest values with 4.1 kg ha−1 of
AMF or B. megaterium, alternatively. These results suggest
that (i) combining AMF and B. megaterium at a significant
dose (> 2 kg ha−1) may have the potential to enhance plant
tissues growth toward vegetative biomass, and (ii) if AMF and
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FIGURE 2

The three-dimensional response surface plots for interactive effects of B. megaterium and AMF co-inoculation on SPAD value (A), aspartate
concentration (B), glutamate concentration (C), asparagine concentration (D), and glutamine concentration (E) in maize.
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B. megaterium are inoculated alone, it is likely that grain-
related agronomic parameters could benefit more than biomass-
related ones. In fact, distinct effects provided by AMF, PGPR,
and their co-inoculation in terms of drought resistance and
essential oil yield have been previously reported in myrtle (Azizi
et al., 2021). Similarly, it was reported that symbiotic efficiency
may be hindered by interaction(s) with other biofertilizers
together with being impacted by agro-practices (Kuila and
Ghosh, 2022). In another work, Pacheco et al., evaluated the
effect of AMF and Pseudomonas putida (PSB) single and co-
inoculation on P uptake, productivity, and P concentration
in maize (Pacheco et al., 2021). Interestingly, these authors
reported that the microbial inoculants enhanced plant P uptake,
that the presence of PSB increased biomass per unit of P taken
up, and that the microbial inoculants altered P allocation within
the plant, reducing grain P concentration (Pacheco et al., 2021).
This distinct effect of the microbial inoculants on biomass
production and nutrients allocation agrees with the results
from Lozano Olivério Salvador and co-workers, who observed
specific effects in terms of dry weight, symbiotic efficiency,
chlorophyll content, and nitrogen accumulation when AMF or
rhizobacteria were applied with compost to soybean (Salvador
et al., 2022).

Despite the fact that mechanisms underlying the effect
of single and combined inoculum are still unknown, amino
acid metabolism represents an interesting target for crop NUE
improvement, being actively involved in plant NUtE (Dellero,
2020). In particular, the glutamine synthetase/glutamate:2-
oxoglutarate aminotransferase (GS/GOGAT) cycle represents
the major route for plant ammonia assimilation, followed
by asparagine synthetase (ASN) and glutamate dehydrogenase
(GDH) (Harrison et al., 2000). Accordingly, experimental
studies on maize have pointed out the increased concentration
of aspartate and glutamate following R. irregularis and Gigaspora
margarita inoculation (Matsumura et al., 2013; Hu and Chen,
2020), while the enhanced activity of ammonium assimilating
enzymes (GS and GDH) have been detected with Azospirillum
bacterial treatment (Ribaudo et al., 2001).

Here, for the first time, we reported how different rates of
mycorrhiza-to-Bacillus co-inoculation may be considered—to
some extent—as a driver of differential N partitioning between
grain and vegetative biomass in the maize plant. This should
be considered to address future studies to shed light on how
such biotic interactions may steer plant physiology toward grain
rather than vegetative tissues N accumulation.

Nevertheless, it should be stated some important aspects
of the experiment. At first, it must be pointed out that the
Aegis Sym irriga R© product is predominantly but not totally
made by AMF, being associated—as the most commercial
inocula—to other bacteria. For this reason, the effect of this
inoculum on plant-based indices of NUE, as well as that
obtained following its interaction with the PGPR product, is not
necessarily ascribable to the exclusive presence of mycorrhiza.

Second, to further complicate matters, plant responses should be
studied under a wide range of soil-climate conditions, including
different soil types and soil fertility, and temperate to dry
climates. Particularly, physico-chemical soil properties, such
as nutrient availability, pH, structure, organic matter content,
and texture, can affect the release of plant root exudates and,
consequently, the availability and the interactions with soil
microbial communities (Neumann et al., 2014). It is likely that
plant-microbe symbiosis is profoundly influenced by external
environmental conditions, namely, temperature and moisture
(Cheng et al., 2019). As consequence, it should be clarified
that our results are strictly related to a specific pedoclimatic
experimental context and, for this reason, maximum and saddle
points for each NUE index cannot be certainly considered
as absolute values exactly reproducible under different plant
growth conditions.

Equally, the lack of significant effects in some agronomic
indices may be reasonable because of the peculiar temperate
and fertile conditions underlying the study, which is why
it would be unreasonable to draw a conclusion about a
lack of general effect of microbial inocula on the plant
NUE. Notwithstanding, the application of prediction
models may considerably contribute to advancements in
the agricultural sector, particularly, under challenging factors
interaction conditions.

Data availability statement

The original contributions presented in this study are
included in the article/Supplementary material, further
inquiries can be directed to the corresponding author.

Author contributions

PG, AF, VT, and LL conceived the ideas and designed
the methodology. PG, AF, GR, and PB collected the data.
PG, GR, and PB analyzed the data. PG, AF, PB, VT, and
LL wrote the original draft. AF and LL critically revised the
original draft. All the authors gave final approval for the
publication.

Funding

This project was funded by the Emilia-Romagna region,
Italy, in the framework of the Regional Development
Program PSR 2014-2020, Measure 16.1.01–Focus Area
4B (project 5150325 – INBIOS: Sviluppo di un approccio
INtegrato a base di BIOStimolanti per la sostenibilità delle
produzioni agrarie).

Frontiers in Plant Science 10 frontiersin.org

926

https://doi.org/10.3389/fpls.2022.956391
https://www.frontiersin.org/journals/plant-science
https://www.frontiersin.org/


fpls-13-956391 August 10, 2022 Time: 12:9 # 11

Ganugi et al. 10.3389/fpls.2022.956391

Acknowledgments

We thank the “Romeo ed Enrica Invernizzi”
Foundation (Milan, Italy) for the kind support to
the metabolomic facility at the Università Cattolica
del Sacro Cuore.

Conflict of interest

PB was employed by company oloBion-OMICS LIFE
LAB.

The remaining authors declare that the research was
conducted in the absence of any commercial or financial
relationships that could be construed as a potential conflict
of interest.

Publisher’s note

All claims expressed in this article are solely those of the
authors and do not necessarily represent those of their affiliated
organizations, or those of the publisher, the editors and the
reviewers. Any product that may be evaluated in this article, or
claim that may be made by its manufacturer, is not guaranteed
or endorsed by the publisher.

Supplementary material

The Supplementary Material for this article can be
found online at: https://www.frontiersin.org/articles/10.3389/
fpls.2022.956391/full#supplementary-material

References

Anas, M., Liao, F., Verma, K. K., Sarwar, M. A., Mahmood, A., Chen, Z.
L., et al. (2020). Fate of nitrogen in agriculture and environment: agronomic,
ecophysiological and molecular approaches to improve nitrogen use efficiency.
Biol. Res. 53, 1–20. doi: 10.1186/s40659-020-00312-4

Adesemoye, A. O., Torbert, H. A., and Kloepper, J. W. (2008). Enhanced plant
nutrient use efficiency with PGPR and AMF in an integrated nutrient management
system. Can. J. Microbiol. 54, 876–886. doi: 10.1139/W08-081

Agnolucci, M., Avio, L., Pepe, A., Turrini, A., Cristani, C., Bonini, P., et al.
(2019). Bacteria associated with a commercial mycorrhizal inoculum: Community
composition and multifunctional activity as assessed by illumina sequencing and
culture-dependent tools. Front. Plant Sci. 9:1956. doi: 10.3389/fpls.2018.01956

Agnolucci, M., Battini, F., Cristani, C., and Giovannetti, M. (2015). Diverse
bacterial communities are recruited on spores of different arbuscular mycorrhizal
fungal isolates. Biol. Fertil. Soils 51, 379–389. doi: 10.1007/s00374-014-0989-5

Ahmed, M., Rauf, M., Mukhtar, Z., and Saeed, N. A. (2017). Excessive use of
nitrogenous fertilizers: An unawareness causing serious threats to environment
and human health. Environ. Sci. Pollut. Res. 24, 26983–26987. doi: 10.1007/s11356-
017-0589-7

Azizi, S., Tabari Kouchaksaraei, M., Hadian, J., Fallah Nosrat Abad, A. R.,
Modarres Sanavi, S. A. M., Ammer, C., et al. (2021). Dual inoculations of
arbuscular mycorrhizal fungi and plant growth-promoting rhizobacteria boost
drought resistance and essential oil yield of common myrtle. For. Ecol. Manage.
497:119478. doi: 10.1016/j.foreco.2021.119478

Cheng, Y. T., Zhang, L., and He, S. Y. (2019). Plant-microbe interactions facing
environmental challenge. Cell Host Microbe 26, 183–192. doi: 10.1016/j.chom.
2019.07.009

Congreves, K. A., Otchere, O., Ferland, D., Farzadfar, S., Williams, S., and
Arcand, M. M. (2021). Nitrogen use efficiency definitions of today and tomorrow.
Front. Plant Sci. 12:637108. doi: 10.3389/fpls.2021.637108

Courty, P. E., Smith, P., Koegel, S., Redecker, D., and Wipf, D. (2015). Inorganic
nitrogen uptake and transport in beneficial plant root-microbe interactions. CRC.
Crit. Rev. Plant Sci. 34, 4–16. doi: 10.1080/07352689.2014.897897

Dalla Costa, M., Rech, T. D., Primieri, S., Pigozzi, B. G., Werner, S. S.,
and Stürmer, S. L. (2021). Inoculation with isolates of arbuscular mycorrhizal
fungi influences growth, nutrient use efficiency and gas exchange traits in
micropropagated apple rootstock ‘Marubakaido.’ Plant Cell. Tissue Organ Cult.
145, 89–99. doi: 10.1007/s11240-020-01994-0

Dellero, Y. (2020). Manipulating amino acid metabolism to improve crop
nitrogen use efficiency for a sustainable agriculture. Front. Plant Sci. 11:602548.
doi: 10.3389/fpls.2020.602548

Di Benedetto, N. A., Corbo, M. R., Campaniello, D., Cataldi, M. P., Bevilacqua,
A., Sinigaglia, M., et al. (2017). The role of plant growth promoting bacteria in

improving nitrogen use efficiency for sustainable crop production: A focus on
wheat. AIMS Microbiol. 3, 413–434. doi: 10.3934/microbiol.2017.3.413

Galloway, J. N., Winiwarter, W., Leip, A., Leach, A. M., Bleeker, A., and Erisman,
J. W. (2014). Nitrogen footprints: Past, present and future. Environ. Res. Lett.
9:115003. doi: 10.1088/1748-9326/9/11/115003

Ganugi, P., Fiorini, A., Ardenti, F., Caffi, T., Bonini, P., Taskin, E., et al. (2022).
Nitrogen use efficiency, rhizosphere bacterial community, and root metabolome
reprogramming due to maize seed treatment with microbial biostimulants.
Physiol. Plant. 174, 1–15. doi: 10.1111/ppl.13679

Garcia, K., Doidy, J., Zimmermann, S. D., Wipf, D., and Courty, P. E. (2016).
Take a trip through the plant and fungal transportome of mycorrhiza. Trends Plant
Sci. 21, 937–950. doi: 10.1016/j.tplants.2016.07.010

Giovannini, L., Palla, M., Agnolucci, M., Avio, L., Sbrana, C., Turrini, A.,
et al. (2020). Arbuscular mycorrhizal fungi and associated microbiota as plant
biostimulants: Research strategies for the selection of the best performing inocula.
Agronomy 10:106. doi: 10.3390/agronomy10010108

Gundi, J. S., Santos, M. S., Oliveira, A. L. M., Nogueira, M. A., Hungria, M.
(2018). Development of liquid inoculants for strains of Rhizobium tropici group
using response surface methodology. Afr J Biotechnol 17, 411–421. doi: 10.5897/
AJB2018.16389

Harrison, J., Brugière, N., Phillipson, B., Ferrario-Mery, S., Becker, T., Limami,
A., et al. (2000). Manipulating the pathway of ammonia assimilation through
genetic 399 engineering and breeding: Consequences to plant physiology and plant
development. Plant Soil 221, 81–93. doi: 10.1023/A:1004715720043

Hestrin, R., Hammer, E. C., Mueller, C. W., and Lehmann, J. (2019). Synergies
between mycorrhizal fungi and soil microbial communities increase plant nitrogen
acquisition. Commun. Biol. 2:233. doi: 10.1038/s42003-019-0481-8

Hu, Y., and Chen, B. (2020). Arbuscular mycorrhiza induced putrescine
degradation into γ-aminobutyric acid, malic acid accumulation, and improvement
of nitrogen assimilation in roots of water-stressed maize plants. Mycorrhiza 30,
329–339. doi: 10.1007/s00572-020-00952-0

Jan, R., Asaf, S., Numan, M., Lubna, and Kim, K. M. (2021). Plant secondary
metabolite biosynthesis and transcriptional regulation in response to biotic and
abiotic stress conditions. Agronomy 11:968. doi: 10.3390/agronomy11050968

Khalid, M., Hassani, D., Bilal, M., Asad, F., and Huang, D. (2017). Influence
of bio-fertilizer containing beneficial fungi and rhizospheric bacteria on health
promoting compounds and antioxidant activity of Spinacia oleracea L. Bot. Stud.
58:35. doi: 10.1186/s40529-017-0189-3

Koegel, S., Mieulet, D., Baday, S., Chatagnier, O., Lehmann, M. F., Wiemken, A.,
et al. (2017). Phylogenetic, structural, and functional characterization of AMT3;
an ammonium transporter induced by mycorrhization among model grasses.
Mycorrhiza 27, 695–708. doi: 10.1007/s00572-017-0786-8

Frontiers in Plant Science 11 frontiersin.org

927

https://doi.org/10.3389/fpls.2022.956391
https://www.frontiersin.org/articles/10.3389/fpls.2022.956391/full#supplementary-material
https://www.frontiersin.org/articles/10.3389/fpls.2022.956391/full#supplementary-material
https://doi.org/10.1186/s40659-020-00312-4
https://doi.org/10.1139/W08-081
https://doi.org/10.3389/fpls.2018.01956
https://doi.org/10.1007/s00374-014-0989-5
https://doi.org/10.1007/s11356-017-0589-7
https://doi.org/10.1007/s11356-017-0589-7
https://doi.org/10.1016/j.foreco.2021.119478
https://doi.org/10.1016/j.chom.2019.07.009
https://doi.org/10.1016/j.chom.2019.07.009
https://doi.org/10.3389/fpls.2021.637108
https://doi.org/10.1080/07352689.2014.897897
https://doi.org/10.1007/s11240-020-01994-0
https://doi.org/10.3389/fpls.2020.602548
https://doi.org/10.3934/microbiol.2017.3.413
https://doi.org/10.1088/1748-9326/9/11/115003
https://doi.org/10.1111/ppl.13679
https://doi.org/10.1016/j.tplants.2016.07.010
https://doi.org/10.3390/agronomy10010108
https://doi.org/10.5897/AJB2018.16389
https://doi.org/10.5897/AJB2018.16389
https://doi.org/10.1023/A:1004715720043
https://doi.org/10.1038/s42003-019-0481-8
https://doi.org/10.1007/s00572-020-00952-0
https://doi.org/10.3390/agronomy11050968
https://doi.org/10.1186/s40529-017-0189-3
https://doi.org/10.1007/s00572-017-0786-8
https://www.frontiersin.org/journals/plant-science
https://www.frontiersin.org/


fpls-13-956391 August 10, 2022 Time: 12:9 # 12

Ganugi et al. 10.3389/fpls.2022.956391

Kollah, B., Patra, A. K., and Mohanty, S. R. (2016). Aquatic microphylla Azolla:
A perspective paradigm for sustainable agriculture, environment and global
climate change. Environ. Sci. Pollut. Res. 23, 4358–4369. doi: 10.1007/s11356-015-
5857-9

Kuila, D., and Ghosh, S. (2022). Aspects, problems and utilization of Arbuscular
Mycorrhizal (AM) application as bio-fertilizer in sustainable agriculture. Curr. Res.
Microb. Sci. 3:100107. doi: 10.1016/j.crmicr.2022.100107

Kumar, V., Kumar, P., and Khan, A. (2020). Optimization of PGPR and
silicon fertilization using response surface methodology for enhanced growth,
yield and biochemical parameters of French bean (Phaseolus vulgaris L.) under
saline stress. Biocatal. Agric. Biotechnol. 23:101463. doi: 10.1016/j.bcab.2019.
101463

Lenth, R. V. (2009). Response-surface methods in R, using RSM. J. Stat. Softw.
32, 1–17. doi: 10.18637/jss.v032.i07

López-Bellido, R. J., and López-Bellido, L. (2001). Efficiency of nitrogen
in wheat under Mediterranean conditions: Effect of tillage, crop rotation
and N fertilization. F. Crop. Res. 71, 31–46. doi: 10.1016/S0378-4290(01)00
146-0

Maris, S. C., Abalos, D., Capra, F., Moscatelli, G., Scaglia, F., Reyes, G. E. C.,
et al. (2021). Strong potential of slurry application timing and method to reduce
N losses in a permanent grassland. Agricult. Ecosyst. Environ. 311:107329. doi:
10.1016/j.agee.2021.107329

Marulanda-Aguirre, A., Azcón, R., Ruiz-Lozano, J. M., and Aroca, R. (2008).
Differential effects of a Bacillus megaterium strain on Lactuca sativa plant growth
depending on the origin of the arbuscular mycorrhizal fungus coinoculated:
Physiologic and biochemical traits. J. Plant Growth Regul. 27, 10–18. doi: 10.1007/
s00344-007-9024-5

Matsumura, A., Taniguchi, S., Yamawaki, K., Hattori, R., Tarui, A., Yano, K.,
et al. (2013). Nitrogen uptake from amino acids in maize through arbuscular
mycorrhizal symbiosis. Am. J. Plant Sci. 4, 2290–2294. doi: 10.4236/ajps.2013.
412283

Mazumdar, D., Saha, S., and Ghoshet, S. (2021). RSM based optimization of
plant growth promoting rhizobacteria and nitrogen dosage for enhanced growth
and yield of mustard (Brassica campestris L.). J. Plant Nutr. 44, 2228–2244. doi:
10.1080/01904167.2021.1889585

Moreau, D., Bardgett, R. D., Finlay, R. D., Jones, D. L., and Philippot, L.
(2019). A plant perspective on nitrogen cycling in the rhizosphere. Funct. Ecol.
33, 540–552. doi: 10.1111/1365-2435.13303

Mus, F., Crook, M. B., Garcia, K., Garcia Costas, A., Geddes, B. A., Kouri, E.
D., et al. (2016). Symbiotic nitrogen fixation and the challenges to its extension
to nonlegumes. Appl. Environ. Microbiol. 82, 3698–3710. doi: 10.1128/AEM.
01055-16

Naili, F., Neifar, M., Elhidri, D., Cherif, H., Bejaoui, B., and Aroua, M.
(2018). Optimization of the effect of PGPR-based biofertlizer on wheat growth
and yield. Biometric. Biostat. Int. J. 7, 226–232. doi: 10.15406/bbij.2018.07.00
213

Neumann, G., Bott, S., Ohler, M. A., Mock, H. P., Lippmann, R., Grosch, R.,
et al. (2014). Root exudation and root development of lettuce (Lactuca sativa l. Cv.
Tizian) as affected by different soils. Front. Microbiol. 5:2. doi: 10.3389/fmicb.2014.
00002

Oldroyd, G. E. D., Murray, J. D., Poole, P. S., and Downie, J. A. (2011). The rules
of engagement in the legume-rhizobial symbiosis. Annu. Rev. Genet. 45, 119–144.
doi: 10.1146/annurev-genet-110410-132549

Ortiz, N., Armada, E., Duque, E., Roldán, A., and Azcón, R. (2015). Contribution
of arbuscular mycorrhizal fungi and/or bacteria to enhancing plant drought
tolerance under natural soil conditions: Effectiveness of autochthonous or
allochthonous strains. J. Plant Physiol. 174, 87–96. doi: 10.1016/j.jplph.2014.
08.019

Pacheco, I., Ferreira, R., Correia, P., Carvalho, L., Dias, T., and Cruza, C. (2021).
Microbial consortium increases maize productivity and reduces grain phosphorus
concentration under field conditions. Saudi J. Biol. Sci. 28, 232–237. doi: 10.1016/
j.sjbs.2020.09.053

Paul, K., Saha, C., Nag, M., Mandal, D., Naiya, H., Sen, D., et al. (2020). A
tripartite interaction among the basidiomycete rhodotorula mucilaginosa, N2-
fixing endobacteria, and rice improves plant nitrogen nutrition. Plant Cell 32,
486–507. doi: 10.1105/tpc.19.00385

Peng, S., Buresh, R. J., Huang, J., Yang, J., Zou, Y., Zhong, X., et al. (2006).
Strategies for overcoming low agronomic nitrogen use efficiency in irrigated rice
systems in China. F. Crop. Res. 96, 37–47. doi: 10.1016/j.fcr.2005.05.004

Peng, Y., He, Y., Wu, Z., Lu, J., and Li, C. S. (2014). Screening and optimization
of low-cost medium for Pseudomonas putida Rs-198 culture using RSM. Braz. J.
Microbiol. 45, 1229–1237. doi: 10.1590/s1517-83822014000400013

Pereira, S. I. A., Abreu, D., Moreira, H., Vega, A., and Castro, P. M. L. (2020).
Plant growth-promoting rhizobacteria (PGPR) improve the growth and nutrient
use efficiency in maize (Zea mays L.) under water deficit conditions. Heliyon
6:e05106. doi: 10.1016/j.heliyon.2020.e05106

Qu, Q., Zhang, Z., Peijnenburg, W. J. G. M., Liu, W., Lu, T., Hu, B., et al. (2020).
Rhizosphere microbiome assembly and its impact on plant growth. J. Agric. Food
Chem. 68, 5024–5038.

R Core Team (2013). R: A Language and Environment for Statistical Computing.

Ribaudo, C., Rondanini, D. P., Curá, J. A., and Fraschina, A. A. (2001). Response
of Zea mays to the inoculation with Azospirillum on nitrogen metabolism under
greenhouse conditions. Biol. Plant. 44, 631–634. doi: 10.1023/A:1013779712106

Rosenblueth, M., Ormeño-Orrillo, E., López-López, A., Rogel, M. A., Reyes-
Hernández, B. J., Martínez-Romero, J. C., et al. (2018). Nitrogen fixation in cereals.
Front. Microbiol. 9:1794. doi: 10.3389/fmicb.2018.01794

Salvador, G. L. O., Araújo, F. F., de Araujo Pereira, A. P., Bonifácio, A., and
Ferreira Araujo, A. S. (2022). Rhizobacteria and arbuscular mycorrhizal fungus
presented distinct and specific effects on soybean growth when inoculated with
organic compost. Rhizosphere 22:100513. doi: 10.1016/j.rhisph.2022.100513

Santi, C., Bogusz, D., and Franche, C. (2013). Biological nitrogen fixation in
non-legume plants. Ann. Bot. 111, 743–767. doi: 10.1093/aob/mct048

Tajini, F., Trabelsi, M., and Drevon, J. J. (2012). Combined inoculation with
Glomus intraradices and Rhizobium tropici CIAT899 increases phosphorus use
efficiency for symbiotic nitrogen fixation in common bean (Phaseolus vulgaris L.).
Saudi J. Biol. Sci. 19, 157–163. doi: 10.1016/j.sjbs.2011.11.003

The, S. V., Snyder, R., and Tegeder, M. (2021). Targeting nitrogen metabolism
and transport processes to improve plant nitrogen use efficiency. Front. Plant Sci.
11:628366. doi: 10.3389/fpls.2020.628366

Udvardi, M., and Poole, P. S. (2013). Transport and metabolism in legume-
rhizobia symbioses. Annu. Rev. Plant Biol. 64, 781–805. doi: 10.1146/annurev-
arplant-050312-120235

van Bueren, L. E. T., and Struik, P. C. (2017). Diverse concepts of breeding for
nitrogen use efficiency. A review. Agron. Sustain. Dev. 37:50. doi: 10.1007/s13593-
017-0457-3

van Dam, N. M., and Bouwmeester, H. J. (2016). Metabolomics in the
rhizosphere: Tapping into belowground chemical communication. Trends Plant
Sci. 21, 256–265. doi: 10.1016/j.tplants.2016.01.008

Verzeaux, J., Hirel, B., Dubois, F., Lea, P. J., and Tétu, T. (2017). Agricultural
practices to improve nitrogen use efficiency through the use of arbuscular
mycorrhizae: Basic and agronomic aspects. Plant Sci. 264, 48–56. doi: 10.1016/j.
plantsci.2017.08.004

Wickham, H., and Chang, W. (2007). ggplot2: An implementation of the
grammar of graphics. GNU general public license. Available online at: https://cran.
r-project.org/web/packages/ggplot2 (accessed May 03, 2022).

Frontiers in Plant Science 12 frontiersin.org

928

https://doi.org/10.3389/fpls.2022.956391
https://doi.org/10.1007/s11356-015-5857-9
https://doi.org/10.1007/s11356-015-5857-9
https://doi.org/10.1016/j.crmicr.2022.100107
https://doi.org/10.1016/j.bcab.2019.101463
https://doi.org/10.1016/j.bcab.2019.101463
https://doi.org/10.18637/jss.v032.i07
https://doi.org/10.1016/S0378-4290(01)00146-0
https://doi.org/10.1016/S0378-4290(01)00146-0
https://doi.org/10.1016/j.agee.2021.107329
https://doi.org/10.1016/j.agee.2021.107329
https://doi.org/10.1007/s00344-007-9024-5
https://doi.org/10.1007/s00344-007-9024-5
https://doi.org/10.4236/ajps.2013.412283
https://doi.org/10.4236/ajps.2013.412283
https://doi.org/10.1080/01904167.2021.1889585
https://doi.org/10.1080/01904167.2021.1889585
https://doi.org/10.1111/1365-2435.13303
https://doi.org/10.1128/AEM.01055-16
https://doi.org/10.1128/AEM.01055-16
https://doi.org/10.15406/bbij.2018.07.00213
https://doi.org/10.15406/bbij.2018.07.00213
https://doi.org/10.3389/fmicb.2014.00002
https://doi.org/10.3389/fmicb.2014.00002
https://doi.org/10.1146/annurev-genet-110410-132549
https://doi.org/10.1016/j.jplph.2014.08.019
https://doi.org/10.1016/j.jplph.2014.08.019
https://doi.org/10.1016/j.sjbs.2020.09.053
https://doi.org/10.1016/j.sjbs.2020.09.053
https://doi.org/10.1105/tpc.19.00385
https://doi.org/10.1016/j.fcr.2005.05.004
https://doi.org/10.1590/s1517-83822014000400013
https://doi.org/10.1016/j.heliyon.2020.e05106
https://doi.org/10.1023/A:1013779712106
https://doi.org/10.3389/fmicb.2018.01794
https://doi.org/10.1016/j.rhisph.2022.100513
https://doi.org/10.1093/aob/mct048
https://doi.org/10.1016/j.sjbs.2011.11.003
https://doi.org/10.3389/fpls.2020.628366
https://doi.org/10.1146/annurev-arplant-050312-120235
https://doi.org/10.1146/annurev-arplant-050312-120235
https://doi.org/10.1007/s13593-017-0457-3
https://doi.org/10.1007/s13593-017-0457-3
https://doi.org/10.1016/j.tplants.2016.01.008
https://doi.org/10.1016/j.plantsci.2017.08.004
https://doi.org/10.1016/j.plantsci.2017.08.004
https://cran.r-project.org/web/packages/ggplot2
https://cran.r-project.org/web/packages/ggplot2
https://www.frontiersin.org/journals/plant-science
https://www.frontiersin.org/


fpls-13-944066 August 25, 2022 Time: 14:20 # 1

TYPE Original Research
PUBLISHED 31 August 2022
DOI 10.3389/fpls.2022.944066

OPEN ACCESS

EDITED BY

Youssef Rouphael,
University of Naples Federico II, Italy

REVIEWED BY

Sławomir Kocira,
University of Life Sciences of Lublin,
Poland
Andrea Copetta,
Council for Agricultural
and Economics Research (CREA), Italy

*CORRESPONDENCE

Nuria De Diego
nuria.de@upol.cz

SPECIALTY SECTION

This article was submitted to
Plant Abiotic Stress,
a section of the journal
Frontiers in Plant Science

RECEIVED 14 May 2022
ACCEPTED 11 July 2022
PUBLISHED 31 August 2022

CITATION

Hernandiz AE, Jiménez-Arias D,
Morales-Sierra S, Borges AA and
De Diego N (2022) Addressing
the contribution of small
molecule-based biostimulants to the
biofortification of maize in a water
restriction scenario.
Front. Plant Sci. 13:944066.
doi: 10.3389/fpls.2022.944066

COPYRIGHT

© 2022 Hernandiz, Jiménez-Arias,
Morales-Sierra, Borges and De Diego.
This is an open-access article
distributed under the terms of the
Creative Commons Attribution License
(CC BY). The use, distribution or
reproduction in other forums is
permitted, provided the original
author(s) and the copyright owner(s)
are credited and that the original
publication in this journal is cited, in
accordance with accepted academic
practice. No use, distribution or
reproduction is permitted which does
not comply with these terms.

Addressing the contribution of
small molecule-based
biostimulants to the
biofortification of maize in a
water restriction scenario
Alba E. Hernandiz1,2, David Jiménez-Arias3,4,
Sarai Morales-Sierra5, Andres A. Borges4 and
Nuria De Diego2*
1Laboratory of Plant Growth Regulators, Faculty of Science, Palacký University, Olomouc, Czechia,
2Centre of Region Haná for Biotechnological and Agricultural Research, Czech Advanced
Technology and Research Institute, Palacký University, Olomouc, Czechia, 3ISOPlexis, Centro
de Agricultura Sustentável e Tecnologia Alimentar, Campus Universitário da Penteada, Universidade
da Madeira, Funchal, Portugal, 4Chemical Plant Defence Activators Group, Department of Life and
Earth Science, IPNA-CSIC, Campus de Anchieta, San Cristóbal de La Laguna, Spain, 5Grupo
de Biología Vegetal Aplicada, Departamento de Botánica, Ecología y Fisiología Vegetal-Facultad
de Farmacia, Universidad de La Laguna, San Cristóbal de La Laguna, Spain

Biostimulants have become an asset for agriculture since they are a greener

alternative to traditionally used plant protection products. Also, they have

gained the farmers’ acceptance due to their effect on enhancing the

plant’s natural defense system against abiotic stresses. Besides commercially

available complex products, small molecule-based biostimulants are useful

for industry and research. Among them, polyamines (PAs) are well-studied

natural compounds that can elicit numerous positive responses in drought-

stressed plants. However, the studies are merely focused on the vegetative

development of the plant. Therefore, we aimed to evaluate how drenching

with putrescine (Put) and spermidine (Spd) modified the maize production

and the yield quality parameters. First, a dosage optimization was performed,

and then the best PA concentrations were applied by drenching the maize

plants grown under well-watered (WW) conditions or water deficit (WD).

Different mechanisms of action were observed for Put and Spd regarding

maize production, including when both PAs similarly improved the water

balance of the plants. The application of Put enhanced the quality and quantity

of the yield under WW and Spd under WD. Regarding the nutritional quality

of the grains, both PAs increased the carbohydrates content, whereas the

contribution to the protein content changed by the interaction between

compound and growth conditions. The mineral content of the grains was also

greatly affected by the water condition and the PA application, with the most

relevant results observed when Spd was applied, ending with flour richer in
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Zn, Cu, and Ca minerals that are considered important for human health.

We showed that the exogenous PA application could be a highly efficient

biofortification approach. Our findings open a new exciting use to be studied

deep in the biostimulant research.

KEYWORDS

drenching, mineral nutrition, polyamines, yield, Zea mays

Introduction

Plants are sessile organisms exposed to a rapidly changing
environment. They respond to external stimuli, which might
result in plant acclimation to specific growing conditions. When
this is impossible, growth becomes inhibited and, later, may
die. Abiotic stresses are the principal cause of severe yield
losses of 50–80%, depending on the crop and geographical
location (Zhang et al., 2018). The global climate change
projections forecast an increase in extreme weather events’
occurrence, frequency, and severity (FAO, 2018). The incidence
of abiotic stresses such as drought will raise and compromise
the yield of the crops, especially in arid and semiarid areas.
Drought is multidimensional stress affecting plants at various
developmental stages, including the plant’s production (Blum,
1996). One of the most promising methods to cope with the
inevitable abiotic stresses is the application of biostimulants to
enhance plant resilience to environmental perturbations (Van
Oosten et al., 2017). Their action relies on the “preparation”
effect (priming or hardening) that their application exerts on the
plants (Gebremedhn and Berhanu, 2013; Maiti and Pramanik,
2013; Savvides et al., 2016). Biostimulants have been proved
to improve plant growth and photosynthesis efficiency by
modifying the plant metabolism under abiotic stress conditions
(Paul et al., 2019; Sorrentino et al., 2021). Moreover, the
recent recognition of biostimulants as an independent group
of agricultural inputs by the European Union and their
contribution to more sustainable agricultural practices forecasts
a growing interest in these substances (Ben Mrid et al., 2021).

Typically, biostimulants are a mixture of several substances,
such as protein hydrolysates or seaweed extracts; this has
been seen as a great opportunity by some companies to join
the circular economy trend since they can give a second life
to waste and by-products (Xu and Geelen, 2018). However,
these products present the disadvantage of lack of uniformity
between the batches and the problematic identification of
the active substances (Yakhin et al., 2017). Studying pure
organic active compounds as biostimulants will lead to a better
standardization, the quality control of formulation, and an
understanding of their mode and mechanism of action (García-
García et al., 2020). While the effectiveness of biostimulants has
been widely researched and summarized in extensive reviews

(Battacharyya et al., 2015; Bulgari et al., 2015, 2019), there is
a limited information available on how their application might
affect the final yield and quality.

Maize (Zea mays L.) is one of the most important cereal
crops for human nutrition in large parts of the world (Huma
et al., 2019) and an essential grain used as livestock feed in
the world (Loy and Lundy, 2018). Drought negatively affects
the plant growth, the dry biomass content, and the yield
(Anjum et al., 2017; Kim et al., 2019). The water deficit
during maturation might cause problems in the grain filling
stage (Zhang et al., 2019) and reduce the quality parameters
such as starch, proteins (Barutcular et al., 2016), or mineral
content (Aqaei et al., 2020). Maize kernel mainly comprises
carbohydrates, protein, and oil (Chaudhary et al., 2014). Starch
accounts for approximately 70% of the kernel weight (Orhun
et al., 2013). According to the release and absorption of glucose
in the intestines, starch is divided into the following three
categories: Rapidly and slowly digestible starch and resistant
starch; the last category has particular importance for human
nutrition since its consumption has been linked to a decrease
in the risk of developing type 2 diabetes and colon cancer
(Hoebler et al., 1999). Protein content varies from 8 to 11% of
the kernel weight on common varieties of maize (Landry and
Moureaux, 1980). However, the nutritional value is poor for
monogastric and human consumption due to the low content of
essential amino acids such as lysine, tryptophan, and threonine
(Li and Vasal, 2015). The discovery of the opaque-2 gene and
its link with higher lysine and tryptophan was the beginning
of the Quality Protein Maize (QPM) research, which produced
hybrids whose kernels had a significant increment on the
mentioned amino acids. Nevertheless, the yield was reduced in
these hybrids, and their agronomical performance was deficient
(Chaudhary et al., 2014). The kernel mineral composition is
strongly affected by the environmental factors, soil moisture,
and fertility, but it is mainly genotype dependent, with the vast
variety of differences as the most significant contributor to the
reported variance (Feil et al., 2005; Menkir, 2008).

The development of nutritionally enhanced food crops
using traditional breeding practices and modern biotechnology
approaches is known as “biofortification” (Chaudhary et al.,
2014; Garg et al., 2018). The first main achievements in
this field were the lysine and tryptophan enriched maizes or
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vitamin A-rich orange sweet potato; much effort is put into
transgenic research, although traditional breeding practices
are best accepted (Garg et al., 2018). Given the exposed
facts, we decided to test biostimulants as an alternative
approach for maize biofortification due to their effect on
plant metabolism and stress tolerance. With this aim, we
applied two polyamines (PAs) with proven efficiency as stress
alleviators, putrescine (Put), and spermidine (Spd) (Li et al.,
2015, 2018; Marcińska et al., 2020; Islam et al., 2022), although
the dose was optimized to the specific cultivar of maize
used. The maize plants were treated with the two PAs via
drenching, which has been proven to have positive results
toward drought stress (Jiménez-Arias et al., 2019) because
drenching provides a more extended period of continuous
uptake of the supplemented substance than the foliar application
(Parkunan et al., 2011). Some reports also revealed that
the drench application improves soil fertility by increasing
the availability of minerals, soil aeration, and water holding
capacity and promotes the development of essential microbes
(Battacharyya et al., 2015; du Jardin, 2015). We expect that
applying PAs by drenching will improve maize’s biofortification
and stress tolerance.

Materials and methods

Plant material, growth conditions, and
dose optimization

A local plant nursery provided a local forage variety of maize
from Gran Canaria Island (Zea mays L. c.v. Lechucilla) in a
150-socket nursery tray. One week after sowing, the plants were
placed in a growth chamber under controlled conditions with a
temperature of 22◦C, a photoperiod of 16-h light and 8-h dark,
with a light intensity of 300–400 µmol m−2 s−1, and a relative
humidity around 60–70%. Plants in stage V1 were used for the
dose optimization experiments when the lowermost leaf had a
visible leaf collar (Zhao et al., 2012).

Putrescine and spermidine were purchased from Sigma–
Aldrich (Put CAS number 333-93-7; Spd CAS number 124-20-
9). In the direct application-optimized doses of both chemicals
under two water regimes in the nursery tray, 20 plants were
used as biological replicates per variant (treatment × growth
condition), as described in Jiménez-Arias et al. (2022). The
nursery experiment ensured the suitability of the plant for
the root treatment. The treatments were applied directly to
the roots of stage V1 plants, consisting of 5 ml of a half-
strength Hoagland solution (Hoagland and Arnon, 1938) for the
controls or containing the tested substances at the following five
concentrations: 0.01, 0.1, 0.5, 1, and 2 mM for the treated plants.
Twenty plants per variant were grown under a water limitation
of 50% of the field capacity for a week. The two harvesting times
were performed; at the dry period’s beginning and end. The

whole plant, including the aerial part and roots, was harvested.
The dried weight (DW, mg) of the 20 plants was recorded after
being oven-dried at 85◦C for 48 h to calculate the relative growth
ratio (RGR) (Hoffmann and Poorter, 2002),

RGR =
(
ln DW2−ln DW1

)
/(t2 − t1), (1)

where DW1 and DW2 corresponded to the dry weights of
maize seedlings at times t1 and t2 (beginning and end of
the water deficit).

The plant water use efficiency (WUE, mg ml−1) was
calculated considering all the amount of water provided during
the experiment timespan (Kuglitsch et al., 2008).

WUE = Plant biomass/Total irrigation (2)

Greenhouse experiment

Once the data was evaluated for the dosage optimization,
an additional study with maize variety was conducted
at a greenhouse property of the Escuela de Capacitación
Agraria de Tacoronte (Tenerife), Canary Islands (28◦29′47.0′′N
16◦25′12.0′′ W) from June 2021 to August 2021. The ambient
conditions were recorded daily (Supplementary Table 1). The
average maximum and minimum temperatures were 30 and
22◦C, respectively, with an average relative humidity of 80%
(Supplementary Table 1). The soil is classified as clay–loam
(35% clay, 27% silt, and 38% sand), and the experiment
was organized in randomly distributed blocks of 20 m2

blocks with three replicates, each block containing 80 plants.
The seeds were sown in nursery trays and transplanted to
the field after 15 days of the sowing. The irrigation was
calculated according to the FAO (Rao et al., 2016), taking into
account the evapotranspiration rate (ETo) provided by a nearby
meteorological station, property of the island council, Cabildo
de Tenerife (Supplementary Table 1). The soil humidity was
monitored within the wet-bulb with the TEROS 12 FDR sensor
(METER Group, Pullman, WA, United States). The treatments
consisted of 20 ml of water for the controls or of 0.1-mM
Put (CAS No.: 333-93-7) or 0.5-mM Spd (CAS No.: 124-20-
9) for the treated plants; both compounds purchased from
Aldrich Chemical Co. (St. Louis, MO, United States). The
treatment was applied manually using a backpack sprayer with
a dispenser. The solutions were applied directly to the wet
soil, between the irrigation emitter and the plants, to ensure
the direct availability of the root system. The treatments were
applied twice, 2 and 4 weeks after the transplanting. After
the second application, the water restriction for the drought
variant started, and these conditions were maintained until the
harvest of the maize cobs. The plants did not receive additional
fertilization or protective treatment during the experiment.
The weeds were manually removed every 7–10 days to avoid
competition for the water.

Frontiers in Plant Science 03 frontiersin.org

931

https://doi.org/10.3389/fpls.2022.944066
https://www.frontiersin.org/journals/plant-science
https://www.frontiersin.org/


fpls-13-944066 August 25, 2022 Time: 14:20 # 4

Hernandiz et al. 10.3389/fpls.2022.944066

Biomass, yield, and water status measurement
In 15 and 30 days after the onset of the water restriction,

the relative water content (RWC, %) was calculated (Barrs
and Weatherley, 1962). A total of 20 disks of 1-cm diameter
per variant were excised from the last fully expanded leaf and
immediately weighted to register the fresh weight (FW, mg).
After that, the disks were submerged in distilled water for 24 h
to determine the turgid weight (TW, mg). Finally, the disks were
oven-dried at 85◦C for 48 h to register the dry weight (DW, mg).
The RWC for each disk was calculated as

RWC = (FW− DW)/(TW− DW) (3)

The yield-related parameters were evaluated at the harvest,
45 days after the onset of the stress. The number of adequately
developed maize cobs per plant and variant was counted.
Ten random plants per variant were selected to determine
morphometric parameters such as plant length (from insertion
to the soil until the base of the flower) and width (at the
middle of the stem length), and the length and width of the
last fully developed leaf. The cobs to evaluate production were
also obtained from the selected plants. The cobs were weighed
to record the fresh weight and then oven-dried at 65◦C for 1
week to reduce the possible bias due to the different moisture
levels. The dry cob weight, the number and total weight of all
kernels per cob, and the weight of 100 kernels (in triplicate
from each cob) were registered. The total yield considering
40,000 plants ha−1 for the used plantation frame was also
calculated using the following equation with the following
formula:

Yield ha−1
= Average kernel weight/Cob×

Average cob number/Plant×Estimated plants ha−1 (4)

The Harvest index (HI) was also calculated from the total
kernel weight (total KW) per cob and the average cob fresh
weight (average cob FW) as follows:

HI = Total KW/Average Cob FW (5)

The production water use efficiency (WUEp) in
maize was also estimated (Kiziloglu et al., 2009). The
accumulated effective crop evapotranspiration (ETc, mm)
was calculated through the experiment (Supplementary
Table 1). This term corrects the deficiencies of the ETo
values by a Kc factor that depends on the moisture
soil level, crop characteristics, and the stage of the crop
vegetative cycle (6). For maize, the Kc values are estimated
at 1.2 in the initial phases to 0.6 at the final stages
(FAO).

ETc = ETo X Kc (6)

The WUEp (kg mm−1) was then calculated as the ratio
between the accumulated ETc and the final yield (kg ha−1).

Protein, carbohydrates, and mineral
composition of the maize flour

All kernels from the selected cobs were ground to a fine
powder to evaluate quality parameters. A 50 mg of the powder
per sample was used for the total protein content calculated
using the Kjeldahl Method (Kirk, 1950), multiplying the total
nitrogen content by 6.25. An additional 100 mg of the powder
was used to determine total carbohydrates using the phenol
sulfuric acid method modified in multi-well plates (Jiménez-
Arias et al., 2019). Finally, 1 g of the flour powder per sample
was used to analyze the mineral content (Ca, Mg, K, P, Na, Cu,
Zn, and Fe). Each sample was converted to ash in a muffle stove
at 480◦C and mineralized by the dry method with 6 N HCl. The
mineral levels were determined by ICP OES Avio 500 (Perkin
Elmer, Waltham, MA, United States).

Data analysis

All plant growth and production parameters were used to
calculate the Plant Biostimulant Characterization Index (PBCI),
a visual and helpful tool to reduce all considered variants into a
single number a for better biostimulant characterization (Ugena
et al., 2018; Sorrentino et al., 2021). The PBCI was used to
select the best-performed concentrations in the first experiment
(dose optimization) and evaluate the PA application impact on
maize production.

The data were evaluated using different statistical
approaches. First, using Infostat software, the normality of
the variables was assessed with the Shapiro–Wilks test. After
that, a two-way ANOVA (p ≤ 0.05) followed by multiple
comparisons with LSD posthoc test was used for parametric
data and Kruskal–Wallis test (α = 0.05) for nonparametric
data. The multivariate statistical analyses with the yield-related
parameters were also carried out for better visualization.
One principal component (PC-Dim) analysis and matrix
correlation were constructed in RStudio v.2021.09.1+372 using
the packages factoextra, ggplot2, and corrplot.

Results

Nursery tray dose optimization

The dose optimization was performed in nursery trays
following the protocol established by Jiménez-Arias et al. (2022).
The parameters considered to evaluate the efficiency of the dose
were the plant weight (shoot and root), the RGR (%), and
WUE (Supplementary Table 2). Table 1 displays the heatmap
from the computed parameters, transformed with the log2 and
relativized to the untreated maize seedlings. The drenching with
Put at 0.5 and especially 0.1 mM enhanced the plant biomass
(weight), RGR (%), and WUE compared to untreated seedlings
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TABLE 1 Heatmap summarizes the parameters estimated in maize
seedlings treated with Put or Spd at five concentrations (0.01, 0.1, 0.5,
and 1 or 2 mM) grown under water limitation (50% field capacity).

Compound Concentration Biomass RGR WUE PCBI

Put 0.01 −0.003 −0.001 −0.003 −0.008

0.1 0.050 0.026 0.059 0.135

0.5 0.014 0.008 0.017 0.039

1 −0.033 −0.018 −0.039 −0.091

2 −0.021 −0.011 −0.025 −0.057

Spd 0.01 −0.089 −0.049 −0.106 −0.244

0.1 −0.085 −0.046 −0.101 −0.232

0.5 −0.044 −0.024 −0.052 −0.120

2 −0.078 −0.042 −0.092 −0.212

1 −0.119 −0.066 −0.143 −0.328

The studied parameters were plant dried weight (Plant W, mg), relative growth ratio
(RGR, %), and water use efficiency (WUE, mg mL−1). The table represents the ratio
(log2) between the original values of each variant and the untreated plants (Control).
The right panel shows the obtained PBCI values. Blue indicates a stress alleviator; orange
indicates a stress inductor.

when grown under a water limitation of 50% field capacity,
ending with a positive PBCI value (Table 1). Contrarily, the
application of Spd did not improve the seedlings performance
under the same growth conditions (Table 1 and Supplementary
Table 2). The plants treated with 0.5-mM Spm presented less
negative PBCI (Table 1). Thus, we selected 0.1-mM Put and 0.5-
mM Spd to evaluate their impact on maize production under
optimal and water deficit conditions.

The application of polyamines
enhanced the RWC in maize plants

The changes in soil water content were recorded through
the experiment and represented in Figure 1A. The plants under
well-watered conditions were irrigated according to their water
requirements estimated by FAO’s reference evapotranspiration
(ETo) (Supplementary Table 1). The water supply was reduced
by 20% of the crops water requirements for the water stress
variants. As a result, we observed that the volumetric water
content in the well-watered plants was maintained between 1.7
and 1.6 m3 m−3 (Figure 1A). However, in the stress variant, the
water was drastically reduced to a volumetric water content of
1.4 m3 m−3 for the first four days and maintained for additional
15 days. After that, it fluctuated between 1.3 and 1.1 m3 m−3.

The water status of the plants was estimated twice by
the RWC, at 15 (t1) and 30 (t2) days after the water
restriction onset (Figures 1B,C). According to ANOVA, there
was a significant interaction between growth conditions and
treatment for RWCt2 but not for RWCt1. The water restriction
reduced the RWCt1 in all plants compared to well-watered
ones. However, the application of Put and Spd increased the
RWCt1 values compared to their respective controls. The Put
and Spd applications kept the same trend, with an RWCt1

of 4 and 2.6% for WW and 9 and 4% for WD conditions,

respectively, compared to the corresponding untreated plants
(Supplementary Table 3). Interestingly, no differences in
RWCt2 were observed among variants; only the untreated
plants significantly reduced the RWCt2 to 80% (Figure 1C
and Supplementary Table 3). Thus, Put and Spd applications
increased significantly RWCt2 to 14.9 and 15.8% in the maize
plants, respectively, compared to the untreated plants under
WD (Supplementary Tables 1, 3).

The application of Spd by drenching
reduced the biomass-related
parameters under water limitation

The biomass production was evaluated by monitoring
several parameters such as stem diameter, the plant length
(measured from the transition to the roots, up to the emission
of the anthers), length and width of the flag leaf, and
the ratio length/width (L/W) for the flag leaf (Figure 2
and Supplementary Table 4). The parameters were then
represented in a parallel coordinate plot, and the values
were used for the PBCI calculation. None of the treatments
enhanced plant biomass production in any water regime, so
all presented negative PBCI values (Figure 2). The parallel
coordinate plot illustrated that only Put slightly enhanced the
biomass production under WW conditions; the rest of the
treatments and growth conditions presented a negative effect.
The thicker stem was reported for the WW control plants,
with Put plants having the thinnest stem for both irrigation
conditions. Interestingly, the Spd-treated plants were the only
ones keeping the stem thickness irrespectively of the growth
conditions (Figure 2 and Supplementary Table 4). The water
limitation slightly reduced the plant height, flag leaf length, and
width without significant differences (Supplementary Table 4).
Overall, the highest plant length and leaves were found in
the Put treated maizes under WW conditions, while the
shortest plants were reported for the WD with Spd application.
Regarding the leaf L/W ratio, the highest values were reported
for Put and Spd in WW conditions, followed closely by
the Control treatment and Put under WD (Figure 2 and
Supplementary Table 4). The lowest L/W ratio was observed
in the maize plants treated with Spd under WD, confirming
that this treatment modified the plant stress response and hence,
the growth profile.

Put enhanced yield and WUEp under
optimal conditions, and Spd under
water limitations

As a first step in evaluating maize’s yield, the total number
of cobs produced per variant was counted and represented in
Figure 3A. The Put application was the most effective treatment
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FIGURE 1

Water-related parameters in maize plants under optimal conditions and water limitation. (A) Volumetric water content of the soil (m3 m−3)
measured with the FDR soil moisture sensor from the onset of the water restriction. Red arrows indicate the two dates (t1, t2), when the relative
water content (RWC, %) was measured in the maize plants untreated (Control) and treated with 0.1-mM Put or 0.5-mM Spd under optimal
conditions (WW) or water deficit (WD). (B) RWCt1 of the plants, t1 corresponds to15 days after the onset of the stress). (C) RWCt2 (%) of the
plants, t2 corresponds to 30 days after the onset of the stress. Mean ± SE; N = 24. Different letters for the RWC values indicate the significant
differences according to the LSD test after two-way ANOVA (p ≤ 0.05).

FIGURE 2

Parallel coordinate plot and PBCI regarding the biomass-related parameters. Stem diameter (mm), plant length (cm), flag leaf length and width
(cm), and length/width ratio (L/W) of maize plants treated with 0.1-mM Put or 0.5-mM Spd under optimal conditions (WW) or water deficit (WD).
The plot represents the ratio (log2) between the original values of each variant and the untreated plants under WW conditions. The right panel
shows the obtained PBCI values. Orange color indicates stress inductor.
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FIGURE 3

Total production and WUEp in PA treated maize plants. (A) Total production expressed as the sum of all cobs produced per variant in maize
plants untreated (Control) and treated with 0.1-mM Put or 0.5-mM Spd grown under well water (WW) or water deficit (WD). Enclosed in the left
upper table, the percentage of increment (blue, upside arrow) or reduction (orange, downside arrow) of Put and Spd treatment relative to the
respective control in WW and WD conditions. (B) Water use efficiency calculated as the ratio between the fresh biomass production and the ETo
adapted to maize crop with the FAO Kc. Different letters indicate the significant differences between the treatments and the growth conditions
according to the LSD test after two-way ANOVA; p < 0.05.

under WW, so its plants increased the total production by
22.78%, with 97 cobs compared to 79 obtained in the controls.
On the other hand, Spd reduced the production to only 59
cobs. Water limitation reduced the final yield in all treatments,
except in Spd treated plants that maintained similar production
as observed under WW conditions (Figure 3A) and enhanced
the production by 62.78% compared to control plants under
WD. However, the Put application reduced plant production by
11.43% (Figure 3A).

Crop physiologists initially considered WUE as the amount
of carbon assimilated and crop yield per unit of transpiration
(Viets, 1962), although the definition evolved to biomass or
marketable yield produced per unit of transpiration. In this
sense, this parameter is essential to better characterize the
productivity of crops, especially in a water scarcity scenario. In
this work, the production WUE was calculated to understand
better the relationship between plant production and the
water used (Figure 3B). A significant interaction between
treatment and growth condition was obtained according to
ANOVA (p = 0.002). In control plants, no differences in WUEp
were observed among growth conditions. However, the PA
treatments enhanced the WUEp of the treated plants under WW
conditions, but only Spd application improved this parameter
under WD (Figure 3B). These results pointed to WUEp increase
induced by PAs as one of the primary factors conditioning maize
yield under optimal and water limitation conditions.

Other parameters related to the cobs and kernel production
were also determined (Supplementary Table 5). Among them,
the fresh weight and length of the cobs and the final yield
per hectare considering the kernel were the production-related
parameters that showed a significant interactive effect on
the treatment and growth conditions according to ANOVA
(p ≤ 0.05). The treatment with Put and Spd improved the fresh
cob weight but reduced the length compared to the controls

under WW, but not under WD (Figure 4 and Supplementary
Table 5). Contrarily, the PA treatments reduced the cob length in
both growth conditions except for Spd under WD. Polyamines
significantly increased the yield per hectare (1.5× 106 g ha−1 for
Put and 1.6× 106 g ha−1 for Spd) compared to untreated plants
(1× 106 g ha−1) under WD conditions, reaching the level of the
WW plants (Figure 4 and Supplementary Table 5). Regarding
the harvest index (HI), Put-treated plants under WD overcame
the levels of controls under WW conditions.

To integrate the production data, two additional PBCIs were
estimated (right panel, Figure 4). As a final result, we observed
that Put improved maize yield (positive values for PBCI) under
WW and WD conditions. However, Spd only enhanced maize
production under WD conditions and negatively affected the
plants under WW (right panel, Figure 4). Altogether, the
PA application by drenching enhances the quality of maize
production, especially under water restrictions.

Polyamines application modifies the
quality of the maize flour

As the final step, we evaluated the percentage of
carbohydrates (CH) content and protein in the kernel
powder obtained from each treatment and growth conditions
(Figure 5 and Supplementary Table 6). According to ANOVA,
both parameters were affected by the interaction between the
treatment and growth conditions. Under WW conditions,
the PA application did not change the carbohydrate content
(Figure 5A). The reduced water availability significantly
decreased the CH content for the control treatment; curiously,
both PA treatments resulted in significantly higher CH content
than the WD control, leveling it up to the control treatment
under WW conditions (Supplementary Table 6). The water
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FIGURE 4

Parallel coordinates plot representing log2 of the production parameters relativized with the control of each growth condition; cobs per plant
(Cobs/Pl), cobs fresh (Cob FW), and dry weight (Cob DW) (g), length [L(K)] (kernels in a line), circumference [circ. (K)] (kernel circumference) and
diameter (diam.) (mm), the weight of 100 kernels (100 K DW) (g) and the total kernel weight (Total KW) (g), the total number of kernels (Total K),
the yield per hectare, considering the dry kernel production [Yield(K) ha−1], harvest index (HI) (Total dry kernels weight/Average cob fresh
weight), and the WUE in maize plants untreated (Control) and treated with 0.1-mM Put or 0.5-mM Spd grown under well water (WW) (A) or
water deficit (WD) (B). The right panel represents the PBCI, which summarizes the plot in a single number positive (Blue color) for growth
promotor or negative (orange) for stressor.

availability significantly affected the protein content (%), with
higher values for the kernels from the controls under WD
than under WW conditions (Figure 5B). The PA application
presented a different pattern (Supplementary Table 6).
Also, Put significantly increased the protein content under
WW conditions but reduced them under WD compared to
the respective controls. Contrarily, Spd did not affect the
protein content under WD but significantly reduced it under
the protein content compared to the controls under WW
conditions (Figure 5B).

The mineralogical profile of the flour obtained from the
dry grains was also analyzed (Table 2 and Supplementary
Table 7). Significant changes were observed in the flour mineral
compositions due to the treatment, growth conditions, and their
interaction. As Na, P, and Cu were the most sensitive parameters
because their changes were due to the interaction between the
treatment and the growth conditions (p ≤ 0.006, p ≤ 0.001,
and p ≤ 0.047, respectively). The treated plants presented the
biggest changes in Cu, mainly due to a significant increment in
those treated with Spd (Table 2 and Supplementary Table 7).
The WD conditions significantly reduced the Na levels of

the non-treated plant, but the application with Put and Spd
kept them at the same levels as the WW-variants. The water
restriction significantly induced the P, K, and Mg accumulation
in the plants under WD, except the Spd treated ones that
kept the lower values observed in the flour from the WW
plants. The opposite situation was observed for Ca, where only
the Spd-treated plants from WD kept the levels of the WW
ones (Table 2 and Supplementary Table 7). Altogether, the
PA application modifies maize flour’s chemical and mineral
composition. However, the changes are also highly influenced
by the growth conditions.

The multivariate statistical analysis
uncovers the different effects of Put
and Spd in maize

To better visualize and integrate the biomass, productivity,
hydric status of the plants, and the kernel nutritional profile,
we performed a principal component analysis (PCA) and
correlation matrix (Figure 6). The two first PCs explained 67.3%
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FIGURE 5

Content of carbohydrates (A) and protein (B) expressed as % of the weight of the sample WUE in maize plants untreated (Control) and treated
with 0.1-mM Put or 0.5-mM Spd grown under well water (WW) or water deficit (WD). Different letters indicate the significant differences
between the treatments and growth conditions according to the LSD test after two-way ANOVA, p < 0.05.

TABLE 2 Heatmap containing the log2 values of the different mineral elements content (ppm) in maize plants untreated (Control) and treated with
0.1-mM Put or 0.5-mM Spd grown under optimal conditions (WW) or water deficit (WD).

Growth conditions Treatment Ca Fe K Mg Na P Zn Cu

WW Control 0 ab 0 a 0 ab 0 ab 0 b 0 ab 0 a 0 a

Put 0.58 ab −2.00 a −0.42 a −0.24 a 0.00 b −0.15 a −1.77 a 0.77 a

Spd 0.20 ab 0.38 a −0.27 ab −0.11 a −0.07 b 0.14 bc 1.45 b 0.31 a

WD Control −0.42 a −0.70 a 0.33 c 0.25 c −0.22 a 0.24 c −0.41 a 1.23 a

Put −0.14 ab 0.17 a 0.14 bc 0.22 bc 0.03 b 0.23 bc −0.48 a 0.19 a

Spd 0.72 b −1.86 a −0.17 ab −0.15 a −0.03 b −0.08 a −1.53 a 2.46 b

The values are relative to the control treatment under WW. The different letters indicate significant differences according to the LSD test after two-way ANOVA, p = 0.05. Blue indicates
accumulation and red reduction.

(Dim1 = 42%; Dim2 = 25.3%) of the total model variation. As
the first result, Dim1 separated the non-treated plants due to
the irrigation regime (Figure 6A). However, whereas stressed
Put treated plants were located close to the irrigated plants,
Spd was located opposite to these plants, pointing to a different
mechanism of action between these two PAs. Put treated plants
under WD strongly correlated with the leaf biomass expressed
as flag leaf length/width ratio and the Zn and Fe levels. This
result was also evident in the negative correlation between Fe,
p, K, and Mg with many production-related parameters, the
plant RWC and Ca in the flour, observed in the correlation
matrix (Figure 6A). Contrarily, Spd-treated plants under WD
presented longer (Cob_L) and heavier (Cobs_FW) cobs, with
higher content of Cu in the flour (Figure 6A). It is worth
mentioning that the growth condition affected CH and protein
content, presenting a higher correlation with the RWC, the
kernel-related parameters, and the final yield. The PA-activated
strategy conditioned the biomass production (vegetative or
reproductive biomass) and the composition of the final product;
in this case, the quality of the flour.

Discussion

Nowadays, the research topics need to focus on
understanding how the principal abiotic stresses such as
drought affect crop yield. Besides, due to the promising
biostimulant efficiency to mitigate the plants’ stress effect, new
evidence is needed to know if they provide any quantitative
or qualitative benefit in the final yield. This study aimed
to evaluate using the major PAs as small molecules-based
biostimulants to improve maize production under optimal
and water restriction conditions. Their impact on maize
biofortification is also investigated. A recent review has
reported the relevance of these compounds in regulating
plant tolerance/resistance to stress abiotic/biotic (Ramazan
et al., 2022). When used PAs as a foliar application, the
concentration range of 0.1–1 mM elicited positive responses
in stressed plants (De Diego and Spíchal, 2020). In this
work, we investigated their application via fertirrigation
because it is considered an efficient agricultural method
to enable plants to cope with the consequences of the
water limitation during the growth and fruit production
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FIGURE 6

Principal component analysis (A) and correlation matrix (B) of the studied biomass parameters [flag leaf length (Leaf_L), flag leaf width (Leaf_W),
and flag leaf length/width ratio (leaf_LW)], relative water content at 15 and 30 days after the stress onset (RWC 15d and RWC30d), productivity
parameters [cob length (Cob_L), cob circumference (Cob_circ.), cob diameter (Cob_diam.), cob fresh weight (Cob_FW), cob dry weight
(Cob_DW), weight of 100 kernels (KW_100), total number of kernels per cob (Total_Kernel); total weight of the kernels per cob (Kernel_TW),
harvest index (HI), yield, water use efficiency (WUE), protein content (Protein), carbohydrates content (CH), and mineralogical profile of the
kernels (P, K, Mg, Fe, Zn, Ca, Na, and Cu) in maize plants untreated (Control) and treated with 0.1-mM Put or 0.5-mM Spd grown under well
water (WW) or water deficit (WD).

(Agliassa et al., 2021). The main reason is that the fertirrigation
provides the plant with a longer nutrient uptake window
than foliar application (Parkunan et al., 2011). However, it

must be considered that different application methods can
trigger different responses in the plants (Paul et al., 2019), so
optimizing the dose for the root treatment was an essential step,
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ending with 0.1-mM Put and 0.5-mM Spd the most effective
concentrations (Table 1).

The application of PAs reduced the RWC losses when
plants are subjected to water limitations (Figure 2) compared
to untreated plants. Many studies have also obtained similar
results and reported that the PA-induced better water balance
is due to decreasing the stomatal conductance and increasing
proline, anthocyanins, and soluble phenolics levels, improving
membrane properties and enhancing the activity of catalase
and superoxide dismutase (Farooq et al., 2009; Hassan et al.,
2018). Their application has also been described as improving
plant osmotic adjustment mechanisms (Choudhary et al., 2022).
However, the improvement in the water balance did not
influence the plant biomass but instead reduced it in the PA-
treated plants (Figure 3). Similar results were also observed in
other maize species (Li et al., 2018) and crops (Ullah et al.,
2012; Liu et al., 2018). One possible explanation is that this type
of treatment simulates moderate stress in the plants, so-called
hardening, to be ready for fighting future adverse conditions
(Duarte-Sierra et al., 2020).

The “no improvement” of the plant growth might
also be an energy-saving mechanism to redirect the PA-
induced/accumulated resources to the enhancement of the
production of the crop. This concept has already been proposed
for fruit tree management, where the application of plant growth
retardants has been explored to reduce vegetative growth and
obtain higher production (Köhne, 1989). According to this
assumption, we expected that both PA treatments improved
maize production under WW and WD. However, different
responses were observed; Put enhanced the total maize yield
under WW but reduced it under WD (Figure 3). Despite the
reduced total maize yield, drenching with 0.1-mM Put ended
with a positive PBCI under WD due to a higher number of
cobs per plant, higher kernel weight, or yield per ha (Figures 4,
7A and Supplementary Table 5). The exogenous application
of PAs, including Put, has improved flowering and yield in
many plant species (Reviewed by González-Hernández et al.,
2022) and wheat production (Mostafa et al., 2010). These results
could partially explain the higher number of cobs per plant.
Besides, the exogenous application of 0.1-mM Put enhanced
yield in winter wheat under WD and the plant biomass
(Gupta and Gupta, 2011; Gupta et al., 2012). Besides, the long-
term application of Put on salt-stressed rice stimulated the
morphogenesis of reproductive structures, enhancing the yield
compared to the unstressed plants (Ndayiragije and Lutts, 2007).
This positive effect of Put was also observed in the vegetative
development and yield of barley salt-stressed plants (Seleem
et al., 2021). Pál et al. (2018) also suggested that Put pretreatment
induces acclimation processes under controlled conditions.
These results agree with ours, so the Put-treated plants presented
the best growth and yield under control conditions, and they had
higher biomass production and some productive parameters
under WD (Figures 4, 6A, 7A).

Overall, the PA addition enhanced the production, in
agreement with the findings of Liang and Lur (2002), who
demonstrated that aborted maize kernels had lower endogenous
PA levels. However, a much higher yield was obtained with Spd
than with Put under WD (Figures 3, 4 and Supplementary
Table 5). This could be because the vital biological processes,
such as embryogenesis and seed settings, have been related more
to the levels of Spd than Put (Feng et al., 2011; Chen et al.,
2019a). The benefit of Put could be only due to its condition
as a precursor of Spd synthesis (Feng et al., 2011). Furthermore,
a recent study showed that high endogenous levels of Put but
not of Spd could condition grain filling of wheat, and hence,
yield, under drought because it induced the accumulation of
endogenous ethylene and ABA in the grains, which worsened
the adverse stress effects (Liu et al., 2016). Controversial
results were also obtained in wheat where the exogenous
Spd and Put applications had an opposite effect on florets;
while Spd inhibited the floret degeneration, Put enhanced it,
resulting in a reduction of fertile floret number (XiaoKang
et al., 2016). Another study demonstrated that pretreatment
with Spd improved the grain yield of salt-stressed rice plants
(Saleethong et al., 2013). However, this response must be
concentration-dependent and conditioned by the endogenous
levels of the different PA forms and their crosstalk with other
phytohormones. For example, the crosstalk between ethylene
and PAs has also been reported to condition the seed setting in
maize (Feng et al., 2011). These authors also demonstrated that
high levels of PAs are needed to avoid aborted kernels. It is well
known that ethylene and PAs compete for the same precursor
S-adenosyl-methionine (SAM), the methionine-activated form
(Podlešáková et al., 2019). This could explain that high PAs and
low ethylene levels promote plant flowering and embryogenesis
(reviewed by Chen et al., 2019a), where Spd is the leading PA
form regulating these processes.

From our knowledge of yield quality in maize, no
study focused on the impact of PAs as small molecule-
based biostimulants exist in the research literature. Our work
demonstrated that PA application improved both yield quantity
and quality. The first two parameters analyzed were the CH
and protein content (%) in the flour powder obtained from the
seeds (Figure 5 and Supplementary Table 6). Regarding CH,
it was shown that the crosstalk between PAs and the ethylene
pathway could condition plant yield and determine the grain
filling and carbohydrate translocation in cereals (Yang et al.,
2017). Therefore, we expected PA supplementation to induce
a good CH transport, enhancing the kernel set and the final
yield. As a result, WD reduced the CH content compared
to the WW conditions in untreated plants, as previously
observed by Hussain et al. (2020) and Abbas et al. (2021).
However, opposite results were also published. For example,
it has been reported that drought during the vegetative stage
of maize plants induced an increment in glucose and amino
acids on the grains (Harrigan et al., 2007) or did not affect
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the CH content (Barutcular et al., 2016). Interestingly, the PA
application increased the flour CH content in the plants under
WD conditions over the levels of the WW plants (Figure 5A
and Supplementary Table 6). Besides, clear evidence was found
about a positive correlation between CH, the leaf RWC, and the
Na content, which also positively correlates with the weight of
100 kernels and the total kernels weight (Figure 6B). It can be
because the application of PAs under stress has been reported
to protect the photosynthetic apparatus (ensuring the synthesis
of photosynthates) and increase the osmotic adjustment of the
plants under stress conditions (Chen et al., 2019b; Jing et al.,
2019). Moreover, Xu et al. (2016) suggested that PA might
be involved in the starch biosynthesis in kernels during post-
anthesis when the soil is drying. Therefore, it is not surprising
that those treatments reported the same yield as the proper
irrigated plants and were higher than the WD control plants.

Low water availability increased the protein content in
the flour, as described by Lu et al. (2015), Barutcular et al.
(2016), and Abbas et al. (2021). However, other studies showed
no alterations in the protein content by the water restriction
(Hussain et al., 2020). Our work showed that the PA levels
could be a relevant factor in determining the protein content
in the flour. However, the opposite responses were obtained
by the Put or Spd applications under both WW and WD
conditions (Figure 5B). There is a direct link between the
source–sink ratio during the filling stage and the final protein
content in the kernels (Borrás et al., 2002). As mentioned
above, Spd is considered essential for a good grain filling. Its
exogenous application reduced the production and the flour
protein content under WW conditions, whereas it improved
the yield but not the protein level under WD (Figures 4, 5B).
Contrarily, the Put application enhanced the production and
protein content under WW but reduced both under WD. In
wheat, the Spd application may affect grain filling by regulating
protein synthesis and posttranslational modification, together
with a better antioxidative response under drought conditions
(Li et al., 2020). This way, the maize–Spd treated plants
could deal better with the water limitations, ensuring better
production under this adverse condition.

On the other hand, Put exogenous application induced the
increment of N content in cotton plants (Gossypium barbadense
L.) under control conditions and salt stress (Darwish et al.,
2013). Our results partially agree since we only reported a
protein increment under control conditions. The different
behavior observed for Put and Spd applications in the plant
growth and yield quantity and quality could be because they
regulated the PA synthesis, the conversion, and the terminal
catabolism differently. In this regard, it has been proved that
at least the synthesis of Spd and Spm via the activity of
the spermine synthase (SPMS, E.C.2.5.1.22) and spermidine
synthase (SPDS, E.C. 2.5.1.16) could condition the flowering
(reviewed by Chen et al., 2019b). In addition to the SPDS, the
activity of other enzymes related to the PA synthesis, such as

ornithine decarboxylase (ODC, E.C. 4.1.1.17) and S-adenosyl-
L-methionine decarboxylase (SAMDC, E.C. 4.1.1.50) have also
been positively correlated with the grain filling rate (Yang et al.,
2020). The PA oxidation via polyamine oxidases has been
reported to regulate the plant reproductive phases (reviewed
by Yu et al., 2019). In this last case, the back conversion
from thermospermine or spermine to Spd was the most often
identified step conditioning fertility and floral development.
Cao et al. (2010) suggested that Spd, among Put and Spm,
might be more closely involved in the physiological changes
of the maize kernel development. Altogether, it is clear that
the effect of the PA application in maize production is due
to the endogenous levels and the interconversion between the
different PA forms. The further studies are needed focusing on
the enzymatic changes to clarify the mode of action of these
compounds.

As the last step, we analyzed the mineral content of the
flour. Only the limitation of water availability has induced
controversial results regarding the flour mineral composition.
For example, some studies did not see any effect (Feil et al.,
2005), whereas others observed a reduction in K, P, and Fe
(Abbas et al., 2021). Contrarily, Avila et al. (2017) reported the
increment of P and Mg on grains of maize plants subjected to
water limitations. These contrasting results point to a complex
response of the plants that affect the metabolism in the grains
and condition their mineral composition, which is regulated
by the interaction of variety, genotype, and stress intensity.
Our study showed that the application with PAs modified the
composition under WW and WD (Table 2, Supplementary
Table 7, and Figure 7B). Only the Spd treatment increased the
Zn content in WW plants, whereas all applications enhanced
the Cu under WW and WD. These two minerals have been
reported to accumulate under drought stress (da Ge et al., 2010;
Avila et al., 2017). Zn deficiency reduces plant growth and
nutritional quality (Liu et al., 2019). In a previous experiment
with wheat, it was proposed that the increment of N supply also
contributed to an enhancement of the Zn concentration in the
grains (Kutman et al., 2010).

Copper is also needed for the growth and development of
maize and is an essential cofactor for many metalloproteins and
various enzymes involved in different physiological and cellular
processes such as oxidation and reduction reactions (Rajput
et al., 2018). Besides, both minerals are considered essential for
human health (White and Broadley, 2009; Garg et al., 2018). It
is worth mentioning that the deficiencies in Cu also play a vital
role in COVID-19, altering the disease outcomes and prognosis
(Altooq et al., 2022). In this context, crop biofortification by
applying compounds or fertilizers increases attention to assure
plant and human health. Our results showed that a simple PA
application could improve the content of these two minerals in
the flour, especially when the plants are treated with Spd (five
times more Cu under WD or three times more Zn under WW).
Additionally, the Spd application also induced a significant
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FIGURE 7

Summary of the variation of the observed parameters in maize plants untreated (Control) and treated with 0.1-mM Put or 0.5-mM Spd grown
under well-water (WW) or water deficit (WD). Bold formatting of the font means the statistical effect on the increment or reduction; the total
production is expressed as the sum of every cob produced per treatment and condition. The parameters displayed are the water use efficiency
(WUE); leaf relative water content (RWC); flag leave length/width ration (L/W); cob fresh weight (g) (Cob FW); cob length, as kernels in the
longitudinal line (Cob L); cob circumference, as the kernels in the perimeter at the center of the cob (circumf.); average cobs produced in a
plant (Cobs/pl); the weight of 100 kernels (g) (100 K); harvest index (HI); yield (106g ha−1) (Yield); % of carbohydrates; % of protein; and minerals
(ppm) such as Ca, Zn, K, Mg, Na, P, and Cu.

accumulation of Ca. However, it is evident that product and crop
specificities exist, so it is expected to respond differently to the
treatments according to the genotype (Shahrajabian et al., 2021).
From the human nutritional point of view, higher Ca content
is an advantage because a recent study associates a dietary low
calcium intake with a higher risk of all-cause mortality (Yoo
et al., 2022). Altogether, we demonstrate that the exogenous
application of PAs improves plant performance under stress

conditions and can also be an efficient biofortification approach
(Figure 7), especially in the case of Spd.

Conclusion

The polyamine application by drenching can improve maize
production under optimal and stress conditions. However,
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different polyamines induced different responses, conditioned
by the growth conditions. Putrescine was the most effective
treatment under well-watered conditions because it enhanced
the fruit production, the WUE, and the content of Ca and Cu.
The spermidine application showed better results under water
deficit, with better water balance, water use efficiency, higher
production, and better nutritional composition of the flour by
increasing carbohydrates content, Cu and Ca. These results
point to polyamine supplementation as an exciting approach for
crop biofortification. Nevertheless, due to the different effects of
genotype and product specificities, a higher effort should be put
into elucidating and characterizing the use of these substances
for crop and site-specific locations.
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Rahnella aquatilis JZ-GX1 
alleviates iron deficiency 
chlorosis in Cinnamomum 
camphora by secreting 
desferrioxamine and reshaping 
the soil fungal community
Wei-Liang Kong 1,2, Ya-Hui Wang 1,2, Lan-Xiang Lu 1,2, 
Pu-Sheng Li 1,2, Yu Zhang 1,2 and Xiao-Qin Wu 1,2*
1 Co-Innovation Center for Sustainable Forestry in Southern China, College of Forestry, Nanjing 
Forestry University, Nanjing, Jiangsu, China, 2 Jiangsu Key Laboratory for Prevention and 
Management of Invasive Species, Nanjing Forestry University, Nanjing, Jiangsu, China

Plant growth-promoting rhizobacteria are important for improving plant 

iron nutrition, but the interactions among inoculants, host plants and soil 

microorganisms have not been greatly explored. Rahnella aquatilis JZ-GX1 

was applied to treat the increasingly serious iron deficiency chlorosis in 

Cinnamomum camphora, and the resulting improvement in chlorosis was 

determined by assessing the contents of chlorophyll, active iron, Fe2+ and 

antioxidant enzymes in leaves, the effects on the soil microbial community 

and the metabolism in the rhizosphere by high-throughput sequencing 

techniques and liquid chromatography–mass spectrometry (LC–MS). The 

results showed that inoculation with JZ-GX1 significantly increased the 

chlorophyll content of C. camphora, which promoted the redistribution 

of active iron in roots and leaves, increased the activities of superoxide 

dismutase (SOD), peroxidase (POD), catalase (CAT) and ascorbate peroxidase 

(APX), and thus reduced membrane damage in iron-deficient C. camphora 

caused by reactive oxygen species. According to genome prediction and 

ultra-performance liquid chromatography–mass spectrometry (UPLC–MS) 

analysis, the JZ-GX1 strain could secrete desferrioxamine (DFO), and the 

concentration of DFO in C. camphora rhizosphere was 21-fold higher than 

that in uninoculated soil. The exogenous application of DFO increased the 

SPAD and Fe2+ contents in leaves. In addition, the inoculant affected the fungal 

community structure and composition in the C. camphora rhizosphere soil 

and increased the abundances of specific taxa, such as Glomus, Mortierella, 

Trichoderma, and Penicillium. Therefore, R. aquatilis JZ-GX1 application 

promoted iron absorption in C. camphora trees by secreting DFO and 

alleviated iron deficiency chlorosis through interactions with the local fungal 

community.

KEYWORDS

Cinnamomum camphora, iron deficiency chlorosis, Rahnella aquatilis, microbial 
community, desferrioxamine
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Introduction

Iron is one of the most important trace elements in many 
living organisms and mainly exists as Fe2+ and Fe3+ in nature (Liu 
et  al., 2017). The transformation between these forms is an 
important redox process in living cells, and the availability and 
content of iron play important roles in the growth and 
development of plants (Ferreira et al., 2019). Although iron is 
abundant in the Earth’s crust, ranking fourth among all elements 
on the Earth’s surface, the solubility of iron in soil is very low due 
to oxidation by oxygen in the atmosphere, drought and the 
alkalinity of semidry calcareous soil; thus, the absorption of iron 
by plants is difficult (Zhou et al., 2016). The concentration of free 
soluble iron in soil is <10−17 M, which is markedly lower than the 
optimal value for plant growth (Arikan et  al., 2018). Plants 
growing in these soils often show iron deficiency chlorosis, which 
seriously affects the yield of crops (Aras et al., 2018). Therefore, 
iron deficiency stress has become a global problem. Over the 
years, researchers have also introduced many control measures to 
solve this problem, including soil application, trunk injection, and 
foliar spraying of various inorganic, organic and chelated iron 
fertilizers (Farshchi et al., 2021). However, these methods have 
many problems, such as causing slight damage to trees and 
environmental pollution and high cost; thus, no economic and 
effective method for the prevention and control of iron deficiency 
chlorosis in plants has been developed (Li M. et al., 2021).

A large number of microorganisms are found in plant 
rhizosphere soil, and among these, the bacteria beneficial to 
plants are called plant growth-promoting rhizobacteria (PGPR). 
Many studies have shown that PGPR can secrete a series of 
substances, including siderophores, organic acids, and volatiles, 
to help plants cope with iron deficiency stress (Radzki et al., 2013; 
Martinez-Medina et  al., 2017). For example, Liu et  al. (2017) 
effectively controlled the yellowing associated with iron 
deficiency in peanuts and peaches through the use of siderophore-
producing bacteria. Aras et al. (2018) studied the effect of PGPR 
on the uptake of iron by peach trees in calcareous soil and found 
that the absorption and transport of malic acid released by 
bacteria in the rhizosphere effectively reduced the pH of leaves 
and that the organic acid secreted by Azospirillum brasilense 
significantly reduced the pH of cucumber hydroponic nutrient 
solution and increased the activity of Fe3+ reductase in cucumber 
roots. However, the mechanisms through which microorganisms 
promote plant iron absorption are currently mostly limited to the 
phenotypic and physiological responses of host plants, and few 
studies have investigated the changes in indigenous soil microbial 
communities after inoculation with exogenous bacterial agents. 
The effects of most microorganisms on plants in nature are 
accomplished through interactions (Niu et al., 2021). Due to the 
influence of biological and environmental factors, the effects of 
inocula are often not ideal. The interaction between the plant 
rhizosphere and microorganisms is very complex. Whether a 
single exogenous bacterial agent can adapt to the indigenous 
microbial community and exert its plant growth-promoting 

characteristics is currently unclear. Therefore, understanding the 
interactions among plants, inocula and local microorganisms is 
of great significance.

In recent years, with the rise and development of genomics 
technology, an increasing number of studies have used genomic, 
transcriptome, metabolome and microbiome sequencing 
techniques to comprehensively and deeply study the interaction 
mechanisms between PGPR and plants or the soil microbial 
community (Gamez et al., 2019; Luo et al., 2020; Yang et al., 2020; 
Ye et al., 2020; Priya et al., 2021). For example, Li F. et al. (2020) 
combined transcriptome and microbiome analyses and revealed 
that the rare fungus Mortierella capitata can promote crop growth 
directly by altering root gene expression levels and indirectly via 
interaction with indigenous rhizosphere bacteria. Tao et al. (2020) 
combined high-throughput sequencing, culturable microbiome, 
key microbial return and community interaction experiments and 
found that Bacillus amyloliquefaciens W19 enhanced multispecies 
root colonization in coordination with specific probiotic 
Pseudomonas populations in the tomato rhizosphere in the 
treatment of tomato bacterial wilt to ultimately result in the 
formation of a probiotic community that effectively helps plants 
resist pathogen infection. Tsai and Schmidt (2017) showed that 
coumarin secreted by plants is favorable for the interactions 
between plants and microbial communities under iron restriction. 
These special metabolites change the composition of root 
microorganisms and are necessary for plant iron uptake and 
immune regulation mediated by microbial communities.

Cinnamomum camphora, which belongs to Lauraceae, is the 
main component of subtropical evergreen broad-leaved forests 
and a famous tree species in landscapes (Zhong et al., 2019). Due 
to its good appreciation, pruning resistance, strong sprouting 
ability and excellent cultural value, C. camphora has become one 
of the dominant tree species in landscaping, has been widely used 
in parks, green spaces, street trees and courtyard greening (Chen 
et al., 2020) and has played an important role in improving the 
ecological environment of cities. Cinnamomum camphora 
contains unique chemicals and is affected by few diseases and 
insect pests, but due to heavy planting, lack of management and 
the area not suitable for the growth of the species, C. camphora 
etiolation is becoming increasingly serious in many places (Zhou 
H. et al., 2017; Duan et al., 2020). Cinnamomum camphora iron 
deficiency etiolation is generally characterized by varying degrees 
of leaf yellowing, poor tree potential, white and thin leaves in 
severe cases, scorched and withered spots on the tip and edge of 
leaves, and vulnerability to frost injury; the yellowed leaves are 
initially locally distributed only on the crown, and the number 
then increases gradually, resulting in yellowing of the whole 
crown, withering of shoots, sparseness of branches and leaves, 
shrinking of the crown, gradual exhaustion and death, which 
seriously affects the economic and ecological benefits of the 
species (Kong et al., 2020a).

The etiolation of C. camphora is pervasive and widespread. 
Researchers usually explore the cause of the disease from the 
perspective of the soil pH and element content, whereas the 
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microbial community in the underground part of C. camphora has 
rarely been investigated. In this study, nontargeted metabolic 
technology based on LC–MS was used to characterize the 
secretion and metabolism of Rahnella aquatilis JZ-GX1 in the 
rhizosphere of C. camphora and to identify the key substances that 
may affect the uptake of iron by C. camphora. From the point of 
view of soil microecology, we aimed to clarify the mechanism 
through which R. aquatilis JZ-GX1 alleviates the etiolation of 
C. camphora. A microbial amplification technique was also used 
to explore the effect of the JZ-GX1 strain on the community 
structure and composition of bacteria and fungi in the rhizosphere 
of C. camphora and to explore the soil microbial inducement that 
may lead to the etiolation of C. camphora with the aim of providing 
a scientific solution for the management of the disease.

Materials and methods

Plant materials, growth conditions and 
pot experimental design

Rahnella aquatilis JZ-GX1 (CCTCC M2012439) was isolated 
from the rhizosphere soils of Pinus massoniana in Guangxi, China, 
and identified by 16S rRNA sequencing (GenBank No. 
KC351183.1). This bacterial strain was inoculated into Luria-
Bertani (LB) liquid medium and incubated in an orbital shaker 
(200 rpm) at 28°C for 18 h. Bacteria were collected by 
centrifugation at 8,000 rpm and 4°C for 15 min. The centrifuge 
tubes were washed with 0.1 M phosphate-buffered saline (PBS, pH 
7.2), and the bacteria were then diluted to obtain 1 × 107 CFUs/ml 
for microbial inoculation (Kong et al., 2020b).

Three-year-old C. camphora seedlings were purchased from a 
nursery and planted in plastic pots (Ф15 × 20 cm) containing 2 kg 
of saline-alkali soil. The soil properties were as follows: pH 8.2; 
organic matter, 7.89 g/kg; available N, 37.61 mg/kg; available P, 
16.07 mg/kg; available K, 153.01 mg/kg and effective Fe, 6.14 mg/
kg. All the plants were cultured at 25°C under a 12-h light/12-h 
dark cycle until the seedlings started to exhibit yellowing. 
Subsequently, 60 C. camphora seedlings were selected, divided 
into three groups (20 plants per group) and administered one of 
the following treatments: (1) 0.1 M PBS, (2) 1.2% iron sulfate 
(FeSO4), and (3) 107 CFUs/mL R. aquatilis JZ-GX1 suspended in 
PBS. The plant roots in each pot were inoculated with 50 ml of the 
treatment solution, and the plants were then watered daily until 
harvesting of the plant tissues. The harvested samples were used 
for various physiological and biochemical analyses.

Determination of the Chl and Fe 
concentrations in Cinnamomum 
camphora plants

After 30 days, the concentrations of Chl in the leaves were 
determined according to the method described by Zhang et al. 

(2009). Fresh leaf tissue (0.5 g) was extracted with 2 ml of 95% 
(v/v) ethanol for 24 h in the dark. The concentrations of Chl a, Chl 
b, and carotenoids in the extract were determined by reading the 
absorbances at 665, 649, and 470 nm, respectively, with a 
spectrophotometer (UNICOWFUV-2000, Unico, United States).

After harvest, the plants were separated into leaves, shoots and 
roots. Approximately 0.2 g of plant material was individually 
digested in 1 mol/L HCl at a 1:10 ratio (v/v) for the extraction of 
active Fe (Koseoglu and Acikgoz, 1995). Improved NH4F masking 
method was used for the extraction of Fe2+ from the fresh samples. 
The concentrations of active Fe and Fe2+ in the digested solution 
were then determined with O-phenanthroline spectrophotometry 
(Ni et al., 2015).

Determination of the MDA, EL, O2
−, and 

H2O2 levels in leaves

To analyse the mitigation of microbe-mediated iron deficiency 
stress in planted soil, the stress-related levels of malonaldehyde 
(MDA) and reactive oxygen species (ROS) in leaves were 
investigated (Chen et al., 2015). Young leaves on the top of the 
C. camphora trees were collected after 3, 5, 10, and 20 days of the 
different treatments. Malonaldehyde was extracted from leaves 
with 10% trichloroacetic acid, and its concentration was 
determined based on the absorbances at 450, 532, and 600 nm (Xu 
et al., 2008). The formation rate of O2

− (Elstner and Heupel, 1976) 
and the level of H2O2 (Mukherjee and Choudhuri, 1983) in leaves 
were determined based on the absorbances at 530 and 436 nm, 
respectively. The values of electrolyte leakage (EL) were 
determined according to the method reported by Jiang and 
Zhang (2001).

Determination of antioxidant enzyme 
activity in leaves

To verify the levels of O2
− and H2O2, ROS-scavenging 

antioxidant enzymes were extracted from leaves according to 
methods described by Liu et al. (2010). The activities of superoxide 
dismutase (SOD), catalase (CAT), peroxidase (POD) and 
ascorbate peroxidase (APX) were determined based on the 
absorbances at 560, 240, 470, and 340 nm, respectively 
(Beauchamp and Fridovich, 1971; Aebi, 1984; Zhu et al., 2004;  
Li J. et al., 2020). To calculate the activities of antioxidant enzymes, 
the protein content in each of the enzyme extracts was determined 
based on the absorbance at 595 nm (Bradford, 1976).

Prediction of secondary metabolites of 
Rahnella aquatilis JZ-GX1

The complete genome sequence of R. aquatilis JZ-GX1 has 
been deposited in the NCBI under GenBank accession number 
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SAMN18652319, and the secondary metabolites of the JZ-GX1 
strain were predicted using antiSMASH online prediction 
software.1 The complete gene cluster information for siderophore 
synthesis in the JZ-GX1 genome was determined and mapped. 
The secondary metabolites of JZ-GX1 and other bacteria were 
compared and analyzed (Blin et al., 2019).

Gene expression related to siderophore 
biosynthesis of JZ-GX1 under Fe 
deficiency

Strain JZ-GX1 was inoculated into 20 ml of MSA medium 
(per liter: 20 g of sucrose, 2 g of L-asparagine, 1 g of K2HPO4, 0.5 g 
of MgSO4·7H2O) with or without 20 μM FeCl3·6H2O for 24 h and 
centrifuged at 12,000 rpm for 5 min. The bacterial cells were 
collected, rinsed with sterile water, frozen in liquid nitrogen, and 
stored at −80°C for RNA isolation. Total RNA of JZ-GX1 was 
extracted using a bacterial RNA extraction kit (Jiancheng 
Bioengineering Institute, Nanjing, China). After the detection of 
RNA quality and concentration, cDNA samples were prepared 
using HiScript II Q Select RT SuperMix for RT–qPCR (CAT: 
11202ES08; Yeasen, Shanghai, China). The expression levels of 
related genes were calculated using ABI 7500 software (Applied 
Biosystems, United  States), and atpD was used as an internal 
control (Li P. et al., 2021). These gene primers are shown in 
Supplementary Table S1.

Ultra-performance liquid 
chromatography–mass spectrometry 
spectrometric analysis

The crude siderophore extract of R. aquatilis JZ-GX1 was 
syringe-filtered using a 0.22-μm nylon filter. Filtrates were injected 
into a UHPLC instrument (U3000, Thermo Scientific, Germany) 
with a Wates BEH C18 Column (150 × 2.1 mm, 1.7 μm, 
United States) at 35°C, and the instrument was connected to a 
mass spectrometer (TripleTOF® 5600+, AB Sciex, United States). 
The mobile phase consisted of acetonitrile:0.1% formic acid-H2O 
at a ratio of 5%:95% with a 0.3 ml/min flow rate.

The positive and negative ion modes of electrospray ionization 
(ESI) were detected. The source conditions of ESI were as follows: 
Ion Source Gas 1 (Gas1): 50 charge; Ion Source Gas 2 (Gas2): 50 
magical; Curtain Gas (CUR): 25; Source Temperature: 500°C 
(positive ion) and 450°C (negative ion); Ion Sapary Voltage 
Floating (ISVF): 5,500 V (positive ion) and 4,500 V (negative ion); 
TOF MS scan range: 100–1,200 Dajia; ion scan range product ion 
scan range: 50–1,000 Da; MaOF 0.2 s; MS scan accumulation time: 
0.01 s; secondary mass spectrometry was performed by 
information-dependent acquisition (IDA). Using high sensitivity 

1  https://antismash.secondarymetabolites.org/

mode, declustering potential (DP): ±60 V, collision energy: 
35 ± 15 eV.

Identification of metabolites in the 
rhizosphere soil of Cinnamomum 
camphora

Rhizosphere soil of C. camphora with and without inoculation 
with the JZ-GX1 strain was extracted in prechilled methanol 
(3 ml), sonicated for 30 min and centrifuged for 20 min at 4,000×g. 
The supernatant was passed through a 0.22-μm filter for liquid 
chromatography combined with mass spectrometry (LC–MS) 
analysis at Wenxin Biotechnology Co., Ltd. (Nanjing, China; Wan 
et al., 2018). In brief, the extracts were separated using an ultra-
performance liquid chromatography (UPLC) system (Waters 
Corporation, Japan). The UPLC column was an ACQUITY UPLC 
BEH C18 column (100 mm × 2.1 mm, 1.7 μm), which was 
maintained at 35°C and treated with a multistep gradient for 
product elution over the course of 30 min at 0.4 ml/min. The 
gradient was composed of A (formic acid-water, containing 0.1% 
formic acid) and B (formic acid-acetonitrile, containing 0.1% 
formic acid) as follows: 0–5 min, 5% B; 5–50 min, linear gradient 
from 5% to 100% B; 50–60 min, 100% B. The time-of-flight mass 
spectrometry (TOF-MS) parameters were as follows: positive and 
negative ionization modes; the ion source temperature and solvent 
removal temperature were 120°C and 450°C, respectively; the 
He  carrier gas was 800 L/h; the MS scanning range was 
50–1,000 MHz/z; and the resolution was 30,000 (Yang et al., 2020).

Before the identification of metabolites, the original data were 
analyzed by peak identification, alignment, deconvolution and 
normalization. Following data evaluation, including quality 
control and principal component analysis (PCA) analysis, 
OPLS-DA, a supervised multivariate method, was used to 
maximize metabolome differences between sample pairs. 
Differentially accumulated metabolites (DAMs) were set at fold 
change (FC) > 2 or FC < 0.5 and OPLS-DA VIP ≥ 1. Volcano map 
construction and unsupervised PCA clustering of the identified 
metabolites were performed using Ezinfo 3.0. The MetaboAnalyst 
4.0 software was employed to build heatmap diagrams. 
Subsequently, the KEGG2 were used to construct the 
metabolic pathway.

High-throughput sequencing and 
analysis of 16S rRNA and internal 
transcribed spacer regions

To investigate the effects of strain JZ-GX1 on the rhizosphere 
microbial community, six samples were randomly selected on the 
30th day from three replicates of the inoculated and uninoculated 

2  http://www.genome.jp/kegg/
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treatments, and two soils from the same replicate were mixed to 
obtain one composite sample. After removing 0–5 cm of topsoil, 
the soil around the root system was gently shaken off. The soil 
attached to the root surface was then evaluated as rhizosphere soil. 
The fresh soil samples were stored at −80°C before DNA 
extraction and microbial community analysis. Soil DNA was 
extracted from 0.60 g of fresh soil using a Fast DNA® Spin Kit for 
Soil (MP Biomedicals, CA, United States). Two universal primer 
sets (515F/909R and ITS1F/ITS2) were used: the former was used 
to amplify the prokaryotic 16S rRNA V4 region, and the latter was 
used to amplify the fungal internal transcribed spacer (ITS) region 
(Blaalid et al., 2013). The data were analyzed with the free online 
platform of the Majorbio Cloud Platform,3 and the obtained 
prokaryotic and fungal sequences were deposited in the Sequence 
Read Archive (SRA) with the accession number PRJNA733870.

Estimation of root fungal colonization 
frequency

The 1-cm long root segments were cleared with 10% KOH 
solution for 100 min at 95°C, bleached with 10% hydrogen 
peroxide for 15 min, acidified with 0.2 mol/L hydrochloric acid for 
1 h, and finally stained with 0.05% (w/v) trypan blue in lactophenol 
for 3 min. After microscopic observation (Zeiss Microscope 
System Standard 16; Carl Zeiss Ltd.; Germany), the AMF 
colonization rate was expressed as the percentage of the number 
of fungal colonized root segments over the total number of 
observed root segments (Yang et al., 2021).

Data analysis and processing

The data were subjected to analysis of variance (ANOVA) 
followed by Duncan’s multiple comparison test with SPSS 21.0 
software (IBM Inc., Armonk, NY, United States), or independent 
samples t-test to determine significant differences (p < 0.05). 
Graphs were generated using GraphPad Prism 8.0 (GraphPad 
Software, Inc., United States).

Results

Rahnella aquatilis JZ-GX1 alleviated iron 
deficiency chlorosis in Cinnamomum 
camphora

Chlorophyll is one of the most important pigments related to 
photosynthesis and is widely used to evaluate the status of iron 
stress in plants. The application of JZ-GX1 strain significantly 
improved the etiolation of C. camphora resulting from iron 

3  www.majorbio.com

deficiency (Figure 1A). Compared with CK, FeSO4 and inoculation 
treatments significantly increased the chlorophyll b, total 
chlorophyll and carotenoid contents of iron-deficient C. camphora. 
Among these treatments, the inoculation treatment exerted the 
best effect, as observed by 154.03%, 186.64%, and 80.07% increases 
in these contents, respectively, but had little effect on the content 
of chlorophyll a (Figure 1B).

Active iron is a form of iron directly absorbed and utilized by 
plants that can more effectively affect the iron nutritional status of 
plants. The iron content of C. camphora seedlings grown in 
alkaline soil was significantly lower. The FeSO4 treatment 
significantly increased the content of active iron in roots, whereas 
the JZ-GX1 treatment significantly increased the content of active 
iron in leaves, but the two treatments exerted no significant effect 
on active iron in stems (Figure 1C). The supply of exogenous 
inorganic iron sources and microbial inoculant not only increased 
the content of active iron in C. camphora but also affected the 
content of Fe2+. In contrast to the active iron, the JZ-GX1 
treatment did not increase the content of Fe2+ in roots but 
significantly increased the content of Fe2+ in stems and leaves of 
C. camphora (Figure 1D), which indicated that the JZ-GX1 strain 
promoted the transfer of Fe2+ from roots to leaves.

Rahnella aquatilis JZ-GX1 reduced 
oxidative damage in Cinnamomum 
camphora leaves

Under normal circumstances, the production and scavenging of 
ROS in plants are in a dynamic equilibrium, but iron deficiency 
inhibits the antioxidant system and increases the production of ROS, 
and these effects damage electron transport in chloroplasts and 
mitochondria and consequently cause oxidative stress in plants. The 
level of ROS in C. camphora leaves increased gradually, peaked on 
the 10th day, and then decreased, and the JZ-GX1 treatment 
decreased the contents of O2

− and H2O2 (Figures 2A,B). Electrolyte 
leakage analysis showed that the CK group exhibited relatively stable 
EL during the detection period, whereas the JZ-GX1 treatment 
showed some fluctuations, but the value obtained with the JZ-GX1 
treatment was generally lower than that of CK (Figure  2C). 
Malonaldehyde is the final product of membrane lipid peroxidation 
in plant cells. Compared with CK, the addition of JZ-GX1 strain 
significantly decreased the MDA content in leaves at all tested time 
points with the exception of 20 days (Figure 2D).

Rahnella aquatilis JZ-GX1 enhanced the 
activities of antioxidant enzymes in 
Cinnamomum camphora leaves

The exposure of plants to external environmental stress leads 
to the production of ROS and subsequent oxidative damage. The 
scavenging of ROS in plants is mainly performed by some enzyme 
systems and antioxidants, and SOD, POD, CAT, and APX are 
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important ROS-scavenging enzymes in plants. In this study, the 
effect of inoculation of JZ-GX1 strain on SOD enzyme activity was 
not obvious, only higher than that of CK on the 5th day, but lower 
than that of CK at other time points (Figure  3A). After the 
application of JZ-GX1, the activities of POD, CAT, and APX 
increased during culture, reached maximal levels on the 5th day, 
were 40.57%, 42.75%, and 21.63% higher than those obtained with 
the CK, respectively, and then decreased gradually but remained 
higher than those in the CK (Figures 3B–D).

Rahnella aquatilis JZ-GX1 secreted 
desferrioxamine

To explore the potential key substances of JZ-GX1 that 
promote iron uptake by C. camphora, we predicted its secondary 
metabolites according to its whole genome. The results showed 
that JZ-GX1 strain could synthesize and secrete siderophores. The 
comparison found that the siderophore synthesis gene cluster of 
JZ-GX1 strain exhibited high homology (100%) with the known 

DFO E synthesis gene cluster dfoJACS of Pantoea agglomerans 
(Figure  4A). In addition, at transcription level, Fe deficiency 
induced the upregulation of dfoJ, dfoA, dfoC, and dfoS genes in 
JZ-GX1 (Supplementary Figure S1).

Moreover, the supernatant organic extracts of strain JZ-GX1 
were analyzed by UPLC–MS in the positive ion mode, and the mass 
spectrum showed a molecular ion peak at m/z 561.3599 ([M + H]+), 
with a retention time of 4.19 min (Figure 4B), which was similar to 
that of the standard DFO (m/z 561.3000 ([M + H]+), retention time 
of 4.34 min; Figure 4C). Based on the mass spectra, the compound 
was also identified as DFO (Supplementary Figure S2).

Application of Rahnella aquatilis JZ-GX1 
changed the metabolite profiles in the 
rhizosphere soil of Cinnamomum 
camphora

To evaluate the metabolic changes in the secretions from 
C. camphora roots induced by the JZ-GX1 strain, a nontargeted 

A B

C D

FIGURE 1

Effects of Rahnella aquatilis JZ-GX1 on the phenotype (A), chlorophyll content (B), active iron content (C) and Fe2+ content (D) of Cinnamomum 
camphora. The data were analyzed by one-way ANOVA followed by Duncan’s post-hoc test. Different letters indicate statistically significant 
differences (p < 0.05) among treatments.
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metabolomics detection of rhizosphere soils from etiolated and 
green C. camphora was performed based on UPLC–MS. A PCA 
analysis explained the metabolites of the two treatments were 
obviously separated on PC1, and the contribution rate of PC1 was 
46.6%, the contribution rate of PC2 was 28.1%. The results from 
the same group of samples were concentrated, which indicated 
good repeatability between groups (Figure 5A). As seen in the 
volcano plot, a total of 381 metabolites were changed by the 
JZ-GX1 treatment, including 271 with increased expression and 
110 with decreased expression (Figure 5B).

The main differential metabolites included phenolic acids, 
such as 3-O-cis-coumaroylmaslinic acid and 3-trans-
caffeoyltormentic acid; amino acids, such as Arg, Cys, and His; 
glutinosone; tacrolimus; and other substances, such as 
lipoyllysine, arginyl and DFO (Figure  5C). Among the 
representative compounds showing significant differences, DFO 
exhibited 21.53-fold higher abundance in the JZ-GX1-
inoculated group than in the uninoculated group (Figure 5D). 
According to the relatively large changes in metabolites, 
pathway enrichment analysis showed that the affected KEGG 

metabolic pathways mainly included glycolysis/
gluconeogenesis, biosynthesis of isoflavonoids and 
phenylpropanoids, porphyrin and chlorophyll metabolism, 
tryptophan metabolism and biosynthesis of antibiotics 
(Figure 5E).

Desferrioxamine promoted iron 
absorption by Cinnamomum camphora

To explore the effects of DFO on iron absorption by 
C. camphora trees, three different concentrations of DFO were 
applied. The results revealed that compared with the treatment 
without DFO, different concentrations of DFO alleviated the iron 
deficiency-induced yellowing of C. camphora (Figure  6A). 
Desferrioxamine concentrations of 10, 100, and 500 μM 
significantly increased the SPAD value in leaves (Figure 6B). The 
Fe2+ content treated with a low concentration of DFO (10 μM) was 
significantly higher than that obtained with the two other 
concentrations (Figure 6C).

A B

C D

FIGURE 2

Effects of Rahnella aquatilis JZ-GX1 on the O2
− (A), H2O2 (B), EL (C) and MDA levels (D) in Cinnamomum camphora leaves. Data are the means  

± SE. Different letters indicate statistically significant differences (p < 0.05) among treatments (t-test).
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Effects of Rahnella aquatilis JZ-GX1 on 
microbial community composition and 
structure in rhizosphere of Cinnamomum 
camphora

The operational taxonomic unit (OTU) number analysis 
revealed a decrease in rhizosphere bacterial and fungal 
diversity on inoculation treatment, and the α-diversity was not 
affected by JZ-GX1 strain inoculation (Table 1). Regarding 
microbial community composition, the application increased 
the relative abundances of Acidobacteriota and 
Verrucomicrobia, slightly decreased the abundances of 
Chloroflexi and Cyanobacteria, and did not affect other phyla 
(Figure  7A). The analysis of fungal flora showed that 
application of the inoculum increased the relative abundances 
of Basidiomycota, Mortierellomycota and Glomeromycota, 
decreased the relative abundances of Ascomycota and 
Rozellomycota, and greatly increased the number of 
unclassified fungi in the rhizosphere soil of iron-deficient 
C. camphora (Figure 7B). According to the fungi functional 
guild (FUNGuild) prediction, the JZ-GX1 treatment also 
decreased the relative abundances of saprotrophic fungi, plant 
pathogens and animal pathogens and increased the 

proportions of arbuscular mycorrhizal fungi and orchid 
mycorrhizal (Figure  7C). The root system of C. camphora 
inoculated with JZ-GX1 formed a typical mycorrhizal 
structure, and a large number of arbuscules and vesicles were 
observed (Figures 8B–E), while the roots of most uninoculated 
plants were not infected by mycorrhiza (Figure  8A). The 
hypha colonization rate increased by 270.37% compared to CK 
(Figure 8F). These results indicated that the application of the 
JZ-GX1 strain greatly disturbed the community structure of 
the rhizosphere fungi of C. camphora.

Identification of specific fungal genera

The histogram presented in Figure  9A showed the 
composition of the fungal community in the rhizosphere soils 
of etiolated and green C. camphora at the genus level. 
Compared with those of untreated plants, the application of 
the JZ-GX1 strain decreased the relative abundances of 
Rozellomycota, Nectriaceae, Agaricomycetes, Neocosmospora, 
Paraphoma, and Plectosphaerella and significantly increased 
those of Mortierella, Saitozyma, Penicillium, and Trichoderma 
(Figure 9B). These microbes may be an important feature of 

A B

C D

FIGURE 3

Effects of Rahnella aquatilis JZ-GX1 on SOD (A), POD (B), CAT (C) and APX enzyme activities (D) in Cinnamomum camphora leaves. Data are the 
means ± SE. Different letters indicate statistically significant differences (p < 0.05) among treatments (t-test).
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the ability of the JZ-GX1 strain to alleviate C. camphora  
etiolation.

Discussion

Rahnella aquatilis JZ-GX1 reduces 
oxidative damage in Cinnamomum 
camphora under alkali stress by 
activating the antioxidant system

Under normal physiological conditions, ROS in plants are in 
a dynamic balance of being continuously produced and scavenged, 
but the exposure of plants to biotic or abiotic stress destroys this 
balance and increases the level of ROS (Pflugmacher et al., 2010; 
Wan et  al., 2015; Wu et  al., 2021). These increases in ROS 
(including H2O2 and O2

−) can lead to cell membrane damage and 
EL and subsequently to membrane lipid peroxidation, and the 
degree of membrane lipid peroxidation can be reflected by the 
MDA content (Guo et al., 2019). In this experiment, we found that 
iron deficiency led to increases in the H2O2 and O2

− contents in 
C. camphora leaves, which was consistent with the results obtained 
by Zhou C. et  al. (2017) and Song et  al. (2018) for peanut 
and chrysanthemum.

Superoxide dismutase, POD, and CAT are important active 
oxygen-scavenging enzymes in plants that can reduce the damage 
caused by membrane lipid peroxidation (Qin et  al., 2018). 
Superoxide dismutase can catalyse the disproportionation of the 

superoxide anion to H2O2, and H2O2 is then decomposed into H2O 
by CAT and APX (Wang et al., 2012). Peroxidase, an enzyme that 
is widely found in plants, contains iron in a porphyrin ring and has 
limited specificity. This enzyme can catalyse the decomposition of 
intracellular peroxidation products and plays an important role in 
maintaining the normal physiological function of leaves (Nounjan 
et al., 2021). Iron is an important cofactor in the synthesis of many 
enzymes. Once iron deficiency leads to decreased POD and CAT 
activities, plant cells accumulate more H2O2 (Hassan et al., 2020). 
In this study, the application of JZ-GX1 increased the activities of 
four antioxidant enzymes, reduced the production of ROS (H2O2 
and O2

−) and the accumulation of MDA, and effectively alleviated 
the oxidative stress caused by iron deficiency. In addition, due to 
the redox characteristics of iron ions, bioavailable Fe2+ is easily 
oxidized, and the application of JZ-GX1 improved the antioxidant 
capacity of trees and stabilized the transport of Fe2+ in plants to 
promote the transfer of Fe2+ from roots to stems and leaves 
compared with that observed in the CK treatment.

Desferrioxamine secreted by Rahnella 
aquatilis JZ-GX1 promotes iron 
absorption by Cinnamomum camphora

Plant growth-promoting rhizobacteria play important 
roles in plant growth and development and disease control and 
help plants cope with various abiotic stresses (such as salt, 
heavy metal, and drought stresses; Qin et  al., 2018; 

A

B C

FIGURE 4

DFO, one of the predicted secondary metabolites of Rahnella aquatilis JZ-GX1. Biosynthetic gene cluster for DFO (A), HPLC chromatogram of 
siderophores from JZ-GX1 culture (B) and DFO standard in the positive ion mode (C).
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Guo et al., 2020; Hassan et al., 2020). To date, most studies 
have focused on the secretion of active substances in vitro and 
the host responses of microorganisms, but no in-depth study 
has investigated how microorganisms function in complex soil 
environments. In this study, based on whole genome 
prediction and UPLC-MS spectrometric analysis, it was shown 
that JZ-GX1 strain could secrete DFO, and the abundance of 
DFO in inoculated soil was 21-fold higher than that in 
uninoculated soil. Desferrioxamine was the first siderophore 
isolated from Streptomyces, is the most effective iron fertilizer 
known thus far (Pierwola et al., 2004; Liu et al., 2019) and has 
been widely used as the iron source of peanut, cucumber, 
tobacco, wheat and other plants (Yehuda et al., 2003, 2012; 
Fernandez et al., 2004). Desferrioxamine secreted by JZ-GX1 
strain may contribute to the iron absorption of C. camphora.

Iron deficiency chlorosis of 
Cinnamomum camphora may be related 
to the relative abundance of soil 
pathogenic fungi

For a long time, the physiological etiolation of C. camphora 
was considered to be related to high pH and low available iron 

content in soil, but the microbial flora of etiolating plant soil 
was ignored. The plant root microbiome is considered the 
second genome of plants and plays an important role in plant 
growth and development (Wozniak and Galazka, 2019; Cao 
et al., 2020). We hypothesize that the physiological etiolation 
of C. camphora may be related to the relative abundance of 
pathogenic fungi in its rhizosphere soil, and this hypothesis 
was proven by FUNGuild function prediction analysis. Iron is 
the core of many metabolic processes, particularly in alkaline 
environments, and is thus the focus of severe competition 
among organisms (Aznar et al., 2014). To survive, a pathogen 
competes for insoluble Fe3+ in soil; thus, the plant has less 
soluble iron, which results in iron deficiency chlorosis in 
leaves (McCully et al., 2019). In addition, a KEGG metabolic 
pathway analysis of soil metabolism revealed that some 
macrolides were highly enriched in the treatment group. 
JZ-GX1 promoted the secretion of antibiotics by other 
microorganisms, this effect could be  a consequence of the 
change in the microbial abundance of specific taxa. Meanwhile, 
it cannot be excluded that DFO could also be produced by 
some of the microorganisms whose growth was stimulated by 
JZ-GX1. Therefore, exogenous beneficial microorganisms can 
adjust the community and structure of indigenous 

A

C E

B D

FIGURE 5

PCA analysis of the metabolites for positive mode. PC1 and PC2 are the first two principal components (A), volcano plot (B), heatmap analysis for 
the identified metabolites with significant difference being selected by PLS-DA (VIP >1, p < 0.05) (C), DFO relative abundance (D) and KEGG 
pathway analysis of the rhizosphere soil in etiolated and green Cinnamomum camphora. The size and color of each point represents the number 
of metabolites enriched in a particular pathway and the -log10 p-values, respectively. A larger pathway impact and −log10 p-values shows a greater 
degree of enrichment (E).
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microorganisms; this results in a decline in pathogen 
abundance, plants no longer lack iron, and the physiological 
etiolation can be alleviated.

Rahnella aquatilis JZ-GX1 regulates 
specific soil fungal communities by 
secreting DFO

Studies conducted in recent years have found that 
siderophores can promote the growth of some unculturable 
microorganisms and change the microbial community (Xavier, 
2011). In view of the high abundance of DFO obtained with 
the JZ-GX1 treatment in this study, we speculated that the 

rapid and stable secretion of DFO by JZ-GX1 into the 
environment provides not only abundant absorbable iron but 
also excessive siderophores, resulting in relatively high iron 
concentration niches, which are beneficial to the growth of 
other microorganisms using homologous siderophores. 
Studies have shown that some fungi of Mortierella and 
Trichoderma can secrete hydroxamic acid siderophores, and 
DFO belongs to this type of siderophore (Zhao et al., 2014). 
Therefore, we hypothesize that the observed increases in the 
Mortierella and Trichoderma populations may depend on the 
increase in DFO abundance found in the group inoculated 
with the JZ-GX1 strain. In addition, the excessive secretion of 
DFO-bound Fe3+ by the JZ-GX1 strain will bring excessive 
redox pressure to the environment. This type of siderophore 

A

B C

FIGURE 6

Effects of different concentrations of DFO on the growth of Cinnamomum camphora under iron deficiency. Plant phenotype (A), SPAD (B) and 
(C) Fe2+ content. The data were analyzed by one-way ANOVA followed by Duncan’s post-hoc test. Different letters indicate statistically significant 
differences (p < 0.05) among treatments.

TABLE 1  Microbial α-diversity in Rahnella aquatilis JZ-GX1 inoculation and control treatments.

OTU number Shannon Simpson Ace Chao1

Bacteria Control 8881 6.7180 ± 0.12a 0.0046 ± 0.001a 3703.05 ± 172.72a 3692.35 ± 132.57a

Inoculation 8041 6.5103 ± 0.25a 0.0058 ± 0.002a 3651.81 ± 276.79a 3632.12 ± 278.82a

Fungal Control 1901 3.9162 ± 0.24a 0.0746 ± 0.02a 450.14 ± 96.34a 450.68 ± 97.19a

Inoculation 841 3.4807 ± 0.74a 0.1209 ± 0.11a 308.18 ± 72.26a 308.69 ± 72.30a

Means ± standard deviations. Same letters indicated no significant difference between control and inoculation treatments based on Student’s t-test (p < 0.05). 1Represents the OUT number.
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can be  recognized, absorbed and utilized by only the 
producer’s own specific receptors on the cell membrane and 
not by other microorganisms, thus inhibiting the growth of 
some microorganisms that cannot use it (Maindad et al., 2014; 
Yu et al., 2017). This mechanism may explain how the JZ-GX1 
strain promotes plant development as a provider of iron in the 
rhizosphere. Therefore, in the future, the composition of fungi 
and bacteria in soil can be  changed by adding biological 
fertilizer to the plant rhizosphere, and this strategy might 
provide a feasible biological method for the treatment of 
C. camphora etiolation from a microbial community  
perspective.

Conclusion

Plant growth-promoting rhizobacteria have been widely 
shown to promote plant growth and stress resistance. In this 

study, the exogenous application of JZ-GX1 increased the 
contents of chlorophyll, active iron and the activities of 
antioxidant enzymes in leaves. After a comprehensive 
analysis of the microbial community structure and metabolic 
response of C. camphora rhizosphere soil after inoculation, 
this study proposed the possible mechanism of interactions 
among R. aquatilis JZ-GX1, native microflora and plants 
(Figure 10). After entering the low-iron rhizosphere soil, the 
JZ-GX1 strain first secretes DFO to chelate insoluble Fe3+ 
for its own needs. The Fe3+-DFO complex directly 
provides an iron source for iron-deficient C. camphora. On 
the other hand, the removal of Fe3+ may limit the growth of 
pathogens and increase the abundances of some specific 
microorganisms (such as Glomeromycota and Mortierella). 
The mycorrhizae formed by these microorganisms indirectly 
promote the ability of plants to absorb iron and ultimately 
alleviate the etiolation of C. camphora caused by 
iron deficiency.

A

C

B

FIGURE 7

Composition and relative abundances of microorganisms in etiolated and green Cinnamomum camphora rhizosphere soils at the phylum level. 
Bacterial community structure (A), fungal community structure (B) and FUNGuild functional prediction (C).
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A B E

C D F

FIGURE 8

Typical structure of arbuscular mycorrhizal fungi (AMF) in the root system of Cinnamomum camphora. Uninfected (A) and infected (B–D) plant 
roots, spore morphotypes detected in the rhizosphere (E) and changes in root fungal colonization frequency (F). Ar, arbuscule; V, vesicle; Eh, 
extraradical hypha; Ih, intraradical hypha. Scale bar = 20 μm.

A

B

FIGURE 9

Composition of fungal communities in etiolated and green Cinnamomum camphora rhizosphere soils at the genus level. Proportion of fungi in 
each genus (A) and specific microorganisms (B).
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FIGURE 10

Putative model of the mechanism through which Rahnella aquatilis JZ-GX1 alleviates the iron deficiency-induced etiolation of Cinnamomum 
camphora by reprogramming the rhizosphere microbial community and increasing the content of DFO in soil. The JZ-GX1 strain secrete DFO to 
chelate insoluble Fe3+, then the Fe3+-DFO complex directly provides an iron source for iron-deficient C. camphora. At the same time, the removal 
of Fe3+ may limit the growth of pathogens and increase the population of Glomeromycota and Mortierella. The mycorrhizae formed by these 
microorganisms alleviate the etiolation of C. camphora caused by iron deficiency.
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Complementary effects of
phosphorus supply and planting
density on maize growth and
phosphorus use efficiency

Haiqing Gong, Yue Xiang, Bilisuma Kabeto Wako
and Xiaoqiang Jiao*

National Academy of Agriculture Green Development, Department of Plant Nutrition, Key
Laboratory of Plant-Soil Interactions, Ministry of Education, China Agricultural University,
Beijing, China
Phosphorus (P) supply and planting density regulate plant growth by altering

root morphological traits and soil P dynamics. However, the compensatory

effects of P supply and planting density on maize (Zea mays L.) growth and P

use efficiency remain unknown. In this study, we conducted pot experiments of

approximately 60 days to determine the effect of P supply, i.e., no P (CK), single

superphosphate (SSP), and monoammonium phosphate (MAP), and different

planting densities (low: two plants per pot; and high: four plants per pot) on

maize growth. A similar shoot biomass accumulation was observed at high

planting density under CK treatment (91.5 g plot–1) and low planting density

under SSP treatment (94.3 g plot–1), with similar trends in P uptake, root

morphological traits, and arbuscular mycorrhizal colonization. There was no

significant difference in shoot biomass between high planting density under

SSP (107.3 g plot–1) and low planting density under MAP (105.2 g plot–1); the

corresponding P uptake, root growth, and P fraction in the soil showed the

same trend. These results suggest that improved P supply could compensate

for the limitations of low planting density by regulating the interaction between

root morphological traits and soil P dynamics. Furthermore, under the same P

supply, the limitations of low planting density could be compensated for by

substituting MAP for SSP. Our results indicate that maize growth and P use

efficiency could be improved by harnessing the compensatory effects of P

supply and planting density to alter root plasticity and soil P dynamics.

KEYWORDS

maize, phosphorus supply, planting density, phosphorus use efficiency, root

morphological traits, soil P dynamics
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Introduction

Phosphorus (P) is an essential nutrient for plant growth and

development, as well as an important factor limiting sustainable

maize production (Bindraban et al., 2020; Muhaba and Dakora,

2020). Mineral P fertilizers are critical in ensuring food security

(Nedelciu et al., 2020); however, P use efficiency is extremely low

owing to poor P mobility (Heuer et al., 2017). Although

increasing planting density is a common agronomic measure

for increasing P use efficiency (Jia et al., 2018; Zhang et al., 2021),

it results in reduced space for root growth. The primary

mechanism for P acquisition in maize production is the

morphological expansion of root systems (Zhou et al., 2019a).

The low mobility of P and the compression of root space have

made efficient P use under high planting density conditions

difficult (Shao et al., 2018). Allowing root systems to fully

develop their biological potential and increase soil P uptake

will be critical to improving P use efficiency in intensive

maize production.

The spatial expansion of maize roots becomes severely

compressed and the competition among plant roots growing

closely at high planting densities is severe due to the extent of

overlap among rhizospheres, which may result in nutrient

deficiencies (Thorup-Kristensen and Kirkegaard, 2016; Li et al.,

2019). High planting densities decrease the number of nodal roots,

lateral root density, and root biomass per unit volume of soil

(Shao et al., 2018; Niu et al., 2020). In addition, root system size

can be reduced at high planting density due to plant competition.

The root crown angle can becomemore vertical to adapt to a small

growing space at high planting densities (Shao et al., 2018; Tomasi

et al., 2020). Furthermore, maize roots adapt to obtain P in small

spaces by becoming thinner and longer, extending into soil spaces

with limited carbohydrates. The root-soil contact area also

increases to enhance P acquisition (Lynch et al., 2022). Root

foraging for P is determined by changes in root morphology in

response to soil environmental conditions, and plant productivity

and P uptake may be affected by planting density due to

differential competitiveness.

The plastic response of the root system is not only limited by

growth area but also largely affected by P supply at high planting

densities (Wang et al., 2020; Postma et al., 2021). According to

Semchenko (2020), resource capture is the primary driver of root

changes. Maintaining an adequate P supply in the root zone can

help the root system andmycorrhizal infection expand into the soil

space and acquire soil P (Deng et al., 2017). Planting density and P

supply interactions can maximize the efficiency of maize roots in

mobilizing and acquiring P (Schneider et al., 2019). Indeed, P

supply has the potential to considerably improve P use efficiency in

crop production by activating soil P (Soltangheisi et al., 2018).

Initial and residual P effects are influenced by the solubility of P

fertilizer, which varies widely (Gong et al., 2022). However, it is
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unclear whether maize dry-matter accumulation loss caused by

low planting density may be compensated for by regulating root

plasticity and soil P dynamics through altered P supply.

This study aims to determine the compensatory mechanisms

of P supply and planting density on maize root morphology, soil

P dynamics, and P uptake. The specific goals of the study were to

(1) evaluate the growth and P uptake of maize under different P

supplies and planting densities, and (2) to examine whether

maize growth limitation due to low planting density may be

compensated for by altering P supply.
Materials and methods

Experimental design

A greenhouse pot experiment was conducted from May to

July 2021 at the Quzhou Experimental Station of the China

Agricultural University (36°51′57″N, 150°0′37″E), in Quzhou

County, Heibei Province, China. Calcareous loam soil was

collected from the Quzhou Long-Term Fertilizer Station (36°

52′21″N, 115°03′15″E) of the China Agricultural University. The
soil was air-dried and then sieved to pass through a 2-mmmesh.

The soil type is calcareous fluvo-aquic soil from the North China

Plain. The basic physical and chemical properties of the soil are

as follows: pH value, 8.0; soil organic carbon content, 12.5 g kg–1;

total nitrogen content, 1.3 g kg–1; soil Olsen-P content, 4.3 mg

kg–1; and soil available potassium content, 194 mg kg–1. The soil

properties were measured using the methods specified by

Bao (2001).

The experiment was laid out in a 3×2 complete factorial

design. Three P supply treatments were used: no P (CK), single

superphosphate (SSP), and monoammonium phosphate (MAP).

Two planting densities were tested: low (two plants per pot) and

high (four plants per pot). Each of the six treatment

combinations were replicated four times for a total of 24 pots.

Each pot was 30 cm in diameter and 40 cm in height. A

treatment rate of 150 kg P ha–1 was applied using the different

P supplies, SSP and MAP. In the fertigation treatments, urea and

muriate of potash were used as sources of nitrogen and

potassium, respectively. Both nitrogen and potassium were

applied at a rate of 150 kg ha–1. All fertilizers were

incorporated and completely mixed with soil at planting.

Maize Zhengdan 958 seeds was used in this study; they were

surface sterilized in 10% (v/v) H2O2 for 0.5 h, washed with

deionized water, a supersaturated solution of calcium sulfate

(CaSO4) was soaked for 1 day, and germinated in a dish with an

aerated cover with wet filter paper for 3 days at 25 °C. Pots were

watered daily to field capacity (18%, w/w) by watering every day.

Temperatures ranged from a minimum of 20 °C at night to a

maximum of 30 °C during the day.
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Plant harvest and sample analysis

The plants were harvested 60 days after planting. Shoots and

roots were separated and shoots were first oven-dried at 105 °C

for 0.5 h and then dried at 75 °C for 4 days to constant weight.

The dry samples were weighed, crushed, and homogenized.

Shoot P concentration was determined according to the

standard vanadomolybdate method (Murphy and Riley 1962).

The root samples were carefully and thoroughly washed in a

large volume of deionized water and then scanned using the

EPSON root scanning software (Epson Expression 1600 pro,

Model EU-35; Epson, Tokyo, Japan) at 400 points per inch. The

WinRHIZO software (Pro2004b, version 5.0; Regent

Instruments Inc., QC, Canada) was used to measure total root

length. Lateral root density was calculated by dividing the

number of lateral roots per 5 cm of the primary root by the 5-

cm length of the primary root (Wu et al., 2019). Arbuscular

mycorrhizal colonization analysis was performed according to

the method of Trouvelot et al. (1986). Fine roots were cut into 1-

cm-long segments and thoroughly mixed. Root samples were

cleared with 10% (w/v) potassium hydroxide (KOH) at 90 °C for

2 h, and mycorrhizal colonization was stained using trypan blue.

All roots were dried at 75 °C for 3 days and then weighed to

calculate root dry biomass. The root/shoot ratio was defined as

the ratio of root dry mass to that of the shoots (Marziliano

et al., 2015).

Rhizosphere soil was taken from a 0–2-mm distance around

the roots and collected by clearing the roots of debris; the

rhizosphere soil was the loosely attached soil particles that

were removed from around the roots (Cui et al., 2020; Zhou

et al., 2022). Soil samples were then air-dried and passed through

a 2-mm mesh sieve. Soil P fractions were analyzed sequentially

and extracted using the Hedley method (Hedley et al., 1982).

Soluble P is extractable with water and NaHCO3 (water-

extractable P and NaHCO3-extractable P), which is considered

labile P, and are immediately available to plants. Moderately
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labile P is extractable with NaOH (NaOH-extractable P), which

is available to plants. Recalcitrant forms, such as HCl-extractable

P and residual P, are considered non-labile P and are only

available to plants over long time periods (Cross and

Schlessinger, 1995).
Statistical analysis

A two-way analysis of variance (ANOVA) test was used to

examine the effects of P supply, planting density and their

interacting effects on variables. All statistical analyses were

performed using the SPSS statistical software (SPSS 20.0; SPSS

Inc., Chicago, IL, USA). Significant differences among means

were separated by the least significant difference test at the P ≤

0.05 probability level. The graphs were constructed using

Sigmaplot (version 10.0; Systat Software Inc., San Jose,

CA, USA).
Results

Shoot biomass and P content

Shoot biomass was significantly influenced by P supply and

planting density (P < 0.01, Table 1; Figure 1A), and was higher

for MAP-treated plants than for SSP or CK-treated plants at

both planting densities. The high planting density concurrently

improved shoot biomass: high shoot biomass was obtained

under the high planting density condition, regardless of the P

source. However, soil P supply intensity and planting density

had complementary effects on shoot biomass. P supply intensity

compensated for the reduction in shoot biomass due to the low

planting density. Similar root biomass levels were recorded at the

low planting density under the SSP treatment (91.5 g plot–1) and

at the high planting density under the CK treatment (94.3 g
TABLE 1 Two-way analysis of variance of phosphorus (P) supply, planting density, and their interaction.

Parameters P supply Planting density P supply × Planting density

F-value P-value F-value P-value F-value P-value

Shoot biomass 254.0 P < 0.0001 175.3 P < 0.0001 13.9 P = 0.0008

Shoot P uptake 61.1 P < 0.0001 23.2 P = 0.0004 1.5 P = 0.2655

Root biomass 71.5 P < 0.0001 72.7 P < 0.0001 2.5 P = 0.1213

Root length 25.7 P = 0.0003 46.4 P < 0.0001 0.5 P = 0.4785

Root/shoot ratio 12.3 P = 0.0044 6.9 P = 0.0097 3.0 P = 0.0875

Lateral root density 30.0 P < 0.0001 238.2 P < 0.0001 5.8 P = 0.0116

Labile P 5.3 P = 0.0407 2232.0 P < 0.0001 30.1 P < 0.0001

Moderately labile P 10.8 P = 0.0064 144.8 P < 0.0001 2.9 P = 0.0969

Non-labile P 2.1 P = 0.1738 9.2 P = 0.0039 2.2 P = 0.1555

AM colonization 21.7 P = 0.0002 278.2 P < 0.0001 0.4 P = 0.6815
AM, arbuscular mycorrhizal.
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plot–1). A strong complementary effect was also found between

P source and planting density. A reduction in shoot biomass due

to low planting density was compensated for by substituting the

MAP for the SSP treatment under the same P supply. Higher

shoot biomass was recorded for the high planting density under

the SSP treatment (107.3 g plot–1), which was equivalent to the

shoot biomass recorded for the low planting density under the

MAP treatment (105.2 g plot–1).

Shoot P content was strongly influenced by both P supply

(P < 0.01) and planting density (P < 0.01), increasing in tandem

with planting density (Table 1; Figure 1B). Shoot P content was

higher in high planting densities than in low planting densities.

The shoot P content observed in the low planting density under
Frontiers in Plant Science 04
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the SSP treatment was equivalent to the shoot P content

observed in the high plant density under the CK treatment.

This finding indicated that, although the shoot P content was

limited by the low planting density, it was compensated for by P

supply intensity. The shoot P content differed significantly by P

source; regardless of planting density, the shoot P content was

significantly higher when the MAP treatment was applied than

when SSP was applied. Similar complementary effects of P

sources and planting density on the shoot P content were

observed. There were no significant differences in the shoot P

content between the high planting density under the SSP

treatment and the low planting density under the

MAP treatment.
A

B

FIGURE 1

Shoot biomass (A), shoot phosphorus (P) content (B) under two planting densities and three P fertilizer sources, no P (CK), superphosphate
(SSP), and monoammonium phosphate (MAP). Different lowercase letters represent a significant difference among different planting densities at
the P < 0.05 level, and different uppercase letters represent significant differences among different P fertilizer sources at the P < 0.05 level; ns
indicates no significant difference at the 95% confidence interval between the two treatments.
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Root morphological traits

P supply and planting density significantly influenced maize

root biomass (P < 0.01, Table 1; Figure 2A). P supply had a

greater influence on root biomass in the MAP treatment than in

the CK or SSP treatments, and root biomass increased as

planting density increased. No significant differences were

observed between the low planting density under the SSP

treatment and the high planting density under the CK

treatment. There was a strong complementary effect between P

source and planting density on root biomass. A similar root

biomass accumulation was observed at the high planting density

in SSP-treated pots and the low planting density in MAP-

treated pots.

Maize root length was also affected by P supply and planting

density (P < 0.01, Table 1; Figure 2B); specifically, it was higher in

the MAP-treated pots than in both the SSP- or CK-treated pots,

regardless of the planting density. Furthermore, maize root length

increased with planting density for both of these P sources.
Frontiers in Plant Science 05
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However, there was no significant difference in the root length

between the low planting density under the SSP treatment and the

high planting density under the CK treatment. Root length in SSP-

treated pots at the high planting density was equivalent to that in

MAP-treated pots at the low planting density.

The root/shoot ratio and lateral root density were

significantly altered by P supply and planting density (P <

0.01, Table 1; Figures 2C, D). Thus, the root/shoot ratio and

lateral root density of plants grown in SSP- and MAP-treated

pots were significantly greater than those grown in CK-treated

pots. However, there was no significant difference in the root/

shoot ratio or lateral root density between the SSP and MAP

treatments at either planting density. The effect of planting

density on the root/shoot ratio and lateral root density under

MAP supply was negligible. Similar to root length, there was no

significant difference in the root/shoot ratio or lateral root

density between the low planting density under SSP and the

high planting density under the CK treatment. Similar root/

shoot ratio values and lateral root densities were observed at the
A B

DC

FIGURE 2

Maize root biomass (A), root length (B), root/shoot ratio (C), and lateral root density (D) under two planting densities and three P fertilizer
sources, no P (CK), superphosphate (SSP), and monoammonium phosphate (MAP). Different lowercase letters represent a significant difference
among different planting densities at the P < 0.05 level, and different uppercase letters represent significant differences among different P
fertilizer sources at the P < 0.05 level; ns indicates no significant difference at the 95% confidence interval between the two treatments.
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high planting density under SSP and the low planting density

under the MAP treatment.
Phosphorus fractions in the
rhizosphere soil of maize

The labile P fractions accounted for only 2–8% of total P

(Figure 3A). Labile P in the rhizosphere soil of maize was

significantly altered by P supply and planting density (P <

0.01, Table 1; Figure 3B). The amount of labile P in maize

plants grown with SSP or MAP was significantly greater than

that of maize plants grown without P, while there was no

significant difference in labile P between the SSP and MAP

treatments, regardless of planting density. However, labile P

in the rhizosphere soil of maize, in the high planting density

under MAP was significantly greater than that of the low

planting density treatment. There was no significant

difference between the high planting density under the
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SSP treatment and the low planting density under the

MAP treatment.

The moderately labile P fractions accounted for only 0.4–4%

of total P (Figure 3A). Changes in the moderately labile P

content of maize rhizosphere soil were mostly consistent with

those for the labile P content among the treatments (Figure 3C).

Moderately labile P in the maize rhizosphere soil significantly

increased when P was supplied, compared with the CK

treatment. A higher moderately labile P content in the maize

rhizosphere soil was observed at the high planting density under

the MAP treatment, whereas no significant difference was

detected in moderately labile P between the high planting

density under the SSP treatment and the low planting density

under the MAP treatment.

The non-labile P fractions accounted for 88–98% of total P

(Figure 3A). P supply and planting density had little effect on the

non-labile P content in maize rhizosphere soil (Table 1;

Figure 3D). However, the non-labile P content at the low

planting density under the CK treatment was equivalent to
A B

DC

FIGURE 3

Proportions of labile, moderately labile, and non-labile P fractions under phosphate sources and cover crops under two planting densities and
three P fertilizer sources (A). Labile P (B), moderately labile P (C), and non-labile P (D) under two planting densities and three different P fertilizer
sources, no P (CK), superphosphate (SSP), and monoammonium phosphate (MAP). Different lowercase letters represent a significant difference
among different planting densities at the P < 0.05 level, and different uppercase letters represent significant differences among different P
fertilizer sources at the P < 0.05 level; ns indicates no significant difference at the 95% confidence interval between the two treatments.
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that at the high planting density under the SSP treatment.

Similarly, the non-labile P content was higher at the high

planting density under the SSP treatment than at the low

planting density under the MAP treatment.
Arbuscular mycorrhizal colonization

The arbuscular mycorrhizal (AM) colonization was

significantly altered by the P supply and planting densities

(Table 1; Figure 4). Specifically, AM colonization decreased with

P supply regardless of the planting density. The effect of AM

colonization at the high planting density was greater than that at

the low planting density in both SSP and MAP treatments.

However, there was no significant difference in AM colonization

between the high planting density under the SSP treatment and

the low planting density under the CK treatment.
Discussion

Several studies have investigated the effects of P supply or

planting density on maize growth (Zhang et al., 2019; Gong

et al., 2021). This study confirmed prior findings by

demonstrating strong interaction effects between P supply and

planting density. However, little is known about whether the

negative effects of low planting density on shoot biomass

accumulation and P uptake can be offset by increasing P
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supply. P plays an important role, and aboveground biomass

accumulations are a response to P availability (Cheng et al.,

2020; Nkrumah et al., 2021). Shoot biomass accumulation and P

uptake can be increased by intensifying the P supply or changing

the P source at low planting density. Similar levels of root

biomass accumulation were observed at a low planting density

under SSP conditions and at a high planting density under the

CK treatment. These findings suggest that limited aboveground

dry-matter accumulations in maize caused by low planting

density are compensated for by increasing P supply intensity.

It is unclear whether substituting MAP for SSP can compensate

for a low shoot biomass accumulation and P uptake caused by a

low planting density. The SSP treatment resulted in a high shoot

biomass accumulation and P uptake at a high planting density,

which were equivalent to those at the low density under MAP

treatment. These findings indicate that limited aboveground

dry-matter accumulations in maize at low planting densities

could be compensated for by substituting MAP for SSP.

Low planting density reduces the leaf area index and the

interception of photosynthetically active radiation by the

canopy, resulting in a decrease in the accumulation of

aboveground dry-matter (Zhang et al., 2021). Consistently, we

found that at low planting densities, shoot biomass

accumulation and P uptake were lower than at high planting

densities. This finding in the present study was similar to those

in previous studies (Du et al., 2021; Gong et al., 2021). P supply

may affect root architecture and morphology, and could facilitate

the establishment of a better root system (Williamson et al.,
FIGURE 4

Arbuscular mycorrhizal (AM) colonization under two planting densities and three P fertilizer sources, no P (CK), superphosphate (SSP), and
monoammonium phosphate (MAP). Different lowercase letters represent a significant difference among different planting densities at the
P < 0.05 level, and different uppercase letters represent significant differences among different P fertilizer sources at the P < 0.05 level; ns
indicates no significant difference at the 95% confidence interval between the two treatments.
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2001). It may also affect P uptake by maize plants (Hopkins and

Hansen, 2019; Pongrac et al., 2020). In this study on maize, root

architecture, root biomass, root length, root/shoot ratio, and

lateral root density were all significantly higher under P supply

than under the CK treatment. Consistent with a previous study

(Zhang et al., 2017), AM colonization decreased when P supply

intensity increased. A high P supply intensity may have

contributed to the selection of less beneficial AM species (Saia

et al., 2015). These changes in maize roots effectively increased

the amount of P accessible to maize plants, supporting previous

findings (Gong et al., 2021). Root growth may explain the

complementary effects of P supply and planting density on

shoot biomass and P uptake (Zhang et al., 2014; Gong et al.,

2021). The proportion of labile P and the moderately labile P

content in the SSP treatment was higher than that in the CK

treatment in both planting densities tested. Labile P and

moderately labile P contents were transformed into other

more available forms of P for plant uptake under the SSP

treatment at low planting densities, compared with that under

the CK treatment at high planting densities. Our study provides

substantial evidence for the complementary effects of P supply

intensity and planting density on shoot biomass and P uptake.

Increasing planting density is an effective method for

improving output yield in agricultural systems (Li et al., 2021;

Zhou et al., 2019b). A similar shoot biomass accumulation and P

uptake were observed for the same P supply intensity at a high

planting density under the SSP treatment and at a low planting

density under the MAP treatment. Furthermore, the values of

maize root-architecture components, such as root biomass, root

length, root/shoot ratio, and lateral root density, were equivalent

under the MAP treatment combined with a low planting density

to those observed under the SSP treatment combined with a high

planting density. MAP could provide readily available P to

plants, and contribute indirectly to improved root growth and

development because of the beneficial starter effects of MAP

(Chien et al., 2011; Gong et al., 2022) because MAP is produced

from ammonia and phosphoric acid, and phosphate (PO3−
4 ) and

ammonium ( NH+
4 ) are released upon dissolution. NH+

4 and

PO3−
4 ions are macronutrients that enhance root elongation

(Weligama et al., 2008; Lu et al., 2019). When MAP was

applied, shoot biomass and P uptake were higher than when

SSP was applied at the same planting density. Low shoot biomass

accumulation and P uptake due to low planting density may be

compensated for by substituting MAP for SSP through

exploiting the biological potential for enhancing P use

efficiency. This implies a compensatory effect between P

source and planting density.
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Conclusions

In this study, P supply and planting density significantly

modified root morphology and soil P dynamics, thereby

influencing shoot biomass accumulation and P uptake. A

similar shoot biomass accumulation was observed at a low

planting density under SSP treatment and at a high planting

density under CK treatment, with similar trends in P uptake,

root morphological traits, and AM colonization. The reduction

in aboveground dry-matter accumulation was fully

compensated for by P supply at a low planting density.

Additionally, at the same P supply level, shoot biomass

accumulation and P uptake at a high planting density under

SSP were equivalent to those observed at a low planting density

under the MAP treatment, indicating that the reduction of

aboveground dry-matter accumulation in the low planting

density was fully compensated for by substituting MAP for

SSP. These results contribute to our understanding of the

biological potentials that can be exploited to enhance P use

efficiency by optimizing the types and intensities of P fertilizer.

Furthermore, our study provides new insights into the

compensatory effects of P supply and planting density on

maize production.
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Ensuring food and nutritional security, it is crucial to use chemicals in

agriculture to boost yields and protect the crops against biotic and abiotic

perturbations. Conversely, excessive use of chemicals has led to many

deleterious effects on the environment like pollution of soil, water, and air;

loss of soil fertility; and development of pest resistance, and is now posing

serious threats to biodiversity. Therefore, farming systems need to be upgraded

towards the use of biological agents to retain agricultural and environmental

sustainability. Plants exhibit a huge and varied niche for endophytic

microorganisms inside the planta, resulting in a closer association between

them. Endophytic microorganisms play pivotal roles in plant physiological and

morphological characteristics, including growth promotion, survival, and

fitness. Their mechanism of action includes both direct and indirect, such as

mineral phosphate solubilization, fixating nitrogen, synthesis of auxins,

production of siderophore, and various phytohormones. Medicinal and

aromatic plants (MAPs) hold a crucial position worldwide for their valued

essential oils and several phytopharmaceutically important bioactive

compounds since ancient times; conversely, owing to the high demand for

natural products, commercial cultivation of MAPs is on the upswing.

Furthermore, the vulnerability to various pests and diseases enforces

noteworthy production restraints that affect both crop yield and quality.

Efforts have been made towards enhancing yields of plant crude drugs by

improving crop varieties, cell cultures, transgenic plants, etc., but these are

highly cost-demanding and time-consuming measures. Thus, it is essential to

evolve efficient, eco-friendly, cost-effective simpler approaches for

improvement in the yield and health of the plants. Harnessing endophytic

microorganisms as biostimulants can be an effective and alternative step. This

review summarizes the concept of endophytes, their multidimensional

interaction inside the host plant, and the salient benefits associated with

endophytic microorganisms in MAPs.
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Introduction

Plants perform a range of fundamental functions in helping all

distinct forms of living beings and release chemical signals to

communicate with them. The roots give anchorage to the plant

in soil and assist in the acquisition of water and nutrients, as well as

produce chemical compounds that induce various types of

interactions. This constitutes mutualism with the microorganisms

that include fungi in mycorrhizal associations, endophytes, and

plant growth-promoting rhizobacteria (PGPRs) as well as

parasitism with pathogenic microorganisms, other plants, and

herbivores (Badri et al., 2009). The plant roots discharge

tremendous quantities of chemical compounds to fight pathogens

and attract advantageous microorganisms (Badri and Vivanco,

2009). Such plant–microbe interactions occur at different trophic

levels within a sophisticated arrangement of communities (Yan

et al., 2019). Approximately 470 million years ago, the evolution of

aquatic plants into terrestrial organisms was made possible by

cooperating with soil microbes, and many of those microbe–plant

interactions still persist (Bhattacharya and Medlin, 1998; Palmer

et al., 2004; Ni et al., 2012; Williams et al., 2013). Some plant–

microbe interactions are commensalism, where no harm is done to

the plant, but the microbe gains some advantage. Several distinct

interactions are advantageous to both partners (e.g., they are called

mutualistic). Lastly, another group of microorganisms are

pathogens and parasites to their host plants. In all the incidents,

the microbe and the plant have established the ability to

communicate. The microorganism recognizes and responds to

the chemical signaling molecules produced by the plants. This

usually results in the discharge of microbial compounds that are in

turn identified by the plant, thereby generating a two-way

“communication” that uses a molecular lexicon. Once a plant–

microbe relationship begins, microbes and plants continue to

observe their partner’s physiology and coordinate their

activities accordingly.

Medicinal and aromatic plants (MAPs) hold a crucial

position within people’s healthcare systems throughout the

world. Until the arrival of advanced medicines, an oversized

population in emerging nations has traditionally relied upon the

products obtained from plants, particularly from forests.

Numerous medicinal and aromatic crops are being exploited

for economic uses. Approximately 12.5% of the more than

422,000 plant species have been universally documented for
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medicinal properties; however, only a couple of hundreds are

known to be in cultivation (Schippmann et al., 2002). There is a

need to grow MAPs to maintain their steady supply and

conservation amidst decreasing stocks from natural sources

and rising global interest. Apart from increasing farmers’

income, MAPs cultivation also acts as insurance crops against

the climate extremes. Its cultivation for essential oils and several

phytopharmaceutically important compounds is an age-old

aspect of agriculture; conversely, owing to the high demand

for natural products, commercial cultivation of MAPs is on the

upswing. Furthermore, the vulnerability to various biotic and

abiotic perturbations (phytopathogens, drought, water-logging,

salinity, temperature, etc.) enforces noteworthy production

constraints to diminish both yield and overall quality of the

crops. Until the arrival of today’s medicine, a large part of

the population in developing nations traditionally depended on

the products obtained from plants, particularly from forests, for

administering human and livestock ailments. Some efforts have

been made towards enhancing yields of plant crude drugs by

improving crop varieties, cell cultures, transgenic plants, etc., but

these are highly cost-demanding and time-consuming measures.

Thus, it is vital to evolve efficient, eco-friendly, cost-effective

simpler approaches for improvement in yield and health of

the plants.

Plant growth-promoting endophytic microorganisms

inhabit and proliferate inside the plants without any distinct

symptoms of any diseases in-planta (Bacon et al., 2002), and

their mechanism includes both direct and indirect actions such

as mineral phosphate solubilization (Verma et al., 2001), fixating

nitrogen (Alishahi et al., 2020), synthesis of auxins (Patten and

Glick, 2002), production of siderophore (Lodewyckx et al.,

2002), and various phytohormones (Costacurta and

Vanderleyden, 1995). As many abiotic stresses induce multiple

physiological disturbances, which include stomatal closure and

stunted plant growth, this ultimately results in lesser crop yield.

It has been well reported that ACC (1-aminocyclopropane-1-

carboxylic acid) deaminase-containing microbes lower the effect

of stress induced by higher ethylene levels of the host plant

(Penrose et al., 2001; Sessitsch et al., 2005; Glick, 2005; Sun et al.,

2009; Rashid et al., 2012). Therefore, microbial treatments can

protect plants from the damaging effects of environmental

perturbations (Ali et al., 2014). Changes in climatic conditions

such as rainfall, ambient CO2, and varying temperatures affect
frontiersin.org
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agriculture through countless constraints resulting in either low

yields or sometimes death of the plants. This review reveals the

role of endophytes in improving agricultural sustainability,

which can serve as a valuable approach toward green

cultivation of MAPs and cost-effective drug production.
Endophytes: Microbial entities for
plant fitness

Endophytes, the Greek word having “endon” (within) and

“phyton” (plant), was coined by De Bary (1879) for “any

organism occurring within plant tissues”. Bacon and White

(2000) have defined endophyte in the broadest and widely

accepted manner that states that endophytes include those

microbes colonizing living plant internal tissues and not

causing any instant, obvious ill effects. Thus, most precisely,

endophytes refer to microorganisms (fungi, bacteria,

actinomycetes, etc.) that spend at least a part of their life cycle

establishing a relationship with a plant that remains

a symptomat i c (Vanes sa and Chr i s topher , 2004) .

Microorganisms that require living cells to grow and complete

their life cycle are known as “obligate” while the others that

mainly thrive on the outside of the plant tissues are termed as

“epiphytes” and sometimes may enter the plant endosphere,

called “opportunistic” (Hardoim et al., 2008). In this interaction,

both plant and endophytic microbes live together, providing

profound benefits to each other (Ting et al., 2009). These

endophytes are often rhizospheric in nature, and preferable

sites for their attachment and subsequent entry into the host

plant could be apical root zone with thin-walled surface root

layers and basal root zones with small cracks (Gagné, 1987).

They proliferate in the entire host plant (Hallmann et al., 1997a),

and reside within the cells, vascular tissues, or intercellular

spaces (Patriquin and Dobereiner, 1978; Jacobs et al., 1985;

Bell et al., 1995). Endophytic microbes could also enter

through the stomata and vertically transmit from parent to

offspring via seeds while roots have maximum colonization

through epidermis formed by lateral root emergence (Roos

and Hattingh, 1983; Agrawal and Shende, 1987). Which

community of microbes are friends and which are foes? It is

decided by the immune system of the plant itself (Zeilinger et al.,

2016). The “balanced antagonism” with asymptomatic

colonization between the host plant and endophytic microbes

clearly shows that endophytes can live within the plant without

activating any host defense mechanism and improves its self-

sustenance through the production of the plant-like substances

(Schulz et al., 1999; Schulz and Boyle, 2005).

The study of plant–microbe interactions helps us

acknowledge natural events that influence our daily lives and

could benefit befalling in sustainable resources, a smaller

influence on the atmosphere and surroundings, and control of
Frontiers in Plant Science 03
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environmental pollution. The benefits of using these interactions

for biotechnological applications are huge. The utilization of the

pre-existing plant–microbe interactions for the promotion of

growth of the plant and biocontrol diminishes the use of

unnatural synthetic pesticides and fertilizers, resulting in

lowering input costs and, more importantly, reducing the

influence of chemical nutrients and pesticides on existing

useful fiora and fauna (Boddey et al., 2003; Elmer and

Reglinski, 2006; Whipps and Gerhardson, 2007). The

production of beneficial compounds of industrial and

pharmaceutical importance through plant–microbe symbiosis

reduces the requirement to supply expensive catalysts and

precursors and is energy-saving (Wu et al., 2007; Del Giudice

et al., 2008). Remediation by traditional methods is costly and

laborious; however, plant–microbe remediation approaches are

incredibly efficient and less interfering (Anderson et al., 1993).

The carbon sequestration by the plant–rhizosphere methods is

probably a sustainable approach for reducing atmospheric

carbon (Wu et al., 2009).

As the name implies, endophytic microorganisms live within

a plant in the intercellular spaces of various plant parts such as

stems, roots, petioles, leaves, etc., without imposing any apparent

symptoms of disease or ill health. The symbiotic relationship of

the host and its endophytes has been studied in detail and is

explained as the plant partner protecting and feeding the

endophytes, which, “in return”, produce certain substances

with bioactive capabilities (antiviral, plant growth promotion,

antibacterial, antifungal, insecticidal, etc.) to augment the

growth and competitiveness of the former under natural

conditions. These endophytic entities defend their host plants

from pathogens by secreting bioactive secondary metabolites

under unfavorable environments (Azevedo et al., 2000; Strobel,

2003). The endophytic organisms are now recognized as a vital

part of biodiversity, the allocation of endophytic microfiora

varies with the difference according to its host. Zhang et al.

(2006a) suggested that almost all of the vascular plants are

known to harbor endophytic entities, especially those with

medicinal values that are thought to be related to the

formation of therapeutic products. Endophytic microbes are

not entirely explored yet, but several investigations present

them as an enormous therapeutic compound source.

Worldwide, about 300,000 plants grown in an unexplored

region are a host of at least one or more endophytic microbes

(Araújo et al., 2001). Therefore, functionally diverse endophytes’

occurrence offers a key role in ecosystems at the most plentiful

biodiversity (Strobel, 2003). Survival of the endophytic microbes

inside the host cell can be for a long duration. The ability of these

microbes to produce bioactive secondary metabolites makes

them interesting candidates to be studied and exploited in

biotechnological aspects (Casella et al., 2013) to add on to the

existing wealth of secondary metabolites. Such interest has been

reflected in a number of recent reviews showcasing the

secondary metabolite-producing abilities of these wonder
frontiersin.org

https://doi.org/10.3389/fpls.2022.985429
https://www.frontiersin.org/journals/plant-science
https://www.frontiersin.org


Tripathi et al. 10.3389/fpls.2022.985429
microbes (Müller, 2015). The growth and yield of several

medicinal plants have been reported to be enhanced by many

endophytes (Barnawal et al., 2012; Barnawal et al., 2014),

especially by gene expression modulation regulated in

important secondary metabolites’ biosynthesis. They have also

been reported to impart tolerance to the plants against a range of

biotic and abiotic stresses (Pandey et al., 2016a; Pandey et al.,

2016b; Lata et al., 2018).

Chemical fertilizers’ indiscriminate use for boosting the

productivity of crops is drastically destroying soil and

environmental health (Tilman, 1998). Even then, the use of

fertilizers is likely to increase further in agriculture to feed the

ever-growing huge population (Vitousek et al., 1997; Frink et al.,

1999). In the current scenario of global climate change,

sustainable agriculture production proves to be a significant

challenge. Some approaches such as the integration of microbes

associated with plants in agriculture enhance the growth of the

plant through different modes and alleviate several biotic and

abiotic perturbations (Tanaka et al., 2005; Vega et al., 2008; Lata

et al., 2018), and may serve as rescue practices under

such situations.
Colonization of the endophytic
microorganisms in plants

Plants exhibit a huge and varied niche for microorganisms

inside the planta resulting in a closer association between them.

Endophytes inhabit the internal plant tissue comprising different
Frontiers in Plant Science 04
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bacterial and fungal species that collectively form the “plant

endomicrobiome” and can trigger various physiological

responses in the plant. Colonization and benefits associated

with endophytic microorganisms in plants are presented

in Figure 1.
Colonization of the bacterial
endophytes

Bacterial endophytes, sometimes considered a part of the

population of rhizospheric microbes (Marquez-Santacruz et al.,

2010), are present in various tissues such as the stem, root, leaf,

tuber, and fruit, of different agricultural, horticultural, and forest

species. As the endophytic bacteria are directly in contact with

the plant tissues, they have the benefit of greater advantage than

rhizospheric bacteria from the plants and offer more benefits to

the plant other than bacteria in the rhizospheric region and

outside the plants (Araujo et al., 2002). The wide-ranging and

recurrent occurrence of such endophytic bacterial populations

indicates that healthy plants recruit more endophytic

populations (Hardoim et al., 2015) and provide these

organi sms wi th a huge and somewhat uncharted

ecological niche.

The colonization of host-associated microbes occurs

horizontally from the surroundings and might be vertical via

parent to the progenies (Santoyo et al., 2016). Endophytic

bacteria have several ways to enter inside the host plant

tissues. Except for those microbes that are already established
FIGURE 1

Colonization and benefits of endophytic microorganisms in plants.
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inside the seeds of the plant (Truyens et al., 2014), the most

frequent point of entry of endophytic bacterial endophytes

inside the host plant is via the cracks on the roots and

wounded root tissues formed as a result of growth and

development of the plant (Sprent and De Faria, 1989;

Sørensen and Sessitsch, 2006). This allows leakage of plant

metabolites, which attract more bacteria towards it (Hallmann

et al., 1997a). Other points of entry of endophytes could be

lenticels present in root and shoot periderm (Scott et al., 1996),

radicles of germinating seeds, or lateral root hair cells. For

example, Hallmann et al. (1997b) showed that Enterobacter

asburiae JM22, an endophytic bacterium in cotton plants,

produces enzymes capable of hydrolyzing cellulose in the cell

wall, assisting the entry of the bacterium inside the host plant.

Autofluorescent proteins (AFP) could be an important

method as well as a tool for the visualization of the biofilm to

study plant–microbe interaction. These visualization techniques

also include gene expression studies using GFP (green

fluorescent proteins) in which the GFP gene is integrated into

the chromosome of bacteria and a plasmid containing GFP

cloned cells which are visualized by confocal or epifluorescence

or laser scanning microscopy (Villacieros et al., 2003; Germaine

et al., 2004). In the b-glucuronidase (GUS) reporter system,

staining helps in the visualization of bacterial movement and

gene expression in the rhizosphere and phyllosphere, and

entrance and site of pathogens can be studied by IVET (in

vivo expression technology) (Preston et al., 2001; Leveau and

Lindow, 2001; Zhang et al., 2006a).
Colonization of the fungal
endophytes

For the recruitment of the endophytes, the host plant

establishes symbiosis with large soil microbial diversity.

Initially, attachment of the endophytic fungi might occur on

the surface of roots and form structures called appressorium

(Yedidia et al., 1999). After that, these attachments penetrate the

outer root system and internally colonize the plant tissues

(Viterbo and Chet, 2006; Nogueira-Lopez et al., 2018).

Endophytic fungi mostly use two types of diffusion patterns; in

the primary mechanism, fungi are vertically transmitted into

progeny seed from maternal plants by which the offspring gets

infected (Gagic et al., 2018). The endophytic fungi transmission

among the host plants and the offspring is brought about under

appropriate environmental conditions when infected seeds

germinate and the endophytic fungi present inside the seed

enter the seedlings after the germination of seeds (Hodgson

et al., 2014).

Generally, endophytic fungi initiate from the nutrient-rich

atmosphere of the rhizosphere, which also has insects and

animal feeding processes, and air floating fungal spores
Frontiers in Plant Science 05
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(Rodriguez et al., 2009; Sasse et al., 2018). Many of the

endophytic fungal microbes are transmitted through spores or

hyphal fragments horizontally in aboveground tissues, by insects

or herbivores (biotic) or rain or wind (abiotic dispersion agents)

from plant to plant, thus establishing communication of fungal

endophytes between several plant hosts (Wiewiora et al., 2015).

Microscopic observations of tomato roots on early

colonization by the endophytic fungus Trichoderma illustrated

no disturbance in cell integrity during this process (Chacón

et al., 2007). However, in cucumber roots colonized by

endophytes, various phenomena such as enhanced chitinase

activity, necrosis of the penetration peg, and fluorescent

products’ formation in the intercellular spaces were observed.

This phenomenon might be due to copious extracellular enzyme

production by endophytic fungi (Suryanarayanan et al., 2012).
How endophytic microorganisms
benefit the plants

Not much information exists about the mechanisms of

endophyte-mediated plant growth enhancement. Endophytes

can mediate plant growth improvement both directly and

indirectly (Figure 2). As rhizospheric bacterium initiates its

development into endophytes, it is supposed that endophytes

can maintain their characteristics inside the host plant.
Direct beneficial mechanisms

Endophytic microbes help host plants directly in many ways

to promote the plant’s growth by improving the uptake of

essential nutrients, which ultimately increases overall crop

yield (Muthukumarasamy et al., 2002). A typical example is

nitrogen fixation by particular endophytes in leguminous crops

(Stacey et al., 2006). Additionally, several researchers have stated

that endophytic bacteria effectively associate with non-

leguminous crops to form a synergistic association intended

for nitrogen fixation (Bhattacharjee et al., 2008; Saravanan et al.,

2008; Mattos et al., 2008; Govindarajan et al., 2008; Oliveira

et al., 2009). Plant growth enhancement may occur via many

approaches that include plant hormone production, like

gibberellins, IAA (indole-3-acetic acid), ethylene, and

cytokinin regulation and activity. Many endophytes have

shown to exhibi t an act iv i ty of enzyme ACC (1-

aminocyclopropane-1-carboxylate) deaminase to modulate

physiology by reducing ethylene content (Hardoim et al., 2008;

Barnawal et al., 2012) since ethylene in plant growth inhibitive

hormone. In previous studies, Burkholderia phytofirmans, a

plant growth-promoting endophytic strain, has been proven to

enhance the yields of numerous crops (Lazarovits and Nowak,

1997; Sharma and Nowak, 1998; Sessitsch et al., 2005; Barka
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et al., 2006). Similarly, Mattos et al. (2008) showed that

Burkholderia kururiensis, an endophytic bacterium, enhances

IAA hormone production. Penicillium citrinum strain generated

a large amount of physiologically active gibberellins than

Gibberlla fujikuroi (wild type), which offers to generate a

biologically active source of gibberellic acid (GA3) (Khan

et al., 2008). Various studies showed that a variety of fungal

endophytes promoted height, biomass, and tiller number in

numerous crops (Spiering et al., 2006; Zhang et al., 2007; Lowe

et al., 2008). Stagonospora spp., a seed-borne endophytic fungus,

increased the yield of Phragmites australis (Cav.) Trin. ex Steud.

(Ernst et al., 2003), and endophytic fungus promoted growth in

peppermint (Mucciarelli et al., 2003). Some examples of

endophytic microbes’ associated benefits in medicinal and

aromatic plants are presented in Table 1.
Indirect beneficial mechanisms

Plants muddle through various unfavorable environmental

conditions or abiotic stresses like cold, drought, hyper-salty

situations, or pathogenesis. Endophytic microbes help the

plant conquer such perturbations through some indirect

mechanisms, which also promote the buildup of secondary

metabolites (including drugs or important medicinal

components) in plants.

The endophytic microbes support the host plants to defeat

the before-mentioned stresses by some indirect mechanisms.

They are also effective in bioremediation by various means, like

they decrease heavy metal stress (Zhang et al., 2012), eliminating

harmful greenhouse gases (Stępniewska and Kuźniar, 2013), and

restricting the development of pests on plants (Azevedo et al.,

2000). Endophytic microbes also support phytoremediation by
Frontiers in Plant Science 06
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reducing metal phytotoxicity. Simultaneously, for plants

containing endophytes with requisite metabolic capabilities

and degradation pathways for reducing phytotoxicity and

magnifying degradation, the plant–endophyte relationships

can be equipped to remediate wastelands and groundwater

(Weyens et al., 2009). Rajkumar et al. (2009) reported that

endophytic bacteria assist in promoting the extraction of heavy

metals. Endophytes are also effective in the degradation of

polyaromatic hydrocarbon (PAH). Radwan (2009)

documented the phytoremediation of oily soils using

rh izobac te r ia , which appears to be a cheap and

environmentally friendly method of cleaning the environment.
Tolerance to biotic stresses

Endophytic microorganisms have the ability to enhance

plant resistance systems against pathogen infestation through

antagonistic activity (Miller et al., 2002; Gunatilaka, 2006). Many

studies showed that endophytes have a crucial role in regulating

the gene expression of the host, modulating physiological

responses and plant defense-related pathways (Van Bael et al.,

2012; Estrada et al., 2013; Salam et al., 2017). Khare et al. (2016)

illustrated that jasmonic acid and salicylic acid could greatly

contribute to plant stress responses against phytopathogens. Ren

and Dai (2012) described that inoculation with Gilmaniella sp.

AL12 induces jasmonic acid defense responses against

pathogenic fungi in Atractylodes lancea (Thunb.) DC. The

gibberellins produced by endophytes enhance insect and

phytopathogens’ resistance via salicylic and jasmonic acid

pathways (Waqas et al., 2015a). An endophyte, Fusarium

solani, elicits induced systemic resistance against a fungal

pathogen, Septoria lycopersici, by stimulating gene expression
FIGURE 2

Mechanism of action of endophytic microorganisms.
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TABLE 1 Benefits conferred by endophytic microorganisms in medicinal and aromatic plants.

Endophytic microorganisms Host plant Associated benefits References

Bacterial endophytes

Pseudomonas putida BP25 Piper nigrum (L.) Inhibition of phytopathogens Sheoran et al.,
2015

Bacillus licheniformi, B. subtilis, B. circulan, B. amyloliquefacien, B.
licheniformi, Arthrobacter, Marmoricola sp., Acinetobacte, Microbacterium,
Kocuria sp., Janibacter

Papaver somniferum
(L.)

Plant productivity and alkaloid biosynthesis Pandey et al.,
2016a

Gordonea terrae Avicennia marina
(Forssk.) Vierh.

Plant growth promotion Soldan et al.,
2019

Pantoea, Pseudomonas, Enterobacter Eleusine coracana (L.) Plant growth promotion Misganaw et al.,
2019

Burkholderia phytofirmans strain PsJN Vitis vinifera (L.) Plant growth promotion, enhancement of
chilling resistance

Barka et al.,
2006

Bacillus subtilis LE24, Bacillus amyloliquefaciens LE109, Bacillus tequilensis
PO80

Citrus (L.) Biocontrol of pathogens Daungfu et al.,
2019

Enterobacter sp. SA187 Plant growth promotion and salinity stress
tolerance

de Zélicourt
et al., 2018

Burkholderia sp. Helianthus annuus
(L.)

Calcium and phosphate solubilization Ambrosini et al.,
2012

Fungal endophytes

Mucor sp. Arabidopsis arenosa
(L.) Lawalrée

Metal toxicity tolerance Domka et al.,
2019

Colletotrichum tropicale Theobroma cacao (L.) Tolerance to Phytophthora Mejia et al.,
2008

Aspergillus fumigatus TS1, Fusarium proliferatum BRL1 Oxalis corniculata (L.) Plant growth promotion Bilal et al., 2018

Yarrowia lipolytica Euphorbia milii Des
Moul.

Plant growth promotion and salinity stress
tolerance

Jan et al., 2019

Penicillium citrinum LWL4, Aspergillus terreus LWL5 Helianthus annuus
(L.)

Plant growth promotion, disease resistance Waqas et al.,
2015b

Paecilomyces variotii, Penicillium purpurogenum Caralluma acutangula
(Decne.) N.E.Br.

Plant growth promotion Ali et al., 2019

Sclerotium sp. Atracty lancea
(Thunb.) DC.

Increases cell protection from desiccationin
and leaf metabolic capability of host

Chen et al., 2008

Epulorhiza sp. Anoectochillus
formosanus Hayata

Enhances enzyme activities Tang et al., 2008

Epulorhiza sp., Mycena anoectochila Anoectochilus
roxburghii (Wall.)
Lindl.

Enhances enzyme activities Yu and Guo,
2000; Chen
et al., 2005

Piriformospora indica Cymbidium aloifolium
(L.) Sw.

Plant growth promotion and abiotic stress
tolerance

Shah et al.,
2019a

Mycena orchdicola Cymbidium sinense
Willd.

Secretes phytohormones Zhang et al.,
1999

Fusarium sp. Dendrobium
moniliforme (L.) Sw.

Plant growth promotion Shah et al.,
2019b

Mycena dendrobii Dendrobium
candidum Wall. ex
Lindl.

Secretes phytohormones Zhang et al.,
1999

Epulorhiza sp., Mycena sp., Sebacinales, Cantharellales Dendrobium nobile
Lindl.,
D. chrysanthum Wall.

Enhances the nutrient absorption in plants,
promoting the seed germination of host

Chen and Guo,
2005

Aspergillus awamori W11 Withania somnifera
(L.)

Plant growth promotion Mehmood et al.,
2019

Aspergillus terreus, Penicillium oxalicum, Sarocladium kiliense Biosynthesis of withanolide Kushwaha et al.,
2019a

Aspergillus terreus, Penicillium oxalicum, Sarocladium kiliense Plant growth promotion, enhances withanolide
content

Kushwaha et al.,
2019b

(Continued)
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linked to the pathogenesis (Kavroulakis et al., 2007). Foliar

endophytic fungi, Colletotrichum tropicale, inoculated in

Theobroma cacao (L.) enhance tolerance to Phytophthora

(Mejıá et al., 2008). The endophytic bacteria produce several

antimicrobial compounds that can increase the resistance of the

plants to various phytopathogenic fungi, bacteria, nematodes,

etc. Endophytic Pseudomonas putida BP25 associated with black

pepper inhibits a range of phytopathogens, viz., Rhizoctonia

solani, Phytophthora capsici, Gibberella moniliformis, Pythium

myriotylum, Radopholus similis , and Colletotrichum

gloeosporioides by the production of several compounds

(Sheoran et al., 2015). Macrophomina phaseolina causes

charcoal rot disease in different crops and has been reported

to be restricted by siderophore-producing Rhizobium (Arora

et al., 2001). An endophyte, Pseudomonas fluorescens, having

antagonistic effects against Vertcillium was isolated by Mercado-

Blanco et al. (2004) from olive plant roots. Yong et al. (1994)

established the role of endophyte Fusarium spp. in the

enhancement of growth and terpenoid content in Euphorbia

pekinensis Rupr.

The endophytic fungus Phomopsis cassia associated with

Cassia spectabilis enhances tolerance against phytopathogenic

fungi Cadosporium sphaerospermum and C. cladosporioides by

producing cadinane sesquiterpenoids, which are toxic to

pathogens (Silva et al., 2006). Similarly, Wang et al. (2012)

reported that an endophyte, Chaetomium globosum L18, inhibits

pathogenic fungi by synthesizing some toxic chemicals in

Curcuma wenyujin Y. H. Chen & C. Ling. In another study,

Cao et al. (2009) identified endophytic microbes Choiromyces

aboriginum, Stachybotrys elegans, and Cylindrocarpon associated
Frontiers in Plant Science 08
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produces cell wall-degrading enzymes to kill pathogenic fungi in

Phragmites australis (Cav.) Trin. ex Steud. Furthermore, an

endophytic fungus, Trichothecium roseum, has a toxic

chemical, “trichothecin”, which enhances tolerance to

pathogenic fungi in Maytenus hookeri Loes. (Zhang et al.,

2010). Similarly, Bacillus subtilis and Myxormia sp. also

enhance tolerance against pathogenic fungi Fusarium

oxysporum and F. solani in Angelica sinensis (Oliv.) Diels

(Yang et al., 2012).

Endophytic microbes Chaetomium cochliodes, Cladosporium

cladosporioides, and Trichoderma viride enhance insect

resistance in creeping thistle via producing some chemicals

toxic to pathogens (Gange et al., 2012). Similarly, Sumarah

et al. (2010) reported that fungal endophytes enhance

resistance against Choristoneura fumiferana insect in red

spruce (Picea rubens Sarg.). An endophyte, Leucocoprinus

gongylophorus, increases insect resistance by synthesizing some

chemicals antagonistic to ants’ fungal symbiont (Bittleston et al.,

2011). Furthermore, the endophyte Chaetomium Ch1001

associated with cucumber enhances tolerance against root-

knot nematode by producing abscisic acid affecting the

motility of the second-stage juveniles of insects (Yan et al.,

2011). According to the study undertaken by Gómez-Vidal

et al. (2009), endophytes Beauveria bassiana, Lecanicillium

dimorphum, and L. cf. Psalliotae increase insect resistance to

Phoenix dactylifera by modulating the expression of cell

division-related proteins in the host plant. Strobel et al. (1999)

reported that in thunder god vine (Triptergyium wilfordii Hook.

f.), an endophye, Cryptosporiopsis cf. quercina, produces

“cryptocin” and “cryptocandin” toxic to pathogenic fungi
TABLE 1 Continued

Endophytic microorganisms Host plant Associated benefits References

Mycena dendrobii, M. osmundicola, Mycena orchidicola, M. anoectochili Gastrodia elata Blume Secretes phytohormones, promoting seed
germination

Guo and Wang,
2001

Epulorhiza sp., Fusarium sp. Pecteilis susannae (L.)
Raf.

Enhances NPK absorption plants promoting
the seed germination of host

Chutima et al.,
2011

Penicillium sp., Aspergillus sp. Monochoria vaginalis
(Burm.f.) C.Presl ex
Kunth

Secretes gibberellins Ahmad et al.,
2010

Dark septate endophytic fungi (DSEF) Pedicularis (L.) Increases their nutrient utilization efficiency Li and Guan,
2007

Ceratobasidium sp. Rehmannia glutinosa
Steud.

Secretes IAA Chen et al.,
2011a

Sebacina vermifera Nicotiana attenuata
Steud.

Enhances absorption of nutrient and promote
the growth and fitness by inhibiting ethylene
signaling

Barazani et al.,
2007

Funneliformis mosseae, Rhizophagus intraradices,Claroideoglomus
etunicatum

Sesbania sesban (L.)
Merr.

Secretes phytohormones Abd Allah et al.,
2015

Chaetomium globosum, Aspergillus proliferans, Purpureocillium lilacinum Papaver somniferum
(L.)

Enhances plant productivity and
benzylisoquinoline alkaloid (BIA) biosynthesis

Pandey et al.,
2016a

Curvularia sp., Choanephora infundibulifera Catharanthus roseus
(L.)

Terpenoid indole alkaloid biosynthesis Pandey et al.,
2016b
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Pyricularia oryzae in host plant. Daungfu et al. (2019) recently

identified several endophytes, Bacillus subtilis LE24, Bacillus

amyloliquefaciens LE109, and Bacillus tequilensis PO80,

isolated from citrus plant having antagonistic effects against

pathogens, which might be helpful in the biocontrol of

pathogens. All these findings strongly confirm that the

presence of endophytes in the host has the potential to

increase their tolerance to pathogens through several

mechanisms. Conversely, in resistance stimulation to disease

facilitation, the process wherein endophytes invade plant tissues

affects endophyte–pathogen interactions, perhaps producing

facilitation (positive induction of pathogens), negatively

strengthening host resistance, or having no effect at all

(Suryanarayanan et al., 2009; Schmidt et al., 2014; Adame-

Alvarez et al., 2014). These require further research

for confirmation.
Tolerance to abiotic stresses

Abiotic stressful conditions, viz., drought, water-logging,

salinity, cold, heat, and heavy metal toxicity, may cause

adverse effects on soil and environmental health (Wang et al.,

2003; Khare and Arora, 2015). Endophytes have a vital function

in increasing tolerance against abiotic perturbations in plants

(Wani et al., 2016). Waqas et al. (2012) reported that stomatal

closure mediated by abscisic acid (ABA) might have a key

function in the regulation of plant growth by reducing other

abiotic stresses, including osmotic stress.

Under drought stress, an endophytic bacterium,

Sinorhizobium meliloti, upregulated FeSOD and CU/ZnSOD,

promoting drought tolerance inMedicago sativa (L.) (Naya et al.,

2007). Similarly, Arbuseular mycorrhiza improves nutrient

absorption and modifies Salvia’s metabolic activities to boost

drought tolerance (Meng and He, 2011). An endophytic

microbe, Trichoderma hamatum DIS 219b, delayed drought-

induced alterations in stomatal conductance and net

photosynthesis, promoting drought tolerance in Theobroma

cacao (L.) (Bae et al., 2009). According to Sziderics et al.

(2007), a fungal endophyte, Piriformospora indica, enhances

osmotic stress tolerance via encoding enzyme ACC oxidase

and lipid transfer protein. Wang et al. (2009) reported that

Arbuseular mycorrhiza and Penicillium griseofulvum reduce

injury of water stress by increasing the activity of protective

enzymes and osmotica contents, thereby enhancing tolerance

against salt and drought stress in Glycyrrhiza uralensis. Liu et al.

(2011) reported that soluble protein concentration and

peroxidase activity (POD) are altered by Chaetomium

globosum and Botrytis sp. Under salt stress in Chrysanthemum

morifolium (Ramat.) Hemsl. A fungal endophyte, Yarrowia

lipolytica, promotes salinity stress tolerance in Euphorbia milii

Des Moul. (Jan et al., 2019).
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Moreover, ABA-mediated signaling pathways and their

biosynthesis during salinity stress are altered by several

microbes in the plant endosphere and may help plant growth.

B. phytofirmans (PsJN) altered gene expression for a cell surface

signaling element, which passes signals to bacteria about the

alteration in environmental conditions and consequently

improves their metabolism (Sheibani-Tezerji et al., 2015).

Fernandez et al. (2012) reported in PsJN bacterized grapevine

that stress-induced gene expression in addition to metabolite

levels improved over control at a lower temperature by balancing

carbohydrate metabolism. Recently, de Zélicourt et al. (2018)

reported that Enterobacter sp. (SA187), an endophyte, colonizes

Arabidopsis root and shoot tissues and stimulates tolerance

against salt stress by synthesizing KMBA (2-keto-4-

methylthiobutyric acid). Márquez et al. (2007) reported that at

high soil temperatures, Curvularia protuberate, an endophytic

fungus, has been linked to Dichanthelium lanuginosum for its

survival. Wan et al. (2012) reported that endophytes can also

reduce the heavy metal-promoted oxidative injury. Earlier

studies suggested endophytic bacteria’s function in enhancing

tolerance to metal toxicity through diverse mechanisms such as

sequestration, intracellular accumulation, and extracellular

precipitation or alteration of toxic metal ions to a minimum

or non-toxic form (Ma et al., 2016; Mishra et al., 2017). Luo et al.

(2012) discovered that a bacterial endophyte, Bacillus sp. SLS18,

reduces heavy metal toxicity via root tillers and biomass

accumulation in Solanum nigrum (L.) and Phytolacca acinosa

Roxb. Recently, Domka et al. (2019) identified an endophytic

fungus, Mucor sp., which enhances metal toxicity tolerance in

Arabidopsis arinosa (L.) Lawalrée. Some examples of endophytes

enhancing the tolerance of crop plants against abiotic and biotic

stresses are presented in Table 2.
Endophytic microorganisms
producing secondary metabolites/
bioactive compounds in the
host plant

The diversity of bioactive compounds varies according to the

habitats of the host plants; for example, in a tropical rain forest,

limited resource availability leads to great competition among

plants and their endophytes; thus, selection pressure is at the

peak, resulting in the production of many novel molecules as

compared to temperate forests (Reddell and Gordon, 2000).

Isolation of indigenous microbes from different plant parts and

their interaction with the host plant may divulge applicant

microbes to promote plant growth and as biocontrol agents.

Such microbial inoculants have the potential to provide

resistance against environmental perturbations without

affecting the indigenous microbial equilibrium (Palaniyandi

et al., 2013).
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Many endophytic microbes can synthesize a notable variety

of secondary metabolites like antioxidant, anticancer,

immunosuppressive, antidiabetic, antioomycete, antifungal,

antibacterial, antiviral, and nematicidal agents (Gunatilaka,

2006; Zhang et al., 2006b; Verma et al., 2009; Aly et al., 2011).

Shimizu (2011) reported that endophytic actinobacteria

synthesize antibiotics, which is useful in plant growth

promotion and improves the tolerance of plants to stress.

Endophytes also have been in the limelight during the last
Frontiers in Plant Science 10
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decade or so because of their capability in producing several

secondary metabolites that are bioactive (Tan and Zou, 2001;

Schulz et al., 2002; Strobel, 2003; Prado et al., 2013). These

compounds extracted from endophytes belong to the various

chemical groups like xanthones, terpenoids, phenols, steroids,

benzopyranones, isocoumarins, chinones, cytochalasins,

tetralones, and enniatines (Schulz et al., 2002). Sometimes,

these endophytic microbes may cause variation in well-known

structural compounds like fungal steroids, ergosterol, or plant
TABLE 2 Host medicinal plants with enhanced defense responses conferred by endophytic microorganisms.

Endophytic microorganisms Host plant Type of stresses Mechanism References

Bacillus subtilis, Myxormia sp. Angelica sinensis (Oliv.)
Diels

Pathogenic fungi: Fusarium
oxysporum and F. solani

Produce some chemicals toxic to pathogens Yang et al.,
2012

Gilmaniella sp. AL12. Atractylodes lancea
(Thunb.) DC.

Pathogenic fungi Produce jasmonic acid inducing defense
responses

Ren and Dai,
2012

P. indica Capsicum annum (L.) Osmotic stress Encodes enzyme ACC oxidase, encodes a lipid
transfer protein

Sziderics
et al., 2007

Phomopsis cassia Cassia spectabilis DC. Pathogenic fungi: Cadosporium
sphaerospermum, C.
cladosporioides

Produce cadinane sesquiterpenoids toxic to
pathogens

Silva et al.,
2006

Chaetomium globosum, Botrytis sp. Chrysanthemum
morifolium (Ramat.)
Hemsl.

Salt stress Increase POD activity and soluble protein
content

Liu et al.,
2011

Chaetomium cochliodes, Cladosporium
cladosporioides, Trichoderma viride

Cirsium arvense (L.)
Scop.

Insect Produce some chemicals toxic to pathogens Gange et al.,
2012

Leucocoprinus gongylophorus Cordia alliodora Cham. Insect Produce some chemicals antagonistic to ants’
fungal symbiont

Bittleston
et al., 2011

Chaetomium Ch1001 Cucumis sativus (L.) Insect: root-knot nematode
Meloidogyne incognita

Produced abscisic acid affecting motility of the
second stage juveniles of insects

Yan et al.,
2011

Chaetomium globosum L18 Curcuma wenyujin Y.H.
Chen & C. Ling

Pathogenic fungi Produce some chemicals toxic to pathogens Wang et al.,
2012

Arbuseular mycorrhiza, Penicillium
griseofulvum

Glycyrrhiza uralensis
Fisch. ex DC.

Drought and salt stress Reduce injury of water stress by increasing
protective enzymes’ activity and osmotica
contents

Wang et al.,
2009

Trichothecium roseum Maytenus hookeri Loes. Pathogenic fungi Produce trichothecin toxic to pathogens Zhang et al.,
2010

Sinorhizobium meliloti Medicago sativa (L.) Drought stress FeSOD and CU/ZnSOD are upregulated Naya et al.,
2007

Pseudomonas koreensis
AGB-1

Miscanthus sinensis
Andersson

Heavy metal toxicity (Zn, Cd, As,
and Pb)

Through extracellular sequestration, increased
catalase and SOD activities in plants

Babu et al.,
2015

Beauveria bassiana, Lecanicillium
dimorphum, L. cf. Psalliotae

Phoenix dactylifera (L.) Insect Modulate the expression of cell division-related
proteins in host

Gómez-Vidal
et al., 2009

Choiromyces aboriginum, Stachybotrys
elegans, Cylindrocarpon

Phragmites australis
(Cav.) Steud.

Pathogenic fungi Produce cell wall-degrading enzymes to kill
pathogenic fungi

Cao et al.,
2009

150 foliar fungal endophytes Picea rubens Sarg. Insects: Choristoneura fumiferana Produce some chemicals toxic to insects Sumarah
et al., 2010

Arbuseular mycorrhiza Salvia miltiorrhiza
Bunge

Drought stress Increase the absorption of nutrient and alter
metabolic activities in host

Meng and
He, 2011

Bacillus sp. SLS18 Solanum nigrum (L.),
Phytolacca acinosa
Roxb.

Heavy metal toxicity (Mn and Cd) Accumulation of root tillers and biomass Luo et al.,
2012

Trichoderma hamatum DIS 219b Theobroma cacao (L.) Drought stress Delayed drought-induced changes in stomatal
conductance and net photosynthesis

Bae et al.,
2009

Cryptosporiopsis cf. quercina Triptergyium wilfordii
Hook.f.

Pathogenic fungi: Pyricularia
oryzae

Produce cryptocin and cryptocandin toxic to
pathogens

Strobel et al.,
1999
fr
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hormone indole-3-acetic acid (Lu et al., 2000). Several

endophytes can also be attributed to providing protection of

plants against pests because of the compounds occurring in them

(Poling et al., 2008).

There are many reports that have shown that host secondary

metabolism can be induced by endophytes, but such interaction

has not been much explored. Qawasmeh et al. (2012) reported

that when endophytes (from the Clavicipitaceae family) interact

with grasses, there is a production of phenolic compounds,

which are mainly defense-related. However, secondary

metabolites could remain unchanged or get reduced depending

on which type of endophyte interacts with the host plant. A well-

known example of a high-demanding anticancerous molecule is

“taxol” isolated from Taxomyces andreanae, a taxol-producing

fungal endophyte of Taxus species (Stierle et al., 1995). An

example showed that bacterial endophytes have methanol

dehydrogenase genes, which were known to express furanone

biosynthesis and localized especially in vascular tissues of

strawberry receptacles and plant achenes cells (Nasopoulou

et al., 2014). Likewise, Koskimaki et al. (2009) have reported

that fungal endophyte Paraphaeosphaeria sp. increased the

accumulation and biosynthesis of flavan-3-ols phenolic acids

and oligomeric proanthocyanidins in Vaccinium myrtillus. In

Artemisia annua (L.), an endophytic bacterium, Pseudonocardia

sp., has been reported to increase artemisinin synthesis by

upregulat ing the cytochrome P450 monooxygenase

(CYP71AVI) and cytochrome P450 oxidoreductase (CPR)

genes, and this also activated a defense mechanism (Wang

et al., 2006). It has also been found that endophytes may act as

upregulators of the specific gene expression for tissue-specific

roles, e.g., foliar endophytes enhanced primary metabolites, crop

yields could be increased by root endophytes, and endophytes

isolated from the capsule could upregulate key genes of

benzylisoquinoline alkaloid (BIA) biosynthesis in Papaver

somniferum (L.) (Pandey et al., 2016a). Tiwari et al. (2010)

found an improved content and yield of essential oils in holy

basil. In the Chinese medicinal plant Atractylodes lancea

(Thunb.) DC., the endophytic bacterium P. fluorescens could

enhance the generation of ROS (reactive oxygen species), which

resulted in an increase of sesquiterpenoids (Zhou et al., 2015).

Endophytic bacteria Aranicola proteolyticus, Bacillus cereus, B.

thuringiensis, B. licheniformi, and Serratia liquefaciens recovered

from Pinellia ternata (Thunb.) Makino could produce inosine

and guanosine alkaloids similar to their host plant in

fermentation media (Liu et al., 2015). Tiwari et al. (2013)

found that endophyte Micrococcus sp. and Staphylococcus

sciuri inoculated plant had significantly higher amounts of

ajmalicine, serpentine, and vindoline in Catharanthus roseus

(L.) G. Don. Kumar et al. (2014) reported that the endophytic

bacterium Azotobactor chroococcum could enhance the yield of

curcumin in rhizomes of turmeric.

Endophytic microflora encompasses a high potential for the

synthesis of an ample range of unidentified, undepicted novel
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secondary metabolites within or without host plants. It is needed

to identify which type of mechanism or cryptic genes and what

circumstances for the evolution of the genome are involved in

the synthesis of novel compounds in endophytes as well as in-

planta. Some examples of endophytes producing secondary

metabolites in host plants are presented in Table 3.
Phytoremediation

Phytoremediation is the most efficient and eco-friendly

system for restoring natural soil conditions when various

environmental pollutants have contaminated it. In the past

two decades, endophytes’ usage in the phytoremediation of

diverse environmental pollutants has received more attention

(Sheng et al., 2008; McGuinness and Dowling, 2009; Weyens

et al., 2009; Weyens et al., 2010; Hur et al., 2011; Segura and

Ramos, 2013; Wei et al., 2014; Anyasi and Atagana, 2018). Such

research has shown the potential of plant–microbe interaction in

the restoration of polluted regions and may be helpful in

designing efficient environmental pollutant removal systems.

One of the reasons could be attributed to the complicated

relationship between endophytes and their hosts. In contrast,

the other reason has to do with the fact that it is practically

impossible to comprehend the mechanisms of existence and

situations of endophytes to be able to replicate them. It is

impractical to exaggerate the role of endophytes in both

management and harnessing the natural environment.

Unfortunately, the holistic view of these taxa has been

constrained by them. Such constraints include the fact that the

process of isolation of endophyte relies on culture dependence,

while several microorganisms exist that cannot be cultured. This

emphasizes nonculture-dependent innovation as the barrier to

understanding endophytes.
Agronomic practical application of
endophytic microorganisms

The most frequently used inoculation technique in

agriculture includes the use of endophytes; culture, facilitated

by a carrier, is combined with the synthetically manufactured

sticky seeds and sown. Moreover, several commercial

formulations include liquid cultures directly applied or with

the granular fertilizer or seed applications. Other techniques

have also been used, including seed priming, seed coating, foliar

spraying, root dipping, pelleting, and direct soil application

(O’Callaghan, 2016). Given the presence of endophytic

microbes, seed inoculation can accomplish this goal. Still, its

effectiveness is constrained by the lengthy engaging period,

subsequent physical abrasion, and competition with other soil

microbes. Root dipping or seedlings treated with microbial
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TABLE 3 Endophytic microorganisms producing plant secondary metabolites in host plants.

Endophytic microorganisms Host plant Plant secondary
metabolite

Bioactivity of second-
ary metabolite

References

Bacterial endophytes

Jishengella endophytica Xylocarpus granatum J.
Koenig

Perlolyrine Antiviral effect Wang et al., 2014

Streptomyces sp. TP-A0569 Allium fistulosum (L.) Fistupyrone Protection against pathogenic
fungi

Bernardi et al., 2019

Streptomyces sp. TP-A0556 Aucuba japonica Thunb. Coumarins TPU-0031-A
and B

Antibiotic activity against
Gram-positive and Gram-
negative bacteria

Bernardi et al., 2019

Streptomyces hygroscopicus TP-A0451 Pteridium aquilinum (L.)
Kuhn

Pteridic acids A and B,
Pterocidin

Plant growth-promoting
properties

Bernardi et al., 2019

Taxomyces andreanae Taxus brevifolia Nutt. Taxol Anticancer Strobel et al., 1993

Streptomyces griseus Kandelia candel (L.) Druce p-Aminoacetophenonic
acids

Antimicrobial Guan et al., 2005

Streptomyces NRRL 30562 Kennedia nigricans Lindl. Munumbicins Munumbicin
D

Antibiotic Antimalarial Castillo et al., 2002

Serratia marcescens Rhyncholacis penicillata
Matthiesen

Oocydin A Antifungal Strobel et al., 2004

Pseudomonas fluorescens Atractylodes lancea (Thunb.)
DC.

Increases oxygenous
sesquiterpenoid content

Triggers generation of ROS Zhou et al., 2015

Azotobacter chroococcum Curcuma longa (L.) Curcumin Anti-inflammatory, anti-
tumor, and antioxidant

Kumar et al., 2014

Stenotrophomonas maltophilia Papaver somniferum (L.) Enhance alkaloid and
morphine contents

Narcotic analgesics Limón et al., 2015

Pseudonocardia sp. Artemisia annua (L.) Artemisinin Antimalarial Sato and Kumagai,
2013

Fungal endophytes

Acremonium sp., Shiraia sp. Huperzia serrata (Thunb.)
Trevis.

Huperzine A Anticholinesterase Li et al., 2007

Alternaria sp. Phellodendron amurense
Rupr.

Berberine Antibiotic Duan et al., 2009

Alternaria sp. Sabina vulgaris Antoine Podophyllotoxin Antitumor Lu et al., 2006

Aspergillus fumigatus Podocarpus sp. Pers. Paclitaxel Antitumor Sun et al., 2008

Aspergillus nidulans, A. oryzae Ginkgo biloba (L.) Quercetin Anti-inflammatory Qiu et al., 2010

Blastomyces sp., Botrytis sp. Phlegmariurus
cryptomerianus

Huperzine A Anticholinesterase Ju et al., 2009

Botryodiplodia theobroma, Fusarium lateritium,
Monochaetia sp., Pestalotia bicilia

Taxus baccata (L.) Paclitaxel Antitumor Venkatachalam et al.,
2008

Cephalosporium corda Fritillaria ussuriensis
(Maxim.)

Sipeimine Antibechic and anti-ulcer Yin and Chen, 2008

Cephalosporium sp., Paecilomyces sp. Paris polyphylla var.
yunnanensis (Franch.)
Hand.-Mazz.

Diosgenin Antitumor, anti-
inflammatory, cardiovascular
protection

Cao et al., 2007

Chaetomium globosum Hypericum perforatum (L.) Hypericin Anti-depressant Kusari et al., 2008

Cladosporium cladosporio Taxus media Rehder Paclitaxel Antitumor Zhang et al., 2009

Cochliobolus nisikadoi Cinnamomum camphora
chvar. Borneol

Borneol Anti-inflammatory,
antioxidant

Chen et al., 2011b

Colletotrichum gloeosporioides Piper nigrum (L.) Piperine Antimicrobial, antidepressant,
anti-inflammatory, and
anticancer

Chithra et al., 2014

Entrophospora infrequens, Neurospora sp. Nothapodytes foetida (Wight)
Sleumer

Camptothecin Antitumor Amna et al., 2006;
Rehman et al., 2008

Fusarium oxysporum Juniperus recurva Buch.-
Ham. ex D.Don

Podophyllotoxin Antitumor Kour et al., 2008

(Continued)
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suspension are also susceptible to contamination and handling

issues. The application of endophytes in bulk populations is

made possible by pelleting or direct soil application. However,

there is still an issue with the lack of homogeneity in the field and

exposure to environmental perturbations. Despite using every

conventional method, the microbes still need to endure for a few

weeks before they may enter the plant after root hair emergence.

Even while some endophytes’ facultative character suggests the

prospect of further colonization if they can endure in the

rhizosphere, the ecological constraint exists. Seed priming with

a predetermined duration can help the microbe’s entrance

during imbibitions. However, several scientific and technical
Frontiers in Plant Science 13
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difficulties are still associated with applying endophytes to seeds

via coatings, sprays, granules, and capsules. Moreover, a

seemingly simple procedure like plate counting also seems to

have some technical problems, e.g., the “viable but not

culturable” bacteria may not be detected by plate counting.

The formulation should facilitate the microorganism’s

penetration and colonization of the host while minimizing

dosage and cost . I t should a lso increase microbe

establishment in the soil and close to or on the plant. The

application of endophytes requires a thorough knowledge of

the physicochemical and biological environment, including

the phyllosphere, soil, seed surface, and rhizosphere, as well
TABLE 3 Continued

Endophytic microorganisms Host plant Plant secondary
metabolite

Bioactivity of second-
ary metabolite

References

Fusarium oxysporum Ginkgo biloba (L.) Ginkgolide B Antishock, anti-inflammatory,
and antiallergic

Cui et al., 2012

Fusarium redolens Fritillaria wabuensis S.Y.
Teng & S.C. Yueh

Peimisine and imperialine-
3b-D-glucoside

Get rid of sputum, cough, and
antitumor

Pan et al., 2015

Fusarium solani Apodytes dimidiata E.Mey. ex
Arn.

Camptothecin Antitumor Shweta et al., 2010

Fusarium solani Camptotheca acuminata
Decne

Camptothecin Antitumor Kusari et al., 2009

Fusarium solani Taxus celebica (Warb.) H.L.
Li

Paclitaxel Antitumor Chakravarthi et al.,
2008

Fusarium solani, Metarhizium anisopliae, Mucor
rouxianus

Taxus chinensis Roxb. Paclitaxel Antitumor Deng et al., 2009; Liu
et al., 2009

Monilia sp., Penicillium implication Dysosma veitchii (Hemsl. &
E.H.Wilson) L.K.Fu ex
T.S.Ying

Podophyllotoxin Antitumor Yang et al., 2003

Ozonium sp., Alternaria alternata, Botrytis sp.,
Ectostroma sp., Fusarium mairei, Papulaspora sp.,
Tubercularia sp.

Taxus chinensis var. mairei
(Lemee & Levl.) W.C. Cheng
& L.K. Fu

Paclitaxel Antitumor Zhou et al., 2007;
Guo et al., 2009; Wu
et al., 2013

Penicillium chrysogenum Lycopodium serratum Thunb. Huperzine A Anticholinesterase Zhou et al., 2009

Penicillium implicatum Diphylleia sinensis H.L.Li Podophyllotoxin Antitumor Zeng et al., 2004

Penicillium sp., Phialocephala fortinii, Trametes
hirsuta, Alternaria neesex

Sinopodophyllm hexandrum
(Royle) Ying

Podophyllotoxin Antitumor Li, 2007

Pestalotiopsis microspora, Sporormia minima,
Trichothecium sp.

Taxus wallachiana Zucc. Paclitaxel Antitumor Shrestha et al., 2001

Pestalotiopsis pauciseta Cardiospermum helicacabum
(L.)

Paclitaxel Antitumor Gangadevi et al., 2008

Pestalotiopsis terminaliae Terminalia arjuna (Roxb. ex
DC.) Wight & Arn.

Paclitaxel Antitumor Gangadevi and
Muthumary, 2009

Phomopsis sp., Diaporthe sp., Schizophyllum sp.,
Penicillium sp., Fomitopsis sp., Arthrinium sp.

Cinchona ledgeriana Bern.
Moens

Cinchona alkaloids: quinine,
quinidine, cinchonidine,
cinchonine

Antipyretic and antimalarial,
analgesic and anti-
inflammatory

Maehara et al., 2012

Phyllosticta citricarpa
Phyllosticta spinarum

Citrus medica (L.) Cupressus
(L.)

Paclitaxel Antitumor Kumaran et al., 2008

Phyllosticta dioscoreae Hibiscus rosa-sinensis (L.) Paclitaxel Antitumor Kumaran et al., 2009

Sordariomycete sp. Eucommia ulmoides Oliv. Chlorogenic acid Antimicrobial and antitumor Chen et al., 2010

Trichoderma atroviride D16 Salvia miltiorrhiza Bunge Tanshinone IIA and
tanshinone I

Antibacterial and anti-
inflammatory

Ming et al., 2011
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as the cultivation and formulation of the biologicals to

prolong shelf life. In the context of mycorrhiza, progress

has been made in understanding the molecular plant–

microbe interaction that needs to be integrated into novel

fo rmula t ion and app l i ca t ion s t ra t eg i e s . In o ther

circumstances, such endophytic entomopathogenic fungi do

not clearly understand how they invade and colonize. Basic

research studies only use straightforward water-spore

mixtures instead of more advanced and pract ica l

application methods.

Furthermore, designing formulations having high

microbial inoculant concentration and survivability during

storage is crucial for developing potent inoculants. Since it is

impossible to test out every potential combination of

parameters throughout the formulation process, it is

challenging to determine the most critical variables.

Nevertheless, it is challenging to maintain steril ity

throughout the formulation process for an extended period,

which could lead to contamination. Even though we can find

entomopathogenic fungi in nature in this form, their poor

recovery rate from plants reveals that these organisms do not

occur naturally.
Conclusion

Plant–microbe interactions benefit the all-embracing

vicinity of agricultural applications. Microorganisms are

abundantly present in nature and primarily colonized in-

planta. Plant–endophyte interaction is mostly considered

beneficial, having profound effects on the physiology of the

host plant and the overall performance by promoting growth,

development, and imparting fitness to the host plants against

different biotic and abiotic stresses. They play a vital function

in agricultural sustainability by providing eco-friendly inputs

to enhance crop productivity and quality while minimizing

harmful chemical fertilizers. The study of these plant–

microbe interactions helps us acknowledge natural events

that influence our daily lives and could benefit befalling in

sustainable resources, a smaller influence on the atmosphere

and surroundings, and control of environmental pollution.

The benefits of using these interactions for biotechnological

applications are huge. The utilization of the pre-existing

plant–microbe interactions for the promotion of growth of

the plant and biocontrol diminishes the use of unnatural

synthetic pesticides and fertilizers, resulting in lowering input

costs and, more importantly, reducing the influence of

chemical nutrients and pesticides on existing useful fiora

and fauna. Moreover, the production of beneficial
Frontiers in Plant Science 14
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compounds of industrial and pharmaceutical importance

through plant–microbe symbiosis reduces the requirement

to supply expensive catalysts and precursors and is energy-

saving. In recent years, MAPs are being paid considerable

attention worldwide due to their vast economic potential,

primarily in the field of herbal medicine. Until the arrival of

advanced medicines, an oversized population in emerging

nations has traditionally relied upon the products obtained

from plants. Furthermore, about 12.5% of the more than

422,000 plant species have been universally documented for

medicinal properties; however, only a couple of hundreds are

known to be in cultivation. There is a need to grow MAPs to

maintain their steady supply and conservation amidst

decreasing stocks from natural sources and ris ing

global interest.
Limitations and further investigations

Endophytic microorganisms are tissue specific in nature;

their establishment and functionality within the host are

affected by several factors such as tissue type, host’s

genotype, and surrounding conditions. The lack of

knowledge about the widespread presence of endophytic

microorganisms’ communities in plant tissues has been a

hindrance in advancing research on endophytes in various

fields. It should be noted that the development of successful

endophyte application technologies would fully depend on

improving our understanding of how they enter and colonize

in-planta . Consequently, to guarantee reproducibility,

reliable methods of endophytic inoculum delivery should be

developed for better productivity of MAPs. Leveraging the

relationship between plants and endophytes can be crucial for

advancing sustainable development (Ryan et al., 2008);

extensive research investigations are required to accept or

refute this hypothesis. Therefore, in-depth future studies are

needed to demonstrate an improved comprehension of the

organism in its host to advance the viability of endophyte-

assisted biological applications, especially in the field. The

persistent reliance on the deployment of a generic method in

their processing was inferred to be a hindrance to the

capability to fully grasp the interaction between endophytes

and their host concerning their utilization in biological

activities. Since most organisms prefer to eschew them due

to transformations, they cannot be recognized using those

general techniques. Thus, using complex molecular processes

in their processing will lead to a better understanding and

enable the use of the endophytic application in agriculture/

food processing, medicine, and environmental management.
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Food and agricultural wastes-
derived biochars in combination
with mineral fertilizer as
sustainable soil amendments to
enhance soil microbiological
activity, nutrient cycling and
crop production

Adnan Mustafa1,2,3*, Martin Brtnicky1,2*,
Tereza Hammerschmiedt1, Jiri Kucerik2, Antonin Kintl1,4,
Tomas Chorazy5, Muhammad Naveed6, Petr Skarpa1,
Tivadar Baltazar1, Ondrej Malicek1 and Jiri Holatko1,7

1Department of Agrochemistry, Soil Science, Microbiology and Plant Nutrition, Faculty of
AgriSciences, Mendel University in Brno, Brno, Czechia, 2Institute of Chemistry and Technology of
Environmental Protection, Faculty of Chemistry, Brno University of Technology, Brno, Czechia,
3Institute for Environmental Studies, Faculty of Science, Charles University in Prague,
Praha, Czechia, 4Agricultural Research, Ltd., Troubsko, Czechia, 5AdMaS Research Centre, Faculty
of Civil Engineering, Brno University of Technology, Brno, Czechia, 6Institute of Soil and
Environmental Science, University of Agriculture Faisalabad, Faisalabad, Pakistan, 7Agrovyzkum
Rapotin, Ltd., Rapotin, Czechia
The ever-increasing human population associated with high rate of waste

generation may pose serious threats to soil ecosystem. Nevertheless,

conversion of agricultural and food wastes to biochar has been shown as a

beneficial approach in sustainable soil management. However, our

understanding on how integration of biochar obtained from different wastes

and mineral fertilizers impact soil microbiological indicators is limited.

Therefore, in the present study the effects of agricultural (AB) and food waste

derived (FWB) biochars with and without mineral fertilizer (MF) on crop growth

and soil health indicators were compared in a pot experiment. In particular, the

impacts of applied amendments on soil microbiological health indicators those

related to microbial extracellular (C, N and P acquiring) enzymes, soil basal as

well as different substrate induced respirations along with crop’s agronomic

performance were explored. The results showed that compared to the control,

the amendment with AB combined with MF enhanced the crop growth as

revealed by higher above and below ground biomass accumulation. Moreover,

both the biochars (FWB and AB) modified soil chemical properties (pH and

electric conductivity) in the presence or absence of MF as compared to control.

However, with the sole application of MF was most influential strategy to

improve soil basal and arginin-induced respiration as well as most of the soil

extracellular enzymes, those related to C, N and P cycling. Use of FWB resulted
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in enhanced urease activity. This suggested the role of MF and FWB in nutrient

cycling and plant nutrition. Thus, integration of biochar and mineral fertilizers is

recommended as an efficient and climate smart package for sustainable soil

management and crop production.
KEYWORDS

nutrient cycling, sustainable crop production, waste recycling, food security, agriculture
Introduction

The world’s population has been increasing exponentially

and is expected to turn up to 9.6 billion until 2050 (Tripathi

et al., 2019) and is projected to be linked with a 60% increase in

food demand (Boretti and Rosa, 2019). This overwhelming pace

of human population, high food consumption and agricultural

waste production will put pressure on the global agriculture

which may outcome in negative environmental and socio-

economic aspects. In fact, the higher food production and

waste generat ion due to human consumption are

concomitantly linked and approximately 1/3rd of the food

produced is annually wasted around the globe (Kibler et al.,

2018; Ishangulyyev et al., 2019). It has been estimated that the

annual amount of this food waste is approximately 1.3 billion

tons globally (Gustavsson et al., 2011). A big part of this amount

(56%) is produced by developed world while the rest (44%) is

being generated by the less developed countries (Bond et al.,

2013; Lipinski et al., 2013). However, a big part of the wasted

food material is lost, incinerated or buried in the landfills,

causing soil and water pollution which is another of the main

global concerns (Parry et al., 2007; Abiad and Meho, 2018). In

this way, only in USA, around US$90 billion–US$100 billion a

year is lost (Lundqvist et al., 2008). Therefore, the situation

demands for the safer utilization of food and viable approaches

to deal with the wasted materials to ensure the food security and

environmental protection.

Several types of organic (including food and agricultural)

wastes are generated worldwide with the potential to be utilized

as soil amendments for enhancing soil health and crop

production (Toscano et al., 2013; Sayara et al., 2020; Naveed

et al., 2021). However, direct application of such wastes may

cause risks to soil health, especially to soil chemical and

microbiological characters (Urra et al., 2019). Therefore,

bioconversion of agricultural and food wastes to non-

hazardous and stable soil amendments is a viable alternative.

This will not only reduce the risks associated with environmental

burdens, but also ensures the safe disposal and utilization of end

product as sustainable soil amendments (Sulok et al., 2021;

Brtnicky et al., 2022). Conversion of agricultural and food
02
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wastes into biochar (a C rich) product produced by the

pyrolysis is an effective way in this regard too. Biochar has

been reported to enhance soil fertility, improve soil health and

ultimately increasing crop yields (Ahmad et al., 2020; Karimi

et al., 2020; Rasool et al., 2022). We took advantage of converting

the collected food and agricultural wastes into biochars and

utilized them for this study.

It has been recognized that intensive agricultural practices,

injudicious use of chemical fertilizers, removal of crop straw and

heavy tillage operations have resulted in the loss of soil fertility

and degradation of arable lands (Sonmez et al., 2016). Currently,

farmers heavily rely on the use of chemical fertilizers and crop

protection chemicals to produce higher crop yields (Mustafa

et al., 2019). This behavior of farmers has aggravates the soil

degradation and its productive capacity as the higher use of

chemicals and fertilizers deteriorate the environmental resources

and cause soil salinity, eutrophication and heavy metal pollution

in arable soils (Bouraoui and Grizzetti, 2014; Ali et al., 2019;

Zulfiqar et al., 2022). To entail these challenges, researchers are

focusing on developing alternative strategies, which ensure high

crop yields without negative effects on the soil quality and water

resources (Bais-Moleman et al., 2019; Tan et al., 2021; Kang

et al., 2022; Wali et al., 2022). Nevertheless, chemical fertilizers

have shown a potential to increase crop yields by modifying soil

properties, the sole utilization of chemical fertilizers have been

questioned in the face of climate change (Srivastav, 2020; Meena

et al., 2020). In this respect, the combination of biochar together

with mineral fertilizers could be an effective strategy to enhance

soil health and crop biomass yields while keeping the mineral

fertilizers at low levels. Previously many studies have shown the

improvements in crop yields and soil fertility under the

application of either chemical fertilizers or biochar (Atkinson

et al., 2010; Khadem and Raiesi, 2017) or the combination of

both (Singh et al., 2019a; Singh et al., 2019b). Most of these

studies have shown the variable effects of biochar derived from

various sources on soil properties (Prendergast-Miller et al.,

2014; Hussain et al., 2017; Mohan et al., 2018) and agronomic

and physiological responses of crops (Carter et al., 2013;

Kuppusamy et al., 2016; Singh et al., 2020). Majority of these

studies have only focused on soil physico-chemical properties
frontiersin.org
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and the role of applied biochar amendments on soil

microbiological attributes those elated to (soil extracellular

enzymes and soil basal as well as substrate induced

respirations) remained relatively unexplored till date.

Moreover, the comparison of effects of biochars (derived from

agricultural and food wastes) with and without mineral

fertilizers on crop’s photosynthetic efficiency remained

neglected in the past. Therefore, we compared the effects of

two types of biochars with and without mineral fertilizers on soil

physico-chemical and microbiological properties and how they

respond to crop growth and physiology. We considered the soil

extracellular enzymes activity and microbial respiration as soil

health indicators and crop’s photosystem efficiency as

agronomic performance respectively for evaluating the effects

of applied biochars together with mineral fertilizer. The specific

objectives of the present study were to (i) compare and analyze

the effects of produced biochars with and without mineral

fertilizer on soil basal and substrate induced respirations and

extracellular enzymes, and (ii) assess the growth and

physiological responses of crop under applied amendments.
Materials and methods

Procurement and preparation of
biochars

For the purposes of pot experiment, the food waste biochar

(FWB) was prepared in two steps. The first step involved the

pre-treatment process, which consists of two consequent steps

i.e., the dried food waste (dry matter approx. 90%) was mixed

with 25% of spruce sawdust and subsequently the mixture was

pelletized at a briquetting press for the production of pellets

type JGE 260 with a matrix at a size of 6 mm of extrusion holes

and a pellet length of 40 mm. The second step was the heat

treatment of the samples, whereby thermal pyrolysis (TP) was

performed in laboratory, small-scale conditions, in a small-

scale TP unit working under 600°C. This unit works

discontinuously, and the maximum capacity is around 5

kg·batch-1 of feedstock. The glass condenser attached to the

pyrolyzer was used for the separation of gaseous products and

the pyrolysis oil. The input weight of feedstock samples was 3

000 g·batch-1. The feedstock was placed into the TP unit in a

stainless-steel cylindrical reactor. During the experiments, the
Frontiers in Plant Science 03
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residence time was 340 - 410 minutes, and the temperature did

not exceed 600°C.

Moreover, commercial biochar from agricultural waste was

purchased from the manufacturer (Sonnenerde GmbH, Austria).

This biochar was produced with a high-technology production

unit Pyreg500 from grain husks, sunflower pods and pulp mud.

The process temperature was set up at 650°C. The chemical

composition of applied biochars is given in (Table 1).
Experimental design and treatments

The growth substrate used for the pot experiment was

prepared by mixing a silty clay loam (USDA Textural

Triangle) Haplic Luvisol (WRB soil classification) collected at

field near the town Troubsko (Czech Rep., 49°10’28”N 16°

29’32”E) with a fine quartz sand (0.1–1.0 mm; ≥95% SiO2) in

a weight ratio of 1:1. The soil properties were as follows: total C

14.0 g·kg−1, total N 1.60 g·kg−1, available P 0.10 g·kg−1, available

S 0.15 g·kg−1, available Ca 3.26 g·kg−1, available Mg 0.24 g·kg−1,

available K 0.23 g·kg−1; pH (CaCl2) 7.3.

One kilogram of this growth substrate was mixed with 32 g

(equivalent to 40 t.ha-1) of a particular biochar (Table 1) and

filled to experimental plastic pots (volume 1 L, top diameter

11 cm, bottom diameter 9 cm, height 13 cm). Control treatment

was left without the addition of biochar. The mineral fertilizer

(MF) NPK (16:16:16) was dissolved in demineralised water and

applied on soil surface of specific variants in dose equal to 0.1 g

N·kg-1 of soil. Following biochar treatments were applied in the

presence and absence of mineral fertilizer; (i) control (no

biochar) (ii) foodwaste biochar (FWB) with and without

mineral fertilizer (hereinafter referred to as FWB+MF) and

(iii) agricultural waste derived biochar (AB) with and without

mineral fertilizer (hereinafter referred to as AB+MF). The

experimental treatments are shown in (Table 2). Each

treatment was carried out in 3 replicates (pots).
Pot experiment

The pot experiment with lettuce (Lactuca sativa L. var.

capitata) took place in growth chamber Climacell EVO (BMT,

Czech Rep.) under controlled conditions: full-spectrum LED

lighting, light intensity 20,000 lux; photoperiod 12 h;
TABLE 1 Chemical composition of used biochars.

TC[%] ROC [%] TIC [%] TOC [%] N[%] H[%] O[%] C:N H:C O:C

AB 50.13±
0.02

0.45±
0.06

0.33±
0.00

49.80±
0.02

1.01±
0.06

1.60±
0.04

17.28±
0.21

49.67±
2.89

0.03±
0.00

0.34±
0.00

FWB 81.25±
0.03

0.28±
0.01

0.07±
0.00

81.18±
0.03

3.58±
0.05

3.04±
0.06

8.10±
0.25

22.71±
0.30

0.04±
0.00

0.10±
0.00
frontiers
TC, total carbon; ROC, resistant organic carbon; TIC, total inorganic carbon; TOC, total organic carbon; N, nitrogen; H, hydrogen; O, oxygen.
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temperature 18/22°C (night/day); relative humidity 70%. Lettuce

seeds were sprouted on wet filter paper for two days and then

five of them were sown to the depth of approximately 2 mm in

each pot. After sowing, each pot was watered with 100 mL of

distilled water. The 10-day-old seedlings were reduced to one

plant per pot. Pot placement in the growth chamber was

randomized. Soil humidity was controlled, and water content

was maintained during the experiment at approximately 60% of

water holding capacity. The pots were variably rotated once per

week. The plants were harvested 8 weeks after sowing.
Plant biomass and photosynthesis
characteristics measurements

At harvest time, determination of photochemical efficiency

of photosystem II (PSII) of lettuce plants was carried out. The

quantum yield of the PSII (FPSII) was determined (at light

intensity 2400 mmol·m-2·s-1) by the fluorometer PAR-FluorPen

FP 110-LM/S (Photon Systems Instruments, Drásov, Czech

Republic) and the software FluorPen 1.1 was used for the

analysis of the measured data. Determination of normalized

difference vegetation index (NDVI) was carried out too with

PlantPen NDVI 310 (Photon System Instruments, Drásov,

Czech Republic). The spectral reflectance of chlorophyll

pigments, expressed as NDVI, is a measure of chlorophyll

content (Garty et al., 2001) and its integrity (Castro and

Sanchez-Azofeifa, 2008) and correlates with photosynthetic

rate (Garty et al., 2001). Then, the lettuce shoots were cut at

ground level, and the roots were gently cleaned of soil and

washed with water. Fresh aboveground (AGB) and root biomass

were estimated gravimetrically by weighing on the

analytical scales.
Soil analysis for microbiological soil
health indicators

A mixed soil sample was taken from each pot after harvesting

the lettuce. Soil samples were homogenized by sieving through a

sieve with mesh size 2 mm. Air dried samples were analyzed for pH
Frontiers in Plant Science 04
995
(ISO 10390, 2005) and electric conductivity (EC) (Hardie et al.,

2012). Freeze-dried samples were used for the analyses of enzymatic

activities: b-glucosidase (GLU), phosphatase (PHOS), urease (URE)
and N-acetyl-b-D-glucosaminidase (NAG) (ISO 20130, 2018). The

samples stored at 4 °C were used for determination of

dehydrogenase activity (DHA) using standard method based on

triphenyltetrazolium chloride (TTC) (Małachowska-Jutsz and

Matyja, 2019), soil basal respiration (BR) and substrate induced

respirations (IR) – D-glucose (Glc-IR), L-alanine (Ala-IR) and L-

arginine (Arg-IR) (Campbell et al., 2003) using MicroResp® device

(The James Hutton Institute, Scotland).
Statistical analyses

The obtained data were statistically analyzed using the one-

way analysis of variance (ANOVA), Treatment means were

compared using Tukey HSD post-hoc test (at significance level

p = 0.05).

To evaluate the effects of applied amendments, principal

component analysis (PCA) was plotted for observed variables

and observations using Rstudio.
Results

Plant growth and chlorophyll
fluorescence

The application of biochars with and without mineral

fertilizer (MF) differently affected the plant growth and

photosynthetic parameters. The plant fresh above ground

biomass (AGB-fresh) was significantly highest under AB+MF

as compared to control and other treatments (Figure 1A). This

trend was followed by MF alone and food waste biochar with

mineral fertilizer (FWB+MF). The highest root fresh weight

(Root-fresh) was observed under the application of AB+MF

which was followed by FWB+MF relative to control (Figure 1B).

The quantum yield of the electron transport of the PSII (FPSII),

which expresses the real capacity of the PSII for photochemical

reactions, was relatively increased by MF application. There was

no significant increase found for FPSII, which acts as a measure

of the overall efficiency of PSII reaction centers in light, under

applied amendments (Figure 1C). The spectral reflectance of

chlorophyll pigments, expressed as NDVI (Figure 1D) was

correlated with FPSII values (Figure 1C).
Soil chemical properties

The application of food waste biochar with and without

mineral fertilization significantly enhanced the soil pH as

compared to control (Figure 2A). The highest pH values were
TABLE 2 Description of experimental treatments.

Variant FWB AB MF

Control – – –

MF – – ✔

FWB ✔ – –

FWB+MF ✔ – ✔

AB – ✔ –

AB+MF – ✔ ✔
FWB, foodwaste derived biochar; AB, agricultural waste derived biochar;MF,mineral fertilizer.
– means (not inculded) or (absent).✔ means (included) or (present).
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observed in soils receiving FWB, FWB+MF and AB, while the

lowest was found under MF control which was statistically

similar with the pH value under AB+MF application

(Figure 2A). Remarkable variations were however observed for

soil electrical conductivity (EC) under the applied biochars with

and without MF. Specifically, the highest EC was observed under

the application of FWB+MF and FWB without MF (Figure 2B)

which were statistically significant as compared to other

treatments and control.
Soil extracellular enzymes activities

The highest dehydrogenase activity (DHA) was observed

under the sole application of MF (Figure 3A). All other

amendments except AB significantly reduced DHA as

compared to control (Figure 3A). Similar to DHA, the same

treatment i.e., MF resulted in highest glucosidase (Glu) and

phosphatase (PHOS) activities (Figures 3B, C). All other
Frontiers in Plant Science 05
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amendments resulted in reduced activities of Glu and PHOS

as compared to control. Regarding urease, the significantly

highest activity was recorded under the application of FWB

and AB without MF as compared to control (Figure 3D).

Moreover, the MF alone enhanced N-acetyl-glucosaminase

(NAG) activity as compared to other treatments (Figure 3E),

while no clear trend was observed for aryl sulphatase activity

under applied treatments (Figure 3F).
Soil basal and substrate induced
respiration

The application of food waste and agricultural biochars with

and without mineral fertilization considerably affected the basal

as well as substrate induced respirations (SIR). A significantly

highest increase in soil basal respiration (BR) was observed

under the sole application of MF and AB (Figure 4A) as

compared to control and other treatments. The application of
A B DC

FIGURE 1

Comparative effects of applied food waste (FWB) and agricultural waste biochar (AB) with and without mineral fertilization (MF) on (A) above
ground fresh biomass (B) root fresh biomass, quantum yield of the PSII (C) and NDVI (D). Values are mean of three replicates. Different
lowercase letters indicate statistical significance at p<0.05.
A B

FIGURE 2

Comparative effects of applied food waste (FWB) and agricultural waste biochar (AB) with and without mineral fertilization (MF) on (A) soil pH
and (B) soil electrical conductivity (EC). Values are mean of three replicates. Different lowercase letters indicate statistical significance at p<0.05.
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AB without MF resulted in significantly highest glucose-induced

respiration (Glu-IR) and alanine-induced respiration (Ala-IR)

respectively as compared to control (Figures 4B, C). This trend

was followed by the application of MF alone. However, the sole

application of MF enhanced the arginine-induced respiration

(Arg-IR), which was significantly highest as compared to other

treatments (Figure 4D).
Results from principal component
analysis

The score and loading plots of principal component analysis

(PCA) regarding the observed soil and plant characteristics are

shown in (Figure 5). The extracted components (Dim1 and Dim

2) maximally (82.7%) accounted for the observed variations in

the data set. The applied amendments were successfully

separated by the principal components (as marked by different

colors). This suggests the positive influence of applied

amendments on the observed parameters. The treatments MF,

AB and AB+MF were distributed in components 1 and FWB and

FWB+MF were distributed in component 2 of the PCA

(Figure 5). This clearly indicated the differential roles of

applied amendments on the listed soil and plant parameters.
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As indicated by the PC1, the applied MF was found as the most

influential treatment on most of the measured soil enzymes in

the present study. While PC2 showed FWB and FWB+MF as

most influential treatments regarding soil chemical properties

(pH and EC). The most displaced parameters were soil pH, EC

and plant chlorophyll fluorescence parameters FPSII and NDVI,

suggesting the differential effects of applied amendments on soil

characteristics and plant growth and physiology.
Discussion

Agricultural and food wastes derived biochars have been

regarded as alternative sources for enhancing soil chemical,

physico-chemical and biological health and crop growth and

development. However, the sole utilization of biochar does not

always result in an increase in soil fertility and crop biomass. The

present study, therefore, aimed to compare the effectiveness of

agricultural and food wastes derived biochars with and without

mineral fertilization for improving soil chemical, physico-

chemical and biological properties related to microbial soil

health indicators and crop growth. The results revealed that

the application of agricultural biochar with mineral fertilization

enhanced crop biomass (Figure 1). This enhancement might be
A B

D E F

C

FIGURE 3

Comparative effects of applied food waste (FWB) and agricultural waste biochar (AB) with and without mineral fertilization (MF) on
(A) dehydrogenase activity; (B) glucosidase activity; (C) phosphatase activity; (D) urease activity; (E) N-acetyl-glucosaminase activity and (F) aryl-
sulphatase activity. Values are mean of three replicates. Different lowercase letters indicate statistical significance at p<0.05.
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associated with the increased acquisition of readily available

plant nutrients under the applied biochar plus mineral fertilizer

combination (Sadaf et al., 2017). Similarly, Jeffery et al. (2017),

reported enhanced crop growth and yield. The authors stated

that the enhancement of crop growth and yield is mainly related

to enhanced soil nutrients under biochar application. These

results are further substantiated by the findings of Lai et al.

(2017) and Dong et al. (2015), who reported enhanced crop

biomass and yield under applied biochar. In our work, the

highest increase in biomass accumulation was observed under

combined application of biochar with MF (Figures 1A, B), which
Frontiers in Plant Science 07
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agrees with the results of Ali et al. (2020), who reported higher

crop biomass accumulation under combined application of

biochar and nitrogenous fertilizers. This comparatively higher

crop performance observed in the present study under AB+MF

and FWB+MF revealed that integrated use of biochar and

mineral fertilizers could be a suitable approach for enhancing

crop production in a similar pattern observed by Singh

et al. (2019a).

The higher crop growth might also be related to enhanced

physiological parameters of crops under applied biochar and

mineral fertilizer treatments (Qian et al., 2019; Ali et al., 2021).
A B DC

FIGURE 4

Comparative effects of applied food waste (FWB) and agricultural waste biochar (AB) with and without mineral fertilization (MF) on (A) soil basal
respiration; (B) glucose-induced-respiration; (C) alanine-induced respiration; and (D) arginine-induced respiration. Values are mean of three
replicates. Different lowercase letters indicate statistical significance at p<0.05.
FIGURE 5

Principal component analysis of the observed microbiological and chemical soil health indicators and crop biomass and physiological
parameters under the influence of applied food waste (FWB) and agricultural waste biochar (AB) with and without mineral fertilization (MF).
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Despite the fact that we found no significant variations in the

plant physiological parameters (FPSII, NDVI), their relative

increase in MF fertilized treatments (Figures 1C, D) confirms the

direct dependence of chlorophyll content and photosynthesis on

nutrient availability, especially nitrogen (Huang et al., 2004; Mu

and Chen, 2021). This shows that the applied biochars were

unable to cast any additional benefit on crop’s physiological

parameters, however, their combination with mineral fertilizers

shows the potential to increase plant growth, as demonstrated

also by other studies (Kizito et al., 2019; Li et al., 2020; Ndoung

et al., 2021; Liu et al., 2022). The improved crop performance

under combined application of biochars and mineral fertilizers

could be due to the improved crop nutrient and water

availability coming from fertilizer and the mechanisms of

biochar on retention and exchange of these nutrients on

biochar surfaces which lead consistent supply of nutrients to

crops (Agbna et al., 2017; Singh et al., 2019b; Faloye et al., 2019).

On the other hand, the reduced or lower crop growth

performance under sole application of biochar might be due to

the clogging of micropores and reduced availability of crop

nutrients (Singh et al., 2019b).

Soil chemical and physico-chemical properties are important

determinants of soil quality. It has been shown that biochar

application results in the modification of soil chemical properties

mainly pH and electrical conductivity and soil nutrient status

(Joseph et al., 2020; Holatko et al., 2022). We found enhanced

soil pH under the application of food waste biochar (FWB) with

and without MF (Figure 2A). This enhanced soil pH under

biochar addition is related to the higher pH of the biochar itself

and its liming effect as has been previously reported by many

researchers (Ali et al., 2020; Hammerschmiedt et al., 2022).

Moreover, the highest increase in EC under FWB+MF treatment

than control (Figure 2B) might be the outcome of direct release

of nutrients from MF which could be retained on the biochar

surfaces and resulted in increased soluble salts in soil solution

eventually showing higher EC. This is further supported by the

results of PCA (Figure 5) suggesting FWB with and without MF

as most influential treatments for soil chemical properties

observed here. Moreover, higher pH and EC might be due to

the higher porosity and surface area of biochar which together

with applied fertilizers might have improved the soil physico-

chemical properties through nutrient retention on biochar

surfaces resulting in higher pH and EC (Jaafar et al., 2015).

Our results are in line with Ali et al. (2021) who reported

enhanced soil physico-chemical properties due to the

application of biochar and N fertilizers.

Soil extracellular enzymes mediate the cycling of C, N and

P in agroecosystems and are important determinants of soil

organic matter decomposition (Bilen and Turan, 2022). We

found differential responses of applied organic amendments

with and without MF on various soil enzymes involved in C, N
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and P cycling (Figures 3A–F). In most of the cases, application

of MF enhanced soil enzyme activities. Our findings agree with

Tian et al. (2016) reporting enhanced soil enzyme activities

under the application of mineral fertilization. Both mineral

fertilization and biochar have been recognized to improve soil

extracellular enzyme activities. The enhancement of enzyme

activities under MF in the present study could be related to the

increased availability of limiting nutrients to microbes as

speculated by Zhang et al. (2014). Moreover, it has been

acknowledged that the application of mineral fertilizers

causes rapid mineralization of native soil organic matter

(Foley et al., 2005; Liu et al., 2010), which is reflective in the

findings obtained on enhanced activity of nutrient

mineralizing enzymes under MF application in the present

study (Figure 3). Moreover, Lehman et al. (2011) postulated

that the alterations of soil pH due to biochar addition might

affect the activities of enzymes especially phosphatases.

Furthermore, in line with our findings, Song et al. (2020) in

another study reported enhanced activity of C and N acquiring

enzymes under the influence of mineral fertilization and

biochar additions (Figure 3). Thus, the higher enzyme

activities under applied amendments are suggestive for

increased nutrients (C, N, P) mineralization in this study.

Soil respiration is one of the biological soil health indicators

and is of significant concern in the face of climate change (Singh

et al., 2019b). Considerable variations were observed for soil

basal, and substrate induced respirations in soils subjected to

various amendments (Figures 4A–D). The soil basal and SIR are

considered active indicators of soil microbial biomass (Hassink,

1993). The sole application of MF yielded highest BR and Arg-IR

while the amendment with AB without MF enhanced Glu-IR

and Ala-IR in the present study (Figures 4A–C). We ascribe the

higher BR and Arg-IR to increased utilization of nutrient sources

by microbes and their proliferation under the application of MF

and arginine (substrate). Moreover, the role of biochar in

improving SIR has been well studied in many studies (Gul

et al., 2015; Karimi et al., 2020). The enhanced SIR under AB

in the present study might be related to an enhanced substrate

availability and release of other biologically active compounds

(Hermann et al., 2019). Moreover, biochar porosity provides the

microbes with essential microenvironment, water and aeration,

thereby enhancing their activity (Gul et al., 2015; Xu et al., 2016;

Hermann et al., 2019). Generally, higher soil respiration is

observed in biochar treated soils which further gets increased

or decreased depending on biochar types and the amount of

labile carbon present (Jones et al., 2012; Brunn et al., 2014;

Mohan et al., 2018). The increase in Glu-IR and Ala-IR in the

present study under applied AB treatment might reveal higher

microbial activity due to the presence of more labile C (Hussain

et al., 2017). Moreover, the higher variations observed for soil

enzymes (Figure 3) and soil respiration (Figure 4) under applied
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amendments might be associated with the large differences in C:

N ratios of applied biochars (Table 1). This could have caused

large variations in microbial growth and nutrient turnover and

hence caused variations on observed microbial attributes.
Conclusion

Comparison and analysis of food and agricultural wastes

derived biochar in combination/absence of mineral fertilizer

revealed differential responses of soil microbial indicators and

plant growth and physiological alteration. The study demonstrated

that agricultural waste derived biochar enhanced crop growth and

its combination with mineral fertilizers had the potential to

improve its physiological attributes in terms of chlorophyll

fluorescence indicators. This shows that the integration of

biochar with mineral fertilizers could be a sustainable approach

for enhancing crop production. The food waste derived biochar on

the other hand, was found to enhance soil chemical properties

owing to its alkaline nature and higher nutrient contents.

Furthermore, the mineral fertilizer was most influential strategy

in improving soil basal respiration and C, N and P cycling enzymes

which suggests the role of fertilizers in nutrient cycling as indicated

by the principal component analysis as well. It is thus concluded

that, the application of food and agricultural waste derived

biochars not only helps in waste recycling but also help in

modification of soil bio-chemical properties together with

mineral fertilizers. Based on findings, it can be concluded that a

combination of biochar and mineral fertilizers is a viable approach

for sustainable soil management and crop production in agro-

ecosystems. However, further studies taking into account the

functional groups characterization and surface chemistry of

biochars derived from various wastes are required to deepen our

understanding on the mechanisms by which biochar affects soil

quality attributes and improve crop performance.
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Medicina Veterinária, Campus Universitário Darcy Ribeiro, Universidade de Brası́lia, Brası́lia, DF,
Brazil, 10Department of Biology, IVAGRO, Agroalimentario, Campus del Rio San Pedro, University of
Cádiz, Cádiz, Spain, 11Department of Terrestrial Ecology, Netherlands Institute of Ecology (NIOO-
KNAW), Wageningen, Netherlands, 12Dipartimento di Scienze e Tecnologie Agrarie, Alimentari,
Ambientali e Forestali (DAGRI), Università degli Studi Firenze, Firenze, Italy, 13Wijngaard El Placer,
Lelystad, Netherlands, 14Department of Soil Microbiology and Symbiotic Systems, Estación
Experimental del Zaidı́n (EEZ), Agencia Estatal CSIC, Granada, Spain
Current and continuing climate change in the Anthropocene epoch requires

sustainable agricultural practices. Additionally, due to changing consumer

preferences, organic approaches to cultivation are gaining popularity. The

global market for organic grapes, grape products, and wine is growing.

Biostimulant and biocontrol products are often applied in organic vineyards

and can reduce the synthetic fertilizer, pesticide, and fungicide requirements of

a vineyard. Plant growth promotion following application is also observed

under a variety of challenging conditions associated with global warming.

This paper reviews different groups of biostimulants and their effects on

viticulture, including microorganisms, protein hydrolysates, humic acids,

pyrogenic materials, and seaweed extracts. Of special interest are

biostimulants with utility in protecting plants against the effects of climate

change, including drought and heat stress. While many beneficial effects have

been reported following the application of these materials, most studies lack a

mechanistic explanation, and important parameters are often undefined (e.g.,
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soil characteristics and nutrient availability). We recommend an increased study

of the underlying mechanisms of these products to enable the selection of

proper biostimulants, application methods, and dosage in viticulture. A detailed

understanding of processes dictating beneficial effects in vineyards following

application may allow for biostimulants with increased efficacy, uptake,

and sustainability.
KEYWORDS

biological agents, biostimulants, grapevine, organic, vineyard, viticulture, wine
Introduction

Grape (Vitis vinifera) production has increased globally over

the last decade from 65 million to 77.8 million tons. The world’s

vineyards totaled 7.4 million hectares in 2018, of which ~4.5%

were cultivated with organic approaches (i.e., refraining from

pesticides and chemical fertilizer use and promoting sustainable

cultivation practices). About 88% of organic vineyards are

located in Europe, primarily in France, Italy, and Spain. There

is a need, and increasing demand, for more ecologically-

sustainable agricultural products as outlined by the United

Nations Sustainable Development Goals (SDGs). For

production to support demand despite current anthropogenic

climate change (Roka, 2022), more research on sustainable food

systems is urgently needed.

Higher yields are necessary for sustainable food security on a

finite land basis (Godfray et al., 2010; Foley et al., 2011).

According to Renaud-Gentié (Seufert et al., 2012), the yield

ratio between organic and conventional agricultural production

per unit area is 0.75. To close this yield gap while simultaneously

satisfying consumer preference for organic products, improved

techniques for organic grape farming are required.

Additionally, grape varieties often require specific

environmental conditions, historically located in very narrow

latitudinal zones (30–50°N and 30–40°S) with minimal

temperature extremes (Nesbitt et al., 2018). Due to the high

environmental sensitivity of Vitis vinifera, a strong correlation

between meteorological conditions propelled by global warming

(e.g., heat waves, extreme precipitation, droughts, hailstorms,

and windstorms) and low grape yield and wine quality has been

reported (Santos et al., 2020).

Biostimulants are substances or microorganisms applied to

plants, which enhance nutrition use efficiency, abiotic stress

tolerance, and crop quality traits, using mechanisms that do

not directly add fertility to the soil (du Jardin, 2015), and in the

EU the marketing of biostimulants is regulated by specific

provisions (Regulation EU 1009, 2019). Initially, these

technologies were primarily utilized in organic farming, with

later uptake in both conventional and integrated systems
02
1004
(Rouphael and Colla, 2020). The application of biostimulant

technologies is now a well-known tool, though poorly-

researched strategy to enhance plant growth and prevent pests

and diseases (Gutiérrez-Gamboa et al., 2019; Cataldo et al., 2022;

Monteiro et al., 2022; Olavarrieta et al., 2022).

Biocontrol agents (BCAs) are organisms antagonistic to crop

pests. Synthetic pesticides, mainly fungicides, are widely used in

viticulture.However,pesticide residue contaminationof grapes and

grapeproducts (raisins, juices, andwines) iswidely studied andmay

be detrimental to consumer health (Walorczyk et al., 2011). An EU

report (EFSA, 2021) has shown increased pesticide residue levels in

primary commodity food products since 2016. Table grape

products are of particular concern, in which 66% of products

were contaminated, and 14.3% of products tested contained more

thanfivedifferentpesticide residues. In a sample of dried vine fruits,

28 pesticides were detected (Cabrera and Pastor, 2021). When

testing grape leaves, 37.9% had residues above the allowed

maximum residue levels (MRL). Gava et al. (2021) highlighted

the importance of tracing contamination from the originating

vineyard to the wine. Of additional concern is that these residues

can affect alcoholic fermentation, change productflavor, andpose a

toxicological risk to the consumer as well as those involved in the

production chain.

This review presents a series of different biostimulantmaterials

and biological control agents utilized in sustainable vineyards (their

main effects on Vitis vinifera are summarized in Figure 1).

Additionally, the origin of the materials, the application methods,

and the underpinning functions/mechanisms of each material are

described. The limitations of current practices and alternative

approaches to aid future studies of the interaction between

viticulture and global climate change are also addressed.
Biostimulant materials

Protein hydrolysates

Protein hydrolysates (PHs) refer to mixtures of polypeptides,

oligopeptides, and amino acids that are manufactured from
frontiersin.org
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FIGURE 1

An overview of the main effects of biological control agents (BCAs), protein hydrolysates (PHs), seaweed extracts (SE), pyrogenic materials,
humic substances (HS), plant growth-promoting rhizobacteria (PGPR), and mycorrhizae applied in viticulture.
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protein sources using partial hydrolysis (Schaafsma, 2009). They

are produced by either acid and/or alkaline hydrolysis

(Schaafsma, 2009), enzymatic hydrolysis (Colla et al., 2015), or

from by-products of plant or animal origins (Meggio et al.,

2020). In horticulture, more than 90% of PH utilized is derived

from animal origin, while plant-derived PHs are relatively novel

(Colla et al., 2015). Animal-derived PHs often contain higher

amounts of total amino acids compared to plant-derived PHs

(Ertani et al., 2009). Plant-derived PHs contain carbohydrates

and phenols, which enhance plant oxidative stress defenses, as

well as aid in energy metabolism (Colla et al., 2015). PHs can be

further subdivided into two categories: (1) protein fractions with

a relatively high content of specific amino acids, such as

glutamine peptides and cysteine/glycine and tryptophan

peptides; and (2) bioactive peptides with specific amino-acid

sequences (i.e., 3 to 20 amino acids), which are usually

hydrophobic (Schaafsma, 2009). In general, the effects of PHs

on plant physiology are closely related to the stimulation of

carbon and nitrogen metabolism, hormone activity, and nutrient

supply and uptake by plants (Figure 1). Moreover, it has been

demonstrated that PHs can stimulate the plant microbiome

which can promote plant growth and development by

enhancing water and nutrient uptake as well as their

adaptation to biotic and abiotic stresses (Colla et al., 2017, and

sources reviewed within).

The effects of PHs on grapevine growth are reviewed in

Table 1. PHs are known to regulate gene expression involved in

the transport of nutrients, and the signaling and metabolism of

reactive oxygen species, thereby enhancing plant stress tolerance

(Meggio et al., 2020). For example, PHs can effectively improve

grapevine tolerance to water deficit (Boselli et al., 2019; Meggio

et al., 2020). A study by Boselli et al. (2019) showed that PH-

treated grapevines contain higher levels of anthocyanins, often

observed under water stress conditions (Castellarin et al., 2007).

Therefore, PHs may be able to mimic water stress conditions in

grapevine and reduce water loss due to evapotranspiration

(Boselli et al., 2019).

In addition, PHs act as signal compounds to trigger plant

defense responses (Boller, 1995). Grapevine is highly susceptible

to various pathogens (Lachhab et al., 2014). In particular, downy

mildew (Plasmopara viticola) and powdery mildew (Erysiphe

necator) are the most widespread and devastating grapevine

diseases worldwide (Gauthier et al., 2014; Nesler et al., 2015).

Frequent fungicide applications (i.e., every 7-10 days in season)

are often required to control these diseases, a practice which not

only dramatically increases production costs but also negatively

impacts the environment and human health (Jones et al., 2014).

Plant defense by-products may be an attractive alternative to

chemical pesticides (van Aubel et al., 2014). Elicitors including

PHs are not toxic to plants and are recognized by plant

membrane receptors, meaning they are often freely able to

mobilize an array of plant defenses (Boller and Felix, 2009).

PHs contain a large variety of bioactive peptides, which may act
Frontiers in Plant Science 04
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as plant growth regulators, antioxidants, and biostimulants

(Colla et al., 2014), as well as directly influence numerous

biological processes evoking hormonal and immunological

responses (Ito et al., 2006; Phelan et al., 2009). Therefore, PHs

can trigger signaling events involved in grapevine immunity

(Gauthier et al., 2014). Some studies (Gauthier et al., 2014;

Lachhab et al., 2014) report reduced symptoms of downy mildew

and gray mold (Botrytis cinerea) on grapevine following

applications of PHs derived from soybean and casein. PHs

may improve plant nutrient uptake through modification of

root architecture, by complexation of nutrients such as Zn

(Ertani et al., 2018), or stimulation of microbial and enzymatic

activities (Colla et al., 2015) – e.g., increased activity of N2-fixing,

P-solubilizing, and indoleacetic acid-producing bacteria was

observed in lettuce (Colla et al., 2015) and tomato (Colla et al.,

2014) after application of PHs. The application of PHs also

increases the activity of both nitrate reductase and glutamine

synthetase in roots and leaves (Ertani et al., 2009). Nitrate

reductase reduces nitrate to ammonia, and glutamine

synthetase catalyzes the ATP-dependent amination of

glutamate to produce glutamine, thereby facilitating

assimilation or re-assimilation of nitrogenous sources

originating from a wide variety of anabolic or catabolic

processes (Ertani et al., 2009). Applications of different PHs

have been observed to increase grapevine yield, correlated with

PH organic N content (Bosselli et al., 2019).

Further research on the effects of PHs on viticulture should

be explored, especially the impact on microbial communities

living in the rhizosphere or phyllosphere (aboveground plant

surfaces inhabited by microbes), which has received little study

(Colla et al., 2015 and Colla et al., 2017).
Seaweed extracts

Biostimulants can also be produced frommarine macroalgae

(i.e. seaweed extracts; SEs). In the last decade, the application of

SEs in agriculture has gained traction and several seaweed

species (such as brown seaweeds Ascophyllum nosdosum,

Ecklonia maxima, and Laminaria spp, and red seaweeds

Kappaphycus alvarezii, and Gracilaria edulis) are currently

used in commercial production of biostimulants (Yakhin et al.,

2017; El Boukhari et al., 2020). SEs have been successfully

explored in arable cropping, including viticulture (Table 2).

The most common method of applying SEs in vineyards is

foliar spraying, although the extracts can be applied directly to

the soil (Mancuso et al., 2006; de Carvalho et al., 2019). Like

most biostimulants, SEs may increase crop productivity and

improve fruit quality in both stressed and non-stressed

conditions (Deolu-Ajayi et al., 2022). The vegetative shoot

growth stage of the crop is frequently targeted for SE

application to stimulate growth and boost crop vitality by

modulating underlying biochemical processes, which are also
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important at the reproductive stage (Figure 1). SEs may also

enhance microbial biodiversity, but information about this effect

on the plant microbiome is scarce (El Boukhari et al., 2020).

Physiologically, SEs boost nutrient assimilation and plant

growth under non-stressed conditions. Spraying wine

grapevines with any of three commercial SEs (Maxicrop,

Proton, and Algipower) increased both macro- and micro-

nutrient uptake from the soil (Turan and Köse, 2004; Table 2).

Similar mineral uptake induction in wine grapevines was

reported by Mancuso et al. (2006) and de Carvalho et al.

(2019) when SEs were applied, resulting in a subsequent
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increase of dry weight by ~ 27% and fruit yield by ~ 24%

(Table 2). Foliar application of either an Ascophyllum-derived

seaweed extract or the commercially available extract

“SUNRED” improved fruit quality and shortened the ripening

time of wine grape (Frioni et al., 2018; Table 2) and table grape

(Deng et al., 2019; Table 2) cultivars. The enhancement in fruit

quality may be linked to an accumulation of anthocyanins and

phenolic compounds, especially in the berry skin, which was also

observed (Frioni et al., 2018; Deng et al., 2019).

During drought stress and water deprivation in controlled

greenhouse experiments, foliar application of a seaweed indole-
TABLE 1 An overview of the main effects of protein hydrolysates (PHs) applied in viticulture.

Crop variety Applied
material and
properties

Dosage, the form of
application, and
stage of plant
development

Experimental condition Effects Reference

Table grape
inoculated with
either B. cinerea
(100 conidia/
wound) or
natural
infections.

- PH derived from
soybean.
- PH derived from
casein.

- 20 µL in the wound (3 x
3 mm) 24 h before
inoculation.
- Spraying at preharvest
(0.8 and 1.6 g L-1 on vines
every 15 d) or a
combination of a pre-
(0.8 g L-1) and postharvest
treatment (200 mL).

-Organic vineyard cultivation during
the 2012/2013 season, planted in 1998
in Fumane, Valpolicella, Verona, Italy.

- Significant reduction of gray mold
incidence by 67% (soybean PH) and
54% (casein PH) at a low application
dose (0.8 g L-1).
- In the field, PH derived from either
soybean or casein reduced gray mold
incidence by 65 and 92% respectively
compared to water control.

Lachhab
et al. (2016).

Grapevine
plantlets (Vitis.
Vinifera cv
Marselan)
inoculated with
Plasmopara.
viticola.

- PH derived from
soybean.
- PH derived from
casein.

- 10 mL of each PH per
plant was sprayed on 8-
week-old grapevine
plantlets.

-Greenhouse conditions. - Application of PH derived from
either soybean or casein reduced
downy mildew infected leaf surface by
76% and 63% as compared to the
control, respectively.
- Both PHs acted as elicitors to
enhance grapevine immunity against
pathogen attack.

Lachhab
et al. (2014).

Grape cultivar
(Vitis Vinifera L.,
cv Corvina).

- PH derived from
soybean.
- PH derived from
casein.
- PH derived from
lupin.

-Spraying at two
concentrations; 1.6 and
6.4 g L-1 at every 10 d three
times, from fruit-set to
bunch closure.

- Field experiments were carried out
over 5 growing seasons (2012 to 2016)
in an organically managed vineyard of
Vitis vinifera L. cv. Corvina, 24-year-
old vines located in the Valpolicella
area, Italy.

- All treatments significantly
ameliorated the total anthocyanin
content of berries compared to the
control.
- The greatest effect was obtained by
soybean-derived PH.
- All PHs reduced plant water loss.

Boselli et al.
(2019).

Grapevine (Vitis
Vinifera L., cv
Sauvignon
Blanc).

- A novel PH
biostimulant (APR).

-A concentration of 0.5 g L-
1 PH was added to the soil
or pot as a soil drench.

-Pot experiment approximating field-
conditions in a tunnel at the “L.
Toniolo” Experimental Farm of the
University of Padua in Legnaro, NE
Italy in 2018.

- Application of PHs to roots before
imposing water deprivation mitigated
consequences of stress by sustaining
the growth of younger vegetative
organs, and limiting the extent of cell
dehydration.

Meggio et al.
(2020).

Grapevine (Vitis
Vinifera cv.
Marselan)
inoculated with
Plasmopara
viticola.

- Laminarin (Lam), a
ß-1,3 glucan
polymer from the
algae Laminaria
digitata
- The chemically
sulfated form of
Lam, PS3.

-Lam and PS3 solution (5 g
L-1) were sprayed on upper
and lower leaf faces until
the run-off point.

-Greenhouse pot experiment - PS3 triggered a long-lasting plasma
membrane depolarization of grapevine
cells.
- PS3 and Lam shared a common
stress-responsive transcriptome profile,
which resulted in induced resistance
against P. viticola.

Gauthier
et al. (2014).

Grapevine (Vitis
vinifera L.).

- nutrient broth PH
– a natural
derivative from
peptone via meat
(1.9 g L-1) and yeast
extract (0.7 g L-1).

- 5.0 (2010), 3.0 (2011),
and 3.0 g L-1 (2013) of PH
-Treatment was applied
weekly with a motorized
backpack mist blower.

-Field trials were carried out in 2010,
2011, and 2013 at S. Michele all’Adige
(Italy) in a vineyard planted in 1997.

-PH controlled powdery mildew on
grapevine across seasons (comparable
to standard fungicide treatments) both
on leaves and bunches across three
different years.

Nesler et al.
(2015).
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TABLE 2 An overview of seaweed-based (SEs) biostimulants applied in viticulture.

Crop
variety

Product
details and
seaweed
species

Bioactive
substance

Experimental conditions Application and dosage Physiological
effects

References

Vitis vinifera L.
cv. Karaerik

Commercial
biostimulant
“Maxicorp”
containing
Ascophyllum
nodosum.

Not
Specified.

Greenhouse experiment with 1-
year-old grapevine saplings grown
in 20 cm diameter pots. Four
increasing fertilization levels,
including a control without any
nutritional element, were used.

Foliar spray of seaweed biostimulants at
individual concentrations of 0.5, 1, and
2 g L-1. A total of 4 applications
occurring every 15 days were
performed. The initial treatment was
applied to 2-week-old plants.

Increased macro-
(nitrogen, phosphorus,
potassium, calcium,
and magnesium) and
micronutrient (iron,
zinc, magnesium, and
copper) plant uptake.

Turan and
Köse (2004).

Commercial
biostimulant
“Proton”
(seaweed
species not
specified).

Commercial
biostimulant
“Algipower”
(seaweed
species not
specified).

Vitis vinifera L.
cv. Sangiovese.

Not specified. IPA (Indole-
3- propionic
acid) extract.

Greenhouse experiment with 1-
year-old V. vinifera cv. Sangiovese
grafted onto V. berlandieri x
riparia ‘420A’ in 25 cm2 pots.
Water stress was introduced by
stopping irrigation for 6 days and
restoring it after the dry period.

Biostimulant was applied at a rate of
10 g L-1, with foliar sprays occurring 2
times weekly for the duration of the
experiment.
*A fertilizer NPK 9-5-4 was combined
with the biostimulant treatment.

Significant increase in
nitrogen, phosphorus,
potassium, and
magnesium uptake,
and also in total dry
weight.
In water deficit
conditions, plants
showed faster recovery
of their leaf water
potential.

Mancuso
et al. (2006).

Vitis vinifera L.
cv. Niágara
Rosada.

Commercial
biostimulant
“Acadian LSC”
containing A.
nodosum.

Not
Specified

A field trial in an established
vineyard in Lavras, Brazil. The
vineyard was cultivated with the
espalier method and has clayey
soil.

Foliar application of the biostimulants
at 6 g L-1. Each biostimulant was
applied 4 times: 20 days after
dormancy, at blooming, fruit set, and
veraison.

Significant increase in
potassium, boron, and
zinc; as well as an
estimated yield
increase of 24.15%
(equivalent to 2.72 t
ha-1) compared to the
control.

de Carvalho
et al. (2019).

Hypnea
musciformis.

Significant increase in
magnesium and zinc,
but no significant
increase in crop yield.

Lithothamnium
sp.

Significant increase in
boron only, and a
13.17% yield increase
equivalent to 1.46 t ha-
1.

Sargassum
vulgare.

Significant increase in
magnesium, but no
significant increase in
crop yield.

Vitis vinifera L.
cv. Sangiovese.

A commercial
biostimulant
“Acadian
marine plant
extract powder”
containing A.
nodosum.

Not
specified.

Field trial (2013) in Umbria, Italy
growing only the Sangiovese
cultivar. The vineyard has a
vertical shoot-positioned trellis
cultivation system, and loamy soil.

- Foliar application for all 3 cultivars at
1500 g ha-1, 5 times during the growing
season, beginning 2 weeks before grape
veraison and occurring every 10-14
days.
- An additional treatment with 3000 g/

Improved fruit color of
the Sangiovese cultivar.

Frioni et al.
(2018).

Vitis vinifera L.
cv. Pinot Noir.

Field trial (2014) in an established
vineyard with both Pinot Noir

Increased vegetative
parameters of both
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TABLE 2 Continued

Crop
variety

Product
details and
seaweed
species

Bioactive
substance

Experimental conditions Application and dosage Physiological
effects

References

Vitis vinifera L.
cv. Cabernet
Franc.

ha of the biostimulant was performed
on only the Sangiovese cultivar.

and Cabernet Franc, located in
Benton Harbour, Michigan, USA.
The vineyard has a vertical shoot-
positioned trellis cultivation
system, and sandy loam soil.

grape cultivars.
Shortened ripening
time in only Pinot
Noir.

Vitis vinifera L.
cv. Red globe.

Application of
commercial
biostimulant
“SUNRED”
containing an
unspecified
seaweed extract.

Not
specified.

Field trial (2015/2016) in
Pengshan county, Meishan, China.
The cultivation method and soil
were not specified.

Foliar biostimulant treatments of 0.6,
0.8, and 10 g L-1 were each applied
twice: at the start of veraison and 5
days later.

Improved grape color
at the different
biostimulant
concentrations.

Deng et al.
(2019).

Vitis vinifera L.
cv.
Chardonnay.

Commercial
biostimulant
“Seasol”
containing
brown seaweeds
Durvillaea
potatorum and
A. nodosum.

Not
specified.

Field trials (2012/2013 and 2013/
2014) near Kenley, Australia. The
vineyard uses a double-wire
cordon trellis system of cultivation
and has calcareous loamy sandy
soil.

Drip irrigation of 10 L ha-1 of
biostimulant per application, with 8 and
4 applications at the 1st and 2nd field
trials respectively. Biostimulant was first
applied at the woolly bud and budburst
growth stages respectively, and
treatments occurred every 20-30 days.

Significant increase in
grape yield by 13.8%
(equivalent to 1.6 t/ha)
compared to the
control.

Arioli et al.
(2021).

Vitis vinifera L.
cv. Semillon.

Field trials (2012/2013 and 2013/
2014) near Balranald, Australia.
The vineyard uses a double-wire
cordon trellis system, and has
calcareous loamy sandy soil.

Drip irrigation of 5 L ha-1 of the
biostimulant with 3 applications in both
field trials. Treatments were applied at
the budburst, flowering, and fruit set
growth stages.

The yield increased by
10% (equivalent to 1.3
t/ha) compared to the
control.

Vitis vinifera L.
cv. Merlot.

Field trial (2013/2014) near
Loxton, Australia. The vineyard
uses a double-wire cordon trellis
system and its soil type is
calcareous loamy sand.

Drip irrigation of 5 L ha-1 of the
biostimulant with 3 applications.
Treatments were applied at the
budburst, flowering and fruit set growth
stages.

The yield increased by
17.6% (equivalent to
1.8 t ha-1) compared to
the control.

Vitis vinifera L.
cv. Merlot.

Field trial (2014/2015) at
Tharbogang, Australia. The
vineyard uses a single-wire cordon
trellis system and has duplex soils
ranging from loamy sand to clay
loam.

Drip irrigation of 10 L ha-1 of the
biostimulant with 4 applications.
Treatments were applied at the
budburst, flowering, fruit set, and
veraison growth stages.

The yield increased by
11% (equivalent to
0.5 t ha-1) compared to
the control.

Vitis vinifera L.
cv. Cabernet
Sauvignon.

Field trial in (2016/2017) at
Tharbogang, Australia. The
vineyard uses a double-wire
cordon trellis system and has
duplex soils ranging from loamy
sand to clay loam.

Drip irrigation of 10 L ha-1 of the
biostimulant with 3 applications.
Treatments were applied at 4-cm
growth, flowering, and fruit set.

The yield increased by
10.7% (equivalent to
0.7 t ha-1) compared to
its control.

Vitis vinifera L.
cv.
Montepulciano.

Not specified. Laminarin. Field trials (2012 and 2013) at
Camerano, Italy grown according
to the Guyot trellis system.
Biostimulant treatment started at
the inflorescence growth stage.

Foliar spraying with 1 L ha-1 of
commercial biostimulant “Frontiere” in
each of the 11 treatments, and
treatments occurred weekly.

The biostimulant had
no significant
reduction of grapevine
downy mildew.

Romanazzi
et al. (2016).

Vitis vinifera L.
cv. Moscato.

Not specified. Laminarin. Greenhouse conditions with ~ 60-
day old transplanted grape plants
in 4 L pots. Plants were inoculated
twice with powdery mildew
pathogen (Erysiphe necator).

- Treatment with 2 g L-1 of a
commercial biostimulant “Vacciplant”
per timepoint.
Biostimulants were applied at 6 time
points occurring every 7-9 days: 2
treatments occurred prior to 1st

pathogen inoculation, another 2 before
2nd pathogen inoculation, and 2 last
treatments after the 2nd pathogen
inoculation.

Reduction in Powdery
mildew disease severity
in the grape plants.

Pugliese et al.
(2018).
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3-propionic acid (IPA)-derived extract induced faster recovery

of leaf water potential and stomatal kinetics (Mancuso et al.,

2006). Different wine grape cultivars treated with a commercial

seaweed biostimulant “Seasol” via soil fertigation, showed an

average fruit yield increase of 14.7% across five locations with

varying environmental conditions (Arioli et al., 2021; Table 2).

Yield increase occurred irrespective of heat and/or cold stress in

a single growing season (Arioli et al., 2021). The performance of

the field experiments suggests an essential soil-crop interaction

for increased productivity (Arioli et al., 2021). Unfortunately,

analyses of the soils and the applied extracts were not reported

and therefore, cannot support this hypothesis. Moreover,

variations in the SE dosage in different fields in this study

prevent further conclusions regarding the direct effect soil type

(and properties) may have on SE, as well as the overall impact on

crop productivity in the presence of the biostimulant.

Although SEs reduce the effects of crop diseases (Shukla

et al., 2019) and non-seaweed-derived biostimulants also

contribute to disease prevention in viticulture (reviewed in

Gutiérrez-Gamboa et al., 2019), the specific use of SEs to

mitigate diseases of grapevine has not been extensively studied.

Treatment with a commercial seaweed-derived biostimulant

“Vacciplant” caused a reduction in the effects of powdery

mildew disease in both greenhouse experiments and field trials

(Table 2). Grapevine disease severity was reduced by ~ 65% and

52% in greenhouse and field experiments, respectively (Pugliese

et al., 2018). Thus, there is still potential for the application of

seaweed-derived biostimulants in viticulture for disease control,

especially considering the need for reduced agrochemical

reliance in the coming decades.

Bioactive compounds have biological activity in plants, some

of which result in increased crop productivity and resilience to

stress. While the presence of bioactive compounds in seaweed

has long been suspected of having stimulatory effects on plants,

including complex polysaccharides (absent in arable crops, e.g.

alginate, laminarin, and fucoidan), phytohormones, sterols, and

osmolytes (Yakhin et al., 2017), speculations remain regarding

underlying mechanisms. This is perhaps due to current research

focusing on growth promotion, rather than also investigating
Frontiers in Plant Science 08
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and linking the role of these bioactive compounds to specific

mechanisms. Further research is needed, and will also provide

essential information for biostimulant optimization. Of note is

that changes in mineral concentration due to foliar application

of SEs do not always enhance crop productivity. Only two of four

SEs tested caused a significant increase in grapevine yield (de

Carvalho et al., 2019; Table 2), indicating that SEs must be tested

independently to establish their benefits. Conflicting

observations may be explained by variations in biochemical

composition among seaweed species and their derived extracts,

linked to the environmental conditions of the cultivation sites as

well as harvesting times (Khairy and El-Shafay, 2013). Overall,

the application of SE is beneficial for crops in both stressed and

non-stressed conditions and thus may be attractive for wider

adoption in viticulture.
Humic substances

Humic substances (HS) are an important carbon

compartment present in soils, waters, and sediments. Although

researchers are not in complete agreement as to how HS are

formed and structured, a growing body of evidence indicates

they may serve as biostimulants of plant growth. HS

biostimulants are available commercially in the form of

products based on humic acids (HA), fulvic acids (FA), or a

mixture of both (HA+FA). Efficacy is related to the product’s

chemical composition, the form of extraction and application,

the applied concentration, and the stage of development of the

crop (Canellas et al., 2009; Zandonadi et al., 2013; Olivares et al.,

2017; Jindo et al., 2020). Effects of HS application in plants often

include the activation of plasma membrane H+-ATPase and the

alteration of the primary and secondary metabolism, generally

resulting in increased root growth, nutrient uptake, rate of

photosynthesis, and attenuation of stress associated with

salinity, drought, or metal toxicity (Zandonadi et al., 2007;

Dobbss et al., 2018; Jindo et al., 2020) (Figure 1). It is

suggested that some biostimulant effects of HS originate from

their impact on structural and physiological modifications in
TABLE 2 Continued

Crop
variety

Product
details and
seaweed
species

Bioactive
substance

Experimental conditions Application and dosage Physiological
effects

References

- A fungicide methiram was
simultaneously used on the plants.

Field trials (2016 and 2017) at
Piedmont, Italy, in an established
vineyard with an espalier
cultivation method and “Guyot”
pruning.

Treatment with 2000 g/ha per
timepoint. Biostimulant treatment was
applied at 9 individual time points,
occurring every 8-10 days.
- A fungicide methiram was
simultaneously used on the plants.
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roots and shoots related to nutrient assimilation and soil

distr ibution (Canel las et a l . , 2015) . Also, HS can

simultaneously regulate the transcription and activity of some

plant hormones following addition to the rhizosphere (Souza

et al., 2022). Recently, it has been demonstrated that HS can alter

the plant microbiome by favoring the recruitment of beneficial

microorganisms after application (da Silva et al., 2021).

Despite a limited number of studies involving the specific

use of HS in grape cultivation, several effects are consistently

observed (Table 3). These include increases in photosynthetic

rate, total soluble solids, total chlorophyll, and average berry size

and weight (Ferrara and Brunetti, 2008 and Ferrara and

Brunetti, 2010; Ibrahim and Ali, 2016; Popescu and Popescu,

2018; Irani et al., 2021). For example, Popescu and Popescu

(2018) noted increased photosynthetic rate and total soluble

fruit solids in cultivars ‘Feteasca Regala’ and ‘Riesling Italian’

planted in Romania, following foliar application of HA (40 and

50 mL L-1) previously extracted from vermicompost. The

increase was attributed to a higher concentration of

carotenoids in the leaves. Ferrara and Brunetti (2010) reported

an improvement of parameters associated with fruit quality (e.g.

increase in total soluble solids, [°Brix], and the °Brix/titratable

acidity ratio, and a decrease in tartaric acid) due to the

application of HA (100 mg L-1, extracted from the soil in

Apulia, Italy) at full-bloom. In the cultivar ‘Italy’, six

applications of HA (derived from different origins) increased

chlorophyll content, °Brix value, and berry size (Ferrara and

Brunetti, 2008). The authors attributed these effects to the

presence of 6% nitrogen in the humic matrix. However, the

increase in berry size might also be the result of the hormone-

like activity of HA (i.e., auxin, gibberellin- and cytokinin-like

activity), which is useful for organic seedless table grape

production where the application of synthetic hormones is not

permitted. In Egypt, Ibrahim and Ali (2016) applied HA

(Greenhum Company, Italy) in both February and March to the

cultivar ‘Superior Seedless’. Chlorophyll content, berry weight, and

total fruit volume significantly increased after HA was respectively

applied to leaves (5.0 g L-1) or to the soil (5 and7.5 gL-1, 2.5 gL-1). In

Spain, Sánchez-Sánchez et al. (2006) reported increased iron and

phosphorus levels and reduced sodium in the leaves of cultivar

‘Italy’ following treatment with solutions containing HA+FA.

Recently in Iran, Irani et al. (2021) applied FA (0.5%) via leaf

spray or HA (20 g plant-1) via irrigation, and observed the

alleviation of drought stress, increased nutrient absorption, and

concentration of proline (an important stress signaling molecule),

carbohydrates, and soluble proteins. Additionally, HA and FA

application resulted in greater berry weight, productivity, and

concentration of total soluble solids (Irani et al., 2021).

Protocols outlining best practices in terms of vineyard HS

application practices and optimal concentrations are yet to be

developed, and research regarding potential negative structure-

activity interactions has yet to be conducted. Despite these

shortcomings, the beneficial effects of HS on grapevines are
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evident, generally resulting in increased production, increased

fruit quality, and an expansion of the plant’s ability to tolerate

environmental stresses.
Pyrogenic materials

Pyrogenic materials are obtained by pyrolysis of plant

biomass, a thermal decomposition process occurring at

relatively high temperatures in the absence of oxygen. These

materials represent a sustainable source of biostimulants with

a long tradition in agriculture (Ogawa and Okimori, 2010).

Pyrogenic materials include biochar (solid C-rich residue

of pyrolysis), and pyroligneous acid (also known as wood

vinegar, the aqueous fraction obtained from the condensation

of pyrolysis vapors). Biochar is highly aromatic, porous, and

possesses a chemically recalcitrant structure. It is generally

used as a soil amendment, due to potential agronomic

and environmental benefits associated with enhanced soil

fertility and long-term soil C sequestration (Woolf et al., 2010;

Lehmann et al., 2011). Pyroligneous acid consists of a mixture

of a large number of oxygenated organic compounds (including

acids, alcohols, ketones, phenols, furans, and ethers)

and hydrocarbons with antioxidant and antimicrobial

properties. Pyroligneous acid has potential as a plant

growth and germination biostimulant, antioxidant and

free-radical scavenger, pesticide, and antimicrobial agent

(Mungkunkamchao et al., 2013; Grewal et al., 2018).

Biochar is more commonly used than pyroligneous acid in

vineyards, either alone or in combination with compost

(Figure 1 and Table 4). There is contrasting information in the

literature regarding biochar’s impact on vineyard productivity. A

recent meta-analysis by Payen et al. (2021) showed that biochar

application increased soil organic C, at a rate of 8.96 Mg CO2-eq

ha−1 yr−1. The authors also postulated biochar application might

lead to enhanced vineyard productivity, but additional long-

term investigations are needed to support this statement. Several

authors (Baronti et al., 2014; Genesio et al., 2015; Maienza et al.,

2017) have reported increased productivity in biochar-amended

vineyards, associated with enhanced physicochemical properties

of the amended soils, increased soil water availability, and

growth of fine root biomass (Amendola et al., 2017). However,

there were no significant differences in grape quality. Conversely,

other reports indicate only minor effects on soil physicochemical

properties following biochar application over a three-year

period, which did not significantly affect vineyard fertility

(Schmidt et al., 2014; Sánchez-Monedero et al., 2019).

Although these authors did observe benefits following the

addition of biochar-blended compost to the soil, effects were

similar to those in control vineyards amended with conventional

compost without biochar.

Biochar may also act as a biostimulant when used as a carrier

of inoculum for microorganisms (Hale et al., 2015; Głodowska
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et al., 2016; Hardy and Knight, 2021), as a suppressor of plant

disease (Graber et al., 2010; Debode et al., 2020), and as a coating

for novel biochar-fertilizer composites (Joseph et al., 2013) or

slow-release fertilizers (An et al., 2020). However, these
Frontiers in Plant Science 10
1012
applications have not been fully explored in vineyards. Hale

et al. (2015) demonstrated in a soil incubation experiment that

biochar might support high population densities of the plant

growth-promoting rhizobacteria (PGPR) Enterobacter cloacae.
TABLE 3 An overview of the main effects of humic substances (HS) applied in viticulture.

Crop variety Applied material and
properties

Dosage, the
form of

application,
and stage of
plant develop-

ment

Experimental
condition

Effects Reference

Vitis vinifera cv.
Italia.

HA+FA commercial (Mol). Functional
groups (with Nuclear Magnetic
Resonance 13C): 90.7%
of fulvic acids with three main portions
that consisted of 10% aliphatic C, 73%
aromatic C and 16.9% carboxylic C.

Two applications
were carried out on
the soil, in mid and
late March.

Field cultivation.
Twelve-year-old
plants; drip-
irrigated.

An increase in Fe and P absorption, as well as a
decrease in Na absorption; Increased berry
weight.

Sánchez-
Sánchez
et al. (2006).

Vitis vinifera cv.
Italia.
Grapevines were
grafted onto
1103 P (V.
berlandieri x V.
rupestris).

HA was extracted from soil or organic
compost. 54.91% of C; 4.91% of H;
6.73% of N; 32.67% of O; C/N ratio of
9,52; Total acidity of 5.0 meq g-1 of C;
Phenolic acidity of 2.2 meq g-1 of C
and carboxyl 2.7 meq g-1 of C

5 and 20 mg L-1,
via leaf spray. Six
applications with a
21-day interval.

Field cultivation.
Forty-five-year-old
plants; drip-
irrigated.

Increased berry size and reduction in titrable
acidity; Increase in N content, total chlorophyll
content, yield, and soluble solids (°Brix).

Ferrara and
Brunetti
(2008).

Vitis vinifera cv.
Feteasca Regala
(henceforth RF)
and cv. Riesling
Italian
(henceforth RI).
Grapevines were
grafted on
rootstock hybrid
Kober 5 BB
(Vitis berlandieri
x Vitis riparia).

Commercial HA (BioHumusSol
Company Ltd.). 14.5 g humic
substances L-1, 19 ppm nitrate nitrogen
(NO3-N), 104 ppm ammonium nitrate
(NH4-N), 22.5
ppm P, 132 ppm K, 39 ppm Ca, 75
ppm Mg, 75 ppm
Na

30, 40, and 50 mL
L-1, via leaf spray,
one application at
the pre-bloom
and fruit set the
phenological stage.

Field cultivation.
Non-irrigated.

Increase in the total leaf area, yield, and total
soluble solids (50 mL L-1); Increase in
photosynthesis rate, chlorophyll a and b, and
carotenoids (40 e 50 mL L-1)

Popescu and
Popescu
(2018).

Vitis vinifera cv.
Italia. Grapevines
were
grafted onto
1103 P (V.
berlandieri x V.
rupestris).

HA extracted from soil. 52.46% of C;
5.77% of H; 5.4% of N; 35.66% of O; C/
N ratio of 11.33; Total acidity of 5.0
meq/g of C; Phenolic acidity of 2.2
meq/g of C and carboxyl 2.7 meq/g of
C

100 mg L-1 via
spray foliar.

Field cultivation.
Drip-irrigated.

Increased berry weight; Increase in total soluble
solids (°Brix); decrease of tartaric acid.

Ferrara and
Brunetti
(2010).

Vitis vinifera cv.
Superior seedless.

Commercial HA (Humatic 8500). One, two, or three
applications.

Field cultivation.
Eleven-year-old
plants; drip-
irrigated.

Increase in total soluble solids, yield, and fruit
quality with four HA applications.

Ibrahim and
Ali (2016).

Vitis vinifera cv.
Yaghouti’.

HA (K2O 10%; HA 55%; FA 15%) or
FA Total nitrogen 3%; K2O 10%; FA
50%; chlorine 4.3%.

Application of HA
with irrigation
water at a
concentration of
20 g per vine, two
times (bud swell
and millet-
sized berry).
Application of FA
as a foliar spray at a
concentration of
0.5% two times
(millet-sized berry
and 2 weeks later).

Field cultivation.
Ten years old
(plants); drip-
irrigated.

Increase in berry weight, yield, total soluble
solids, proline, and soluble carbohydrates (both
HA and FA; under water stress conditions or
not). Increase in N, P, K, Zn, and Fe content
(leaf). In the plants with and without water
stress, only the N content was not increased.

Irani et al.
(2021).
fro
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TABLE 4 An overview of the main effects of pyrogenic materials in viticulture.

Crop variety Pyrogenic
material

Properties Application and
dosage

Experimental
condition

Effects Reference

Vitis vinifera L. (cv.
Pinot Noir).

Biochar from 80%
various
hardwoods and
20% various
coniferous wood
chips at 750°C.

Soil organic
amendment.

8 t ha−1 of biochar
(d.w.).63.2 t ha−1

biochar-compost (d.w.),
biochar added at 20%
before composting
process.

Field trial (3
years),rainfed
vineyard (25-35
years old).

No relevant effects on plant growth
parameters of vine or vine health are caused
by biochar and biochar-compost.Minor
effects on grape quality only in the first year
of trial.

Schmidt
et al. (2014).

Vitis vinifera L. (cv.
Merlot, clone 181;
rootstock 3309
Couderc).

Biochar from
orchard pruning
at 500°C.

Soil organic
amendment.

16.5 t ha−1 of biochar
(d.w.) applied in two
consecutive years.

Field trial,rainfed
vineyard (20 years
old).

After 3 years: Increased soil water holding
capacity and plant available water content.

Baronti et al.
(2014).

After 5 years: Increased vineyard
production with no detrimental effects on
grape quality.

Genesio
et al. (2015).

After 5 years: No negative impact on soil
microbial community, and no retention of
toxic compounds (PAH and heavy metals).

Maienza
et al. (2017)

After 7 years: Biochar is effective in
restoring degraded soil functionality. The
effects persist after 7 years of following a
one-time application.

Giagnoni
et al. (2019).

Vitis vinifera L. (cv.
Grenache).

Biochar from
grapevine trunks
at 550°C.

Soil organic
amendment.

5 t C ha−1 of biochar.5 t
C ha−1 biochar-compost.

Field trial (2
years),rainfed
vineyard (20 years
old).

Improvement in the N nutrient status of
vines after application of ‘compost’ and
‘compost x biochar’ treatments in year two.

Ubalde et al.
(2014).

Vitis vinifera L. (cv.
Pinot Blanc).Vitis
vinifera L. (cv.
Ribolla Gialla).Vitis
vinifera L. (cv.
Sauvignon).

Biochar from oak
at 650°C.

Soil organic
amendment.

10.9 t C ha−1 of biochar
(d.w.).10.9 t C ha−1 of
biochar: compost (d.w.),
biochar added at 10%
before composting
process.

Field trial (3
years),3 rainfed
vineyards.

Biochar enhanced soil water availability, but
had no significant effects on soil nutrient
availability, grape yield, or must
quality.Biochar-blended compost had a
similar effect as conventional compost.

Sánchez-
Monedero
et al. (2019).

Vitis vinifera L. (cv.
Shiraz)

Not available. Soil organic
amendment.

8.5 t ha−1 of biochar. Field trial (4
years),rainfed
vineyard

No significant effect on yield and vegetative
growth

Botelho
et al. (2020)

Vitis vinıf́era ssp.
vinıf́era.

Biochar from
maize corn cob
rachis at 450
-500°C.

Soil organic
amendment.

5 t C ha−1 of biochar. Field trial (2
years),rainfed
vineyard (25 years
old).

Reduced soil microbial biomass for at least
two years after application.No significant
effects on the community composition of
soil microbes or microarthropods.

Andrés et al.
(2019).

Vitis vinifera L. (cv.
Montepulciano).

Biochar from
orchard pruning
at 500°C.

Soil organic
amendment.

10 t ha−1 of biochar
(d.w.).

Field trial (1 year),
rainfed vineyard
(15 years old).

Increased organic carbon, available water
content, and formation of a large fraction of
macro aggregates.Increased fine root
biomass with no significant effect on the
production of arbuscular mycorrhizal fungi.

Amendola
et al. (2017).

Vitis vinifera L. (cv.
Chardonnay).

Biochar from
orchard pruning
at 500°C.

Soil organic
amendment.

30 t ha−1 biochar (fresh
weight).

Rhizobox. Enhanced soil physicochemical soil
properties and increased soil water content
during the harsh summer period.Promoted
earlier root production and lowered the
number of fibrous roots.

Montagnoli
et al. (2021).

Vitis rotundifolia L.
(Muscadine grape cv.
Alachua).

Biochar from
southern yellow
pine at 400°C.

Soil organic
amendment.

0, 5%, 10%, 15%, and
20% of biochar (d.w.).

Greenhouse study
in pots.

Enhanced soil water and nutrient status,
and improved plant P and Mg uptake, with
no significant differences in plant
physiological performance.

Chang et al.
(2021a).

Improved soil physical properties and
stimulation of fine root development.

Chang et al.
(2021b).

Vitis vinifera L. Biochar from
dairy manure at
400°C.

Soil organic
amendment.

2 g and 5 g of biochar
kg-1 soil.

Pot experiment (2
months).

Enhanced plant growth and soil properties
under water stress conditions.

Kanwal
et al. (2018).

Vitis vinifera L. (cv.
Pinot noir).

Not available. Soil organic
amendment.

2% of biochar (d.w.). Pot experiment. Enhanced soil water availability under water
shortage.No significant impact on soil N
availability.

Petrillo et al.
(2020).
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Frontiers in Plant Sc
ience
 11
1013
fro
ntiersin.org

https://doi.org/10.3389/fpls.2022.932311
https://www.frontiersin.org/journals/plant-science
https://www.frontiersin.org


Jindo et al. 10.3389/fpls.2022.932311
Interestingly, chemical properties of the biochar (particularly pH

and N content) affected initial inoculum survival, but physical

properties (surface area and porosity) were mainly associated

with later survival after soil application (Hale et al., 2015).

Biochar did not negatively affect rhizobacterium activity,

which may occur due to bacterial signaling compounds or

bacteria-derived plant growth hormones binding to the

biochar surface. Depending on feedstock and pyrolysis

conditions, certain biochars with large surface area or high pH

can adsorb or hydrolyze signaling molecules, disrupting soil

microbe cell-to-cell communication (Gao et al., 2016).

Similarly, Zhu et al. (2017) reported that biochar could

modify communication between rhizosphere microbial

communities and plant roots, affecting plant response to soil-

borne pathogens (Harel et al., 2012; Akhter et al., 2015). Graber

et al. (2010) proposed that induced resistance against

pathogens observed in both tomato and pepper following

biochar application may be due either to a shift in soil

microbial populations following biochar addition, or to the

release of chemicals from biochar toxic to pathogens. The

utilization of beneficial microorganisms as biostimulants is

discussed in greater detail below, and other mechanisms by

which biochar can act as a disease-suppressing agent have been

previously summarized by Bonanomi et al. (2015) and Graber

et al. (2014).
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Pyroligneous acid is often applied as a foliar spray or soil

drench (Mungkunkamchao et al., 2013), or in combination with

biochar (Zhang et al., 2020). Zhang et al. (2020) demonstrated

the benefit of applying biochar and pyroligneous acid for

increased blueberry yield and nutritional quality, by enhancing

soil organic matter and nutrient availability. In terms of vineyard

pest management, Chen et al. (2020) studied the ability of

pyroligneous acid to inhibit grey mold (Botrytis cinerea)

infection of table grape cultivar ‘Red Globe’. The application

of diluted pyroligneous acids (200- and 400-fold dilution)

improved grape resistance to grey mold, likely through

stimulation of antioxidant defense-related enzyme activities,

including those of superoxide dismutase, peroxidase, and

ascorbate peroxidase. However, other investigations of

pyroligneous acid use in vineyards are lacking.

The application of biostimulants from pyrogenic materials

may help vineyards adapt to climate change, especially in a

scenario of water shortage which may be particularly detrimental

to viticulture (Maienza et al., 2017). Fascinatingly, the positive

impacts of biochar on vineyard soil fertility are maintained in the

long term (7 years), even after a single application (Giagnoni

et al., 2019). This benefit has also been identified for improving

the growth and symbiotic performance of other plants (lupin,

Lupinus angustifolius) under drought stress conditions

(Egamberdieva et al., 2017).
TABLE 4 Continued

Crop variety Pyrogenic
material

Properties Application and
dosage

Experimental
condition

Effects Reference

Vitis vinifera L. Biochar from
gasification of
vineyard pruning
at 900-950°C.

Growing
media
component for
nursery
grapevine
production.

0, 10%, 20%, 40% vol. of
biochar.

Greenhouse study
in pots.

BC applied at 10% enhanced plant-growth
response, particularly expressed at the shoot
stage.

Ronga et al.
(2019).

Vitis vinifera L. (cv.
Grüner Veltliner).

Biochar from
softwood chips
and cereal husk.at
480°C.

Remediation of
Cu-polluted
soils.

1 to 6 kg m-2 of biochar
(d.w.).

Greenhouse study
in soil columns.

Biochar enhanced Cu mobilization in a
neutral vineyard soil but reduced the
ecotoxicologically relevant Cu2+ fraction.

Soja et al.
(2018).

Vitis vinifera L. (cv.
Chardonnay).

Biochar from
poultry litter at
550°C.

Fungal-disease
suppression
and control of
nematode
population.

6.9 t ha−1 of biochar
(d.w.).

Field trial (3
years),vineyard (5
years old).

Decreased plant-parasitic nematode
population, andincreased free-living (non-
plant-parasitic) nematode
population.Possible role of biochar porous
structure protecting bacteria and fungi from
predators.

Rahman
et al. (2014).

Vitis vinifera L. (Red
Globe).

Bamboo biochar. Microbial
inoculum
(Pseudomonas
putida).

250 – 500 g biochar per
tree (d.w.).12.5 g biochar
mL−1 inoculum.

Field trial (1 year),
vineyard (8 years
old).

Inoculated biochar improved the yield and
quality of the grapefruit.Enhanced soil
properties and altered soil microbial
community structure.

Wei et al.
(2020).

Vitis vinifera L. (Red
Globe).

Wood vinegar
from a hardy
rubber tree at
550°C.

Inhibition of
grey mold
infection
(Botrytis
cinerea) during
grape storage.

Grapes soaked in wood
vinegar diluted 600, 400,
and 200 times for 15 s
and left to air-dry.

Laboratory
conditions.

Inhibitory effect on the disease Botrytis
cinerea during grape storage by stimulation
of antioxidant defense-related enzymes.

Chen et al.
(2020).
fro
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Microorganisms as biostimulants

Plant growth-promoting rhizobacteria

Certain prokaryotic soil microorganisms can establish

beneficial relationships with plants. Coined ‘plant growth-

promoting rhizobacteria’ (PGPR) (Kloepper and Schroth,

1979), these microbes can enhance plant growth and

development through several direct and indirect processes,

performed at different plant growth stages (Vorholt, 2012;

Ruzzi and Aroca, 2015; Castellano-Hinojosa and Bedmar,

2017). According to Chauhan et al. (2015), the main PGPR

traits are biofertilization and phytostimulation (through the

excretion of phytohormones such as indole-3-acetic acid

[IAA], cytokinins, and gibberellins), tolerance to biotic and

abiotic stress (via 1-aminocyclopropane-1-carboxylate [ACC]

deaminase activity), and biopesticide and biocontrol activity

(production of antibiotics, lytic enzymes, hydrogen cyanide

[HCN], and volatile organic compounds [VOCs], among

others) (Chauhan et al., 2015; Kumar-Jha and Saraf, 2015;

Goswami et al., 2016; Oleńska et al., 2020). Additionally,

PGPRs can have synergistic interactions with the endophytic

grape microbiome (Vandana et al., 2021).

Bacteria must first be isolated and cultured prior to their

utilization as PGPRs. For use in viticulture, several authors have

isolated viable PGPRs from the microbiome of Vitis vinifera L.,

which may then be re-applied as biostimulants in vineyards

(Compant et al., 2011; Pinto and Gomes, 2016; Rezgui et al.,

2016; Pacifico et al., 2019). The effectiveness of these PGPRs

depends on several factors including environmental conditions,

soil characteristics, and even crop variety (Pacifico et al., 2019).

Nevertheless, PGPRs are a feasible tool for use in vineyards to

effectively promote plant growth and protection (Figure 1).

Most studies of PGPRs in viticulture are focused on the

initial stages of crop development in specific vine cultivars.

Additionally, few studies testing strains at a field scale can be

found (Table 5). Under in vitro and/or greenhouse conditions,

Muganu et al. (2015); Köse et al. (2015), and Velásquez et al.

(2020a) noted a wide variety of PGPR strains (Ensifer,

Burkholderia, Pseudomonas, and Bacillus) were able to

promote growth and root callusing percentage in four different

V. vinifera cultivars: ‘Beyaz Çavus’, ‘Italia’, ‘Cabernet Sauvignon’,

and ‘Chardonnay’. Köse et al. (2003) observed Bacillus strains

BAI6 and OSU142 increased rooting in 41B (a hardy cross

between old-word V. vinifera and new-world V. berlandieri)

rootstocks. Similarly, Sabir (2013) and Sabir et al. (2017) applied

P. putida BA-8 and B. simplex T7 to 41B hybrids and recorded a

promotion of graft callusing, scion shoot growth, nursery

survival rate, and fruitfulness. Salomon et al. (2016) tested a

combination of strains B. licheniformis and P. fluorescens in

order to improve the growth of V. vinifera cultivar ‘Malbec’ in

greenhouse conditions. Also in a greenhouse, the cytokinin and

auxin-producing B. megateriumM3 was applied in combination
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with Agrobacterium rubi A18 and Alcaligenes eutrophus Ca-639

to V. vinifera, grafted onto 41 rootstocks. Growth enhancement

and increased grapevine pruning residue weight were noted

(Salomon et al., 2017).

In a rare field-scale experiment, Rolli et al. (2017) applied

several bacteria from the genera Paenibacillus, Pseudomona,

Bacillus, Delftia, and Achromobacter, to V. vinifera cultivars

‘Syrah’ and ‘Sauvignon’. Increased plant growth, number of

grape brunches, and grape production were recorded. Veliksar

et al. (2017) applied strains of Azotobacter, Pseudomonas, and

Bacillus to two V. vinifera cultivars in Moldova, and observed

improved photosynthetic activity, as well as reduced mineral

fertilizer requirements. Erdogan et al. (2018) achieved similar

improvements with combinations of a wide range of PGPR

strains in grafted rootstocks of V. berlandieri and V. riparia in

Turkey. In China, Lu et al. (2020) observed enhanced growth

and final grape quality, following the application of P. putida Rs-

198 to a perennial variety.

In addition to general growth and quality enhancement,

inoculation with PGPRs may also induce grape tolerance against

biotic and abiotic stresses. For example, the application of

phosphate-solubilizing bacteria isolated from the Vitis

rhizosphere resulted in improved plant development when

grown in saline-alkaline soils (Liu et al., 2016). Salomon et al.

(2014) observed both drought alleviation and production of

defense compounds in the grape cultivar ‘Malbec’. Barka et al.

(2006) found that Burkholderia phytofirmans PsJN could

effectively protect Chardonnay grapes against cold stress.

Other studies focus on using PGPR strains to alleviate heavy

metal stress. Funes-Pinter et al. (2018) identified B. licheniformis,

Micrococcus luteus, and P. fluorescens as effective species for

elevating growth and fruit yield in plants when grown in the

presence of arsenic (As III). Veliksar et al. (2019) used strains of

Agrobacterium radiobacter, P. putida, and B. subtilis to increase

resistance against high soil concentrations of copper, and reduce

the amount of mineral fertilizer needed.

Microorganisms may also be used as biocontrol agents

against fungal pathogens in vineyard soils. For example,

several studies have applied bacterial strains in order to

protect vineyards from the common vine pest grey mold

(Botrytis cinerea). Miotto-Vilanova et al. (2016) and Verhagen

et al. (2010) found that several strains belonging to

he Pseudomonas, Burkholderia, Microbacterium, Kocuria, and

Terribacillus genera harbored plant growth and phytopathogen-

control traits against B. cinerea. Andreolli et al. (2016) and

Rezgui et al. (2016) also tested strains of P. protegens and B.

subtilis against fungal pathogens, with the latter obtaining good

results in field trial conditions. These studies show that a vast

myriad of bacterial-borne traits can be effective for biocontrol,

including the production of antibiotics, terpenes, pigments, and

proteases, as well as inducing resistance against biotic stresses.

As an indication of the high potential for PGPRs to combat plant

biological stress, Asghari et al. (2020) applied Pseudomonas and
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TABLE 5 An overview of the main effects of plant-growth-promoting rhizobacteria (PGPR) applied in viticulture.

Crop
variety

PGPR strains Properties Application
and dosage

Experimental
condition

Effects Reference

Vitis vinifera
L. cv.
Cabernet
Sauvignon.

Bacillus aryabhattai
JY17.

Phosphate solubilization.IAA.Siderophore.ACC
deaminase.Chitinase.HCN (JY22).

Inoculation with
50 mL (108

CFU mL-1) into
the middle part
of the seedling
roots.

Greenhouse,
transplanted after 3-4
leaves had grown on
the seedlings, 28 L
pots.

Increased plant
height, stem
thickness, root
and shoot dry
weight.

Liu et al.
(2016).

Bacillus
aryabhattaiJY22.

Vitis
berlandieri
hybrids (41B
and 1103P).

Pseudomonas
putida BA-8.

Cytokinin synthesizer. Scion node
dipped into
bacterial
suspension (109

CFU mL-1) for
1h.

Controlled
greenhouse, and
rootstocks.

Increased graft
callusing, scion
shoot growth,
cane hardening,
and nursery
survival rate and
fruitfulness

Sabir (2013).

Bacillus simplex T7. Auxin synthesizer.

Vitis vinifera
L. (Malvasia
bianca lunga).

Burkholderia spp.
strain IF25.

Biostimulation.Phosphate
solubilization.Siderophores.IAA production.

Bi-nodal shoots
dipped into 50
mL of bacterial
inoculum.

In vitro. Induced
advanced
rooting and
high rooting
percentage.

Muganu
et al. (2015).

Vitis vinifera
cv. Beyaz
Çavus and
Italia.

Pseudomonas BA8. Auxin production. Rootstocks
dipped into
bacterial
suspension (109

CFU mL-1).

In vitro. Increased
success and
improvement of
callusing rate,
callusing degree,
and full
callusing rate in
all rootstock-
scion
combinations.

Köse et al.
(2015).Bacillus BA16.

Bacillus OSU142.

Vitis vinifera
cv. Cabernet
Sauvignon

Ensifer meliloti
TSA41.

Phosphate solubilization.Phytase.IAA production. Plants
inoculated at
sowing with 106

CFU g-1.

In vitro. Enhancement of
plant growth.

Velásquez
et al.
(2020a).

Vitis rupestris
and 41B (Vitis
vinifera x Vitis
berlandieri).

Bacillus BAI6. Plant-growth promotion. Rootstocks
dipped in
bacterial
solution (109

CFU mL-1).

Mist chamber. The two strains
combined
increased
rooting in 41B.

Köse et al.
(2003).Bacillus OSU142.

Vitis vinifera
cv. Malbec.

Pseudomonas
fluorescens.

Enhancement of growth.Decrease of water loss rate
by increasing ABA concentrations in leaves, inducing
systemic responses.

Cuttings were
submerged in
bacterial
suspension (106

CFU mL-1).

Greenhouse. Growth
improvement
and increased
defense
mechanisms to
cope with biotic
and abiotic
stresses.

Salomon
et al. (2016).

Bacillus
licheniformis.

Vitis
berlandieri
hybrids (41B
and 1103P).

Bacillus
licheniformis
Rt4M10.

Production of phytohormones. Emerging roots
of 15 days-old
in vitro plants
into bacterial
culture (106

CFU mL-1).

In vitro. Increased shoot
and root length,
and leaf area.
Induction of
terpenes and
ABA synthesis.
Alleviation of
drought and
production of
defense
compounds.

Salomon
et al. (2014).

Pseudomonas
fluorescens Rt6M10.

Greenhouse.

Vitis vinifera
L. cv.
Alphonse

Bacillus megaterium
M3.

Auxin and cytokinin producing.N-fixing.Ca(HCO3)2
solubilizing.

Watering the
plants with
bacterial

Soilless growth
system under

Enhanced shoot
thickness and
pruning residue

Sabir et al.
(2017)
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TABLE 5 Continued

Crop
variety

PGPR strains Properties Application
and dosage

Experimental
condition

Effects Reference

Lavallée)
plants grafted
on 41 (V.
vinifera cv.
Chasselas ×V.
berlandieri)
rootstock.

solutions (109

CFU mL-1) one
week after bud
break.

controlled glasshouse
conditions.

weight of
grapevines.

Agrobacterium rubi
A18.

Auxin and cytokinin producing.Ca(HCO3)2
solubilizing.

Alcaligenes
eutrophus Ca-637.

Auxin producing.Ca(HCO3)2 solubilizing.

Vitis champini
(Ramsey).

Lactic acid bacteria:
Lactobacillus
fermentum, L.
Indolebutyric
plantarum, L.
Rhamnous, L.
Delbrueckii.

Plant-growth promotion. EM•A (EM
AGRITON) was
applied to
cuttings with
different
methods at
different times
and doses.

Greenhouse. Increased
rooting.

Iş̇çı et al.
(2019).

Yeast:
Saccharomyces
cerevisiae.

Phototrophic
bacteria:
Rhodopseudomonas
palustrisBacillus
subtilis.

Vitis vinifera
L. cv.
Chardonnay.

Burkholderia
phytofirmans strain
PsJN.

Endophyte.Enhancement of chilling resistance. Nodal explants,
immersed in the
inoculum (106

CFU mL-1).

Growth chamber. Stimulation of
growth and
improvement of
resistance to
cold stress.

Barka et al.
(2006).

Vitis vinifera
L. cv. Malbec.

Bacillus
licheniformis.

Plant-growth promotion.Protection against As(III). Stem-base
inoculation with
50 mL of
bacterial
suspensions
(106 CFU mL-1).

Greenhouse, two-
year-old plant
sprouts, 10 L pots, 50
mM NaAsO2.

Stimulated
growth and fruit
yield, reducing
AsIII toxicity
indicators.

Funes-Pinter
et al. (2018).

Micrococcus luteus

Pseudomonas
fluorescens.

Vitis vinifera
L. cv Victoria/
Vitis vinifera
L. cv Viorica.

Agrobacterium
radiobacter.

Plant-growth promotion.Protection against Cu. Bacterial
suspensions
were applied
into the soil
during the
planting of
rooted cuttings
(107CFU mL-1).

Growing platform. Enhancement of
the resistance of
grape seedlings
to Cu excess in
soil.Decreased
need for mineral
fertilizer.

Veliksar
et al. (2019).

Pseudomonas
putida X.

Bacillus subtilis L. Foliar
fertilization.

Vitis vinifera
cv. SyrahVitis
vinifera cv.
Sauvignon.

Paenibacillus
illinoisensis.

IAA production.ACC deaminase.Phosphate
solubilization.Nitrogen fixation.

The bacterial
suspension (108

CFU mL-1) was
applied by root
soaking and
irrigation.

Field experiment.
One-year-old Syrah
plantlets were grafted
onto 1103P rootstock,
one-year-old
Sauvignon plantlets
grafted on SO4
rootstock, and 17-
year-old Syrah plants
grafted onto Fercal
rootstock.

Increased plant
growth, number
of grape
brunches, and
grape
production.

Rolli et al.
(2017).

Pseudomonas
putida.

IAA.ACC deaminase.P
solubilization.Siderophores.Ammonia production.

Bacillus subtilis. ACC deaminase.Exopolysaccharides.Siderophores.N
fixation.Protease synthesis.

Delfia tsuruhatensis. IAA.ACC deaminase.P
solubilization.Exopolysaccharides.

Pseudomonas
fluorescens.

IAA.ACC deaminase.P solubilization.Siderophores.N
fixation.

Pseudomonas
rhodesiae.

IAA.ACC deaminase.P solubilization.Siderophores.

Achromobacter
xylosoxidans.

ACC deaminase.Siderophores.
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TABLE 5 Continued

Crop
variety

PGPR strains Properties Application
and dosage

Experimental
condition

Effects Reference

Vitis vinifera
cv. Сodrinskii/
Vitis vinifera
cv.
Presentable.

Azotobacter
chroococcum.

Plant-growth promotion. Inoculation of
rooted cuttings
in 11L Plastic
pots (107 CFU
mL-1)

Growing platform. Decreased need
for mineral
fertilizer and
improvement of
photosynthetic
activity and
plant growth.

Veliksar
et al. (2017).

Bacillus subtilis. Spray with
bacterial
metabolites.

Vine nursery.

Pseudomonas
fluorescens.

Italian grape
species grafted
on 5BB
rootstock
(Vitis
berlandieri×V.
riparia).

Bacillus megaterium
RC07.

Plant-growth promotion. Inoculation of
seedlings(108

CFU mL-1).

Field trial. Triple
inoculation and
single
inoculation
improved plant-
growth
parameters.

Erdogan
et al. (2018).

Pseudomonas
putida RC06.

Bacillus subtilis
RC11.

Pseudomonas
putida FA19d.

Pseudomonas
fluorescens RC77.

Bacillus subtilis
RC63.

Serratia marcescens
K2f.

Vitis vinifera
(Red Globe).

Pseudomonas
putida Rs-198.

Plant-growth promotion. Bacterial
suspension (1.8
1013 CFU mL-1)
at different
doses.
Application at
dich around
(close to 10 cm
from each stem)
old plants.

Field experiments.
Old plants. One-
season field
experiment in the
perennial vine.

Promoted
alkaline
phosphatase and
invertase
activity,
increased the
amount of
available
phosphorus and
enhanced the
growth and
quality of the
grape.

Lu et al.
(2020).

Rootstock
Kober 5BB
clone ISV1
(Vitis
berlandieri x
Vitis riparia).

Pseudomonas
protegens MP12.

IAA.Phosphate solubilization.ACC
Deaminase.Ammonia production.

Bacterial
suspension (108

CFU mL-1).

In vitro. Biocontrol agent
and in vitro
antimicrobial
activity against
several fungal
pathogens.

Andreolli
et al. (2016).

Vitis vinifera
cv.
Chardonnay.

Burkholderia
phytofirmans PsJN.

Endophyte.Induction of plant resistance to biotic and
abiotic stress.

Spray bacterial
suspension (106

CFU mL-1) on
4-week-old
grapevine leaves
of plantlets.

In vitro-plantlets,
growth chamber.

Protection
against Botrytis
cinerea.

Miotto-
Vilanova
et al. (2016).

Vitis vinifera
cv. Malbec.

Microbacterium
imperiale Rz19M10.

Stimulation of the synthesis of terpenes. 0.25 mL of
Bacterial
inoculum (106

CFU mL-1).

In vitro. Reduction of
lesion diameter
provoked by
Botrytis cinerea,
systemic
response
induction, and
increased
terpene
production.

Salomon
et al. (2016).

Kocuria
erythromyxa
Rt5M10.

Terribacillus
saccharophilus
Rt17M10.
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Pantoea sp. and noted lowered gall formation produced by

Agrobacterium tumefaciens.

As shown above, PGPRs have so far primarily been

researched in vitro, and in greenhouse trials. Few studies exist

at the field scale and any practical yield benefit from these

microorganisms has yet to be quantified (Bashan et al., 2014).

Other optimizations must be performed before any selected

consortia can be developed into commercial products. The

survivability and persistence of the applied strains must be

quantified not only in the soil along with any competitive/

negative effects from the native rhizosphere microbiome but

also in stable storage conditions. European legislation restricting

the application of chemical substances to crops has been passed

relatively recently (Regulation EC 1107 (2009). It is therefore

alarming that only a single reviewed study concerned the

development of commercial bioinoculants; Iṡ ̧çı et al. (2009)

applied consortium EM·A (comprised of lactic acid,

phototropic bacteria, and yeasts; EM AGRITON Ltd.,

Belgium) to V. champini, and recorded improved rooting.
Mycorrhizae

More than 400 MYA, the presence of mycorrhiza in soil was

essential for the colonization of terrestrial environments by plants

due to their ability to provide stress tolerance and soil resources

via symbiosis (Heckman et al., 2001). This adaptation continues

in the majority of plants on Earth, including grapevines

(Trouvelot et al., 2015). Roots of grapevines form a particular

type of mycorrhizal symbiosis called arbuscular mycorrhizae,

characterized by the penetration and internal colonization of

plant root cells by fungal hyphae (Trouvelot et al., 2015).
Frontiers in Plant Science 17
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Arbuscules form within the plant roots and serve as the

exchange site for various metabolites (Trouvelot et al., 2015).

Arbuscular mycorrhizal fungi (AMF) are widely known for being

able to enhance the uptake of P in the host roots, a nutrient that is

typically limiting in cropping systems like vineyards (Smith et al.,

2011; Van Geel et al., 2017). However, they also provide increased

plant uptake of N and other limiting elements including trace

metals Fe, Mn, Cu, and Zn (Clark and Zeto, 2000), which are also

critical to plant health (Figure 1). This is accomplished by greatly

extending the root system’s exploration and exploitation area

(Smith and Read, 2008; Trouvelot et al., 2015), simultaneously

increasing plant access to water sources that would be otherwise

inaccessible (Al-Karaki and Clark, 1998). This feature may be

particularly advantageous in rain-fed vineyards growing in

nutrient-poor soils, which are widespread in most traditionally

wine-producing regions such as the Mediterranean, Middle East,

and Caucasian regions (Table 6).

In addition to their role in plant water and nutrient uptake,

AMF contributes to the biosynthesis of a wide range of

molecules such as vitamins and hormones needed to support

the metabolism and health of plants (Strzelczyk et al., 1991),

although this is poorly investigated in the context of vineyards.

Arbuscular mycorrhizal fungi can also protect grapevines

against harmful pathogens and pests, including the root-knot

forming nematode Meloidogyne incognita, through the

induction of a defense response involving enzymes like

chitinases (Li et al., 2006). Moreover, AMF contributes to the

development of a healthy rhizosphere community (i.e., a

microbially diverse community that is functionally linked to

the plant), which in turn may confer tolerance/resistance against

a range of biotic and abiotic stresses (reviewed above), including

heat, drought, salinity, pathogenic infection, and pests (Fitter
TABLE 5 Continued

Crop
variety

PGPR strains Properties Application
and dosage

Experimental
condition

Effects Reference

Vitis vinifera
cv.
Chardonnay
7535.

Pseudomonas
fluorescens CHA0.

Induction of systemic resistance2;4-
diacetylphloroglucinol.Pyoluteorin.Pyrrolnitrin.AprA,
exoprotease.HCN.

Dipping the
root system in a
20 mL bacterial
suspension (107

CFU mL-1).

In vitro, four-week-
old grapevine
plantlets.

Induced
resistance in
grapevine
against Botrytis
cinerea.

Verhagen
et al. (2010).

Pseudomonas
aeruginosa 7NSK2.

Induction of systemic
resistance.Pyoverdin.Pyochelin.Pyocyanin.Salicylic
acid.

Vitis vinifera
cv. Muscat
d’Italie.

Bacillus subtilis B6. Antibiotic production. Bacterial
suspension (108

–109 CFU mL-1)
application in
stem cutting.

In vitro and vineyard. Protection
against
Grapevine
Trunk Diseases
(GTDs) and
fungi
antagonists.

Rezgui et al.
(2016).

Vitis vinifera
‘Chardonnay’
(clone 7535).

Pseudomonas sp.
Sn48.

Endophytic.Reduced gall formation by Agrobacterium
tumefaciens.

Root dipping in
bacterial
suspensions
(108 CFU mL-1)
for 1–2 min.

In vitro and growth
chamber.

Induction of
defenses against
Agrobacterium
tumefaciens.

Asghari
et al. (2020).

Pantoea sp. Sa14.
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and Garbaye, 1994; Gryndler, 2000; Jeffries et al., 2003; Gupta

et al., 2018). Given their importance in vine nutrition and

pathogen response, AMF are a critical pillar of healthy,

functioning vineyards (Trouvelot et al., 2015), especially in the

current context of widespread environmental degradation and

climate change. In addition to direct benefits to plant health,

mycorrhizae may also provide important ecosystem services,

including increasing potential carbon sequestration of vineyard

soils and reducing erosion (Trouvelot et al., 2015).

Despite these benefits, mycorrhizal symbiosis is frequently

disrupted in croplands due to intensive management, including

excessive tilling, which breaks the orderly structure of soil

aggregates and fungal networks (Gosling et al., 2006; Bowles

et al., 2017; Porter and Sachs, 2020), although this has been

poorly investigated in vineyards (Winter et al., 2018). Biocides

can also negatively affect mycorrhizal fungi, with deleterious

consequences on the establishment of symbiosis (Gosling et al.,

2006; Zaller et al., 2018), while synthetic fertilizers disrupt the

mycorrhizal association due to the ablation of nutritional

constraints, such as N and P (Gosling et al., 2006; Van Geel
Frontiers in Plant Science 18
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et al., 2017). Regenerating proper vine-mycorrhizal balance and

function in degraded vineyards is thus a priority, which may

yield many benefits to both growers and the wider society.

Regeneration of the vine-AMF interaction can take place

through various means, which should be considered holistically

in terms of impact on total vineyard management. One such

strategy is the inoculation of grapevines with one or more strains

of mycorrhizal fungi previously selected for their ability to

colonize vine roots (Linderman and Davis, 2001; Trouvelot

et al., 2015). One aspect in which inoculation with mycorrhizal

biostimulants might be particularly important is to minimize the

growing threat of trunk diseases (Petit and Gubler, 2006;

Holland et al., 2019), which may be linked to widespread

alteration of plant-microbial associations. It has been recently

suggested that declines observed in woody plants are related to

microbiome modifications or imbalances (i.e., dysbiosis) (Porter

and Sachs, 2020). Arbuscular mycorrhizal fungi known to help

re-establish symbiosis include various strains of Glomus

intraradices, such as G. intraradices BEG72 (Nogales et al.,

2008) and INVAM CA501 (Petit and Gubler, 2006).
TABLE 6 An overview of the main effects of mycorrhizal inoculants applied in viticulture.

Crop
variety

Applied material and
properties

Dosage, the form of
application, and
stage of plant
development

Experimental
condition

Effects Reference

Vitis vinifera
cv. Pinot
noir.

Mixed inoculum of 3 AMF isolated from
a vineyard and recultured with Sorghum
bicolor: Scutellospora calospora INVAM#
OR219, G. mosseae INVAM# OR218,
and Glomus sp. INVAM#215.

A mixture of soil with AM
fungal spores, hyphae, and
colonized root fragments.
20 g of inoculum plant-1.

Potted plants in a
greenhouse.

Vine growth was dependent on AMF in one
soil, but inoculated and non-inoculated vines
grew equally well in another soil. Increase in
plant dry mass with AMF due to enhanced P
uptake (833% increase). The uptake of most
other nutrients was also enhanced by AMF in
the first soil.

Schreiner
(2007).

Vitis vinifera
cv. Pusa
Navrang.

Six single strains and a mixture of AMF
(G. manihotis, Glomus mosseae, and G.
gigantean) recultured with Chloris
guyana: Acaulospora laevis, A.
scrobiculata, Entrophospora colombiana,
Gigaspora gigantea, Glomus manihotis,
and Scutellospora heterogama.

A mixture of soil with AM
fungal spores, hyphae, and
colonized root fragments.
20 g of inoculum plant-1.

Micropropagated
plantlets in a
greenhouse.

Enhanced survival and improved tolerance
against stresses. Improved physiological and
nutritional status and higher relative water
content and photosynthetic rate. Higher
concentrations of N, P, Mg, and Fe. Better
hardening.

Krishna
et al. (2005).

Vitis vinifera
cv.
Tempranillo.

GLOMYGEL Vid, Olivo, Frutales
(Mycovitro S.L., Pinos Puente, Spain):
Culture of AMF Rhizophagus
intraradices.

8 mL of diluted
mycorrhizal inoculum
plant-1 (equivalent to 2000
propagules).

Cuttings are
planted in 6.5-L
plastic pots.

AMF inoculation improved parameters linked
to phenolic maturity such as anthocyanin
content and increased antioxidant activity
under elevated temperature.

Torres et al.
(2016).

Vitis vinifera
cv.
Sangiovese.

Funneliformis mosseae IMA1. A mixture of soil with AM
fungal spores, hyphae, and
colonized root fragments
and autoclaved peat in a
proportion of 1:4 v/v + 2
mL of F. mosseae IMA1
inoculum filtrate.

Explants were
cultivated in 150
mL sanitized pots.

Greater emission of volatiles related to plant
defense and water stress.

Velásquez
et al.

(2020b).

Vitis vinifera
cv.
Viosinho.

Funneliformis mosseae inoculum (isolate
BEG95, Symbiom®, Czech Republic).

10 g of inoculum plant-1

buried in ditches and
mixed with soil and rye
seeds.

Field experiment. Greater establishment of new mycorrhizal
taxa in vine roots. Greater photosynthetic
efficiency after a heat wave. Compensation
for water competition with cover crops.

Nogales
et al. (2021).

Vitis vinifera
cv. Cabernet
Sauvignon.

Commercial inoculum Mykoflor
(Mykoflor, Polland).

20 mL of suspension under
the vine roots (~2000
propagules).

Field experiment. Improved leaf gas exchange.Higher yield and
number of clusters. Greater polyphenols and
anthocyanins.

Karoglan
et al. (2021).
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Proper timing may be critical when inoculating plants with

mycorrhizal biostimulants (Sohn et al., 2003), but there is little

information for vineyards. It is suggested that rootstocks be

submerged in an AMF spore solution before planting, but

variable success is reported. For example, a study was carried

out on Vitis rupestris cv. St. George using G. intraradices and

reported that pre-inoculated plants were less susceptible to black

foot disease (Petit and Gubler, 2006), while (Holland et al., 2019)

observed no difference between inoculated and uninoculated

plants. Some studies have also reported clear effects in the

greenhouse, but not under realistic field conditions (Rosa

et al., 2020). Other ways to add AMF to vineyards include the

direct spraying of commercial biofertilizers on adult plants,

through the addition of granules containing spores, and

potentially also the translocation of whole soil inoculants from

previously selected locations particularly diverse in terms of

AMF such as forests. This latter approach is underexplored in

vineyards. Perhaps contributing to variability in inoculation

success is the difficulty in altering the pre-established

microbiome of adult plants. Moreover, the mixed positive and

neutral effects of inoculating vines with AMF, together with the

fact that some (but not all) mycorrhizal fungi show a certain

degree of host specificity (Campos et al., 2018), suggest the

importance of screening AMF strains against potential

compatible host vine cultivars/rootstocks prior to inoculum

development (Schreiner, 2007). Finally, the vine-AMF

symbiosis is context dependent and may be linked to factors

critical for productive vineyards including soil fertility and other

properties (e.g., soil organic matter content, pH, and texture)

(Trouvelot et al., 2015). For example, the presence of a well-

developed community of cover crops in vineyard inter-rows may

favor inoculated AMF establishment, by providing an additional

host crop and continuous reservoir for supplying adjacent

grapevines (Winter et al., 2018).
Biological control agents

Climate change simulations predict that the fitness of crop

insect pests will increase beyond 30° latitude North and South of

the equator (Santos et al., 2020). Indeed, a three-decade study

observed shifts in the phenology of grape berry moths

(Eupoecilia ambiguella, E. viteana, and Lobesia botrana),

distribution ranges of leafhoppers (Scaphoideus titanus Ball, a

common vector of grapevine diseases), and range expansion of

grapevine mealybugs (Planococcus ficus) (Reineke and

Thiéry, 2016).

The effective control of crop pests is a continuous process.

For native and newly introduced pests, the adoption of novel

biological control agents (BCAs) is needed for sustainable

alternative pest management (Figure 1). BCAs are living

organisms antagonistic against pests. By definition, biological

control must involve: 1) a biocontrol agent, 2) a pest to be
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controlled, and 3) a farmer or a stakeholder benefitting from the

pest control (Stenberg et al., 2021). Organisms such as insects or

mites, bacteria, fungi, and nematodes are used to control weeds

or pests and diseases of cultivated plants (Ehlers, 2011). Viruses

are not living entities, but contain structural biological

components such as nucleic acids and proteins and are

therefore also considered BCAs (Stenberg et al., 2021).

Semiochemicals (chemical molecules produced by organisms

that modify the behavior of other living beings, i.e., bio-

communication) and plant extracts that can act directly on a

pathogen or pest are other options for BCAs (Ehlers, 2011).

Biological control is an interaction between at least two

organisms, and success is therefore influenced by many factors

including climate, reproduction mode and rate, food availability,

and others. Holistically considering the total impact of all

dynamic factors together when designing a balanced pest

management plan is referred to as integrated pest management

(IPM). BCAs are a main component of IPM, and together, are

becoming increasingly utilized in agriculture.

Biocontrol agents may be naturally present in the

agroecosystem (e.g. a native population of soil microbes

antagonistic to plant-parasitic nematodes), or first grown in

vitro and then released (Sharma et al., 2009; Stenberg et al.,

2021). Grapevine is a perennial crop and harbors a large

microbiome in both the rhizosphere and stem tissues.

Additional microorganisms which act to balance the

microbiota are also found in the phyllosphere and

fructosphere (Ranade et al . , 2021). Many of these

microorganisms act as BCAs and are a promising ecological

strategy for disease control (Carro-Huerga et al., 2021).

The cropping system (e.g. conventional vs. organic farming)

also influences the potential number of biocontrol agents which

may be isolated for application. Cordero-Bueso et al. (2017)

evaluated the biocontrol potential of 230 grape yeast isolates

from different cultivation systems. The fractions with the most

candidates were isolated from wild vines (62.7%) and

biodynamic vineyards (17.7%). The least number of candidates

were isolated from organic (6.2%) and conventional systems

(7.2%). Wild vine species may therefore serve as a valuable

resource for bioprospecting future BCAs. Additional potential

sources of candidates include other plants, insects, animal

intestinal tracts , soi ls , and marine and freshwater

environments (Kurtzman et al., 2011).

BCAs can have several mechanisms of action against

pathogens. During resource limitation, BCAs may outcompete

detrimental microbes in terms of space (niches), nutrients,

water, and/or light (Wang et al., 2018; Almeida et al., 2020).

Other mechanisms include iron depletion (Sipiczki, 2006;

Cordero-Bueso et al., 2017); production of lytic enzymes

(Cordero-Bueso et al., 2017; Cabañas et al., 2020); production

of volatile organic and semio-compounds antagonistic against

pests (Cabañas et al., 2020; Don et al., 2021); resistance induction

of the host plant (Arras, 1996; Jeandet et al., 2002; Maachia et al.,
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2015; Haidar et al., 2016); direct parasitism; tolerance of reactive

oxygen species (ROS) (Aziz et al., 2003; Jamalizadeh et al., 2011);

biofilm formation (Cabañas et al., 2020); synthesis of

pathogenesis-related proteins (Chan and Tian, 2006); and

antibiotic production (Maachia et al., 2015; Cordero-Bueso

et al., 2017).

Production of extracellular mucilage produced by microbial

antagonists throughout host cells may be linked to cell adhesion,

and contain biochemical elicitors to signal defense responses (El-

Ghaouth et al. , 1998). Fragments of yeast cell wall

o l igosacchar ides have also been noted to possess

elicitor potential.

In viticulture, most BCAs are applied to control fungal

diseases and pests associated with insect and mite vectors.

However, other biological controls have also been researched

and suggested for other pests. For example, harmful mollusks

(snails) in vineyards in cool and wet climates may be effectively

controlled by the nematode Phasmarhabditis hermaphrodite

(Schneider), as there are restrictions on the use of synthetic

molluscicides (Egleton et al., 2021). BCAs are also being

developed for the control of weed species prevalent in

vineyards (Samad et al., 2017).

In a grapevine host, antibiosis and resistance induction

were observed, attributed to the antagonism of Bacillus subtilis

B29 against Uncinula necator (powdery mildew) and Botrytis

cinerea (grey mold) (Maachia et al., 2015). An n-hexane

extraction of the cell-free supernatant of B. subtilis B29

revealed the presence of 17 fractions through HPLC. Two

fractions were considered antibiotics against M. ramannianus

and M. luteus, based on their antimicrobial activity (Sihem

et al., 2011). B. subtilis B29 and B27 have also been described as

inducing host resistance through the high production of

phenolic compounds, with a significant increase in

hydroxycinnamic acid (Maachia et al., 2015).

Antagonism against pests alone does not necessarily make

an organism a BCA. The applied fungi, yeasts, and bacteria must

possess other characteristics to allow for practical use in the field.

For example, a BCA with greater adaptability than the pest may

allow for widespread niche colonization and higher competitive

potential (El-Ghaouth et al., 2004). Additionally, prior to

application, the BCA candidate should be extensively screened

for the production of metabolites harmful to non-pest

organisms, especially humans. In the specific case of biological

control of molds on grapes following harvest, the BCA should

not leave residue on the berries. After identifying the mechanism

of antagonism, and confirming BCA adaptability and safety,

appropriate tests following the guidelines of national regulatory

bodies must be conducted before registration as a

commercial inoculant.

The use of BCAs in agriculture began in the second half of

the 20th century, and several candidates have been identified.

Although many researchers have since evaluated their pest

control potential, few inoculants reach commercialization.
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Bacillus subtilis is one of the most widely applied fungicidal

BCAs (Garrido and Botton, 2020). During the 2020/2021 harvest

in Brazil, 182 commercial brands of synthetic fungicides were

available for application to vineyards, compared to 28 biological

fungicides (Table 7). Only two genera were represented, Bacillus

and Paecilomyces, with a predominance of Bacillus (mostly B.

subtilis). Other species of Bacillus were B. amyloliquefaciens; B.

licheniformis; B. methylotrophicus; and B. pumilus. Paecilomyces

lilacinus has been cited as an active ingredient in seven

commercial brands. Most are composed of a single species

and strain.

Esca is caused by the association of the fungi Phaeoacremonium

minimum and Phaeomoniella chlamydospore and is one of the main

Grapevine trunk diseases (GTDs). Control of Esca is achieved

mainly through BCAs, in which common biological agents are

Trichoderma fungi (Chervin et al., 2022). Trichoderma atroviride-

based products (CS1 by Vintec® - Belchim Crop Production and I-

1237 by Esquive® - Agrauxine by Lesaffre) are often effective

because they have multiple mechanisms of action: substrate

competition, antibiosis, and mycoparasitism (Pertot et al., 2015;

Belchim, 2022). For the control of powdery mildew (Uncinula

necator), AQ10® (Ampelomyces quisqualis) is used commercially

(Benuzzi and Baldoni, 2000). Another biologically-controlled

disease is downy mildew (Plasmopara viticola). Trichoderma

harzianum (known as Trichodex®), acts against the oomycete by

increasing lignin, callose, and hydrogen peroxide, in addition to

upregulating the defense enzymes phenylalanine ammonia-lyase,

peroxidase, and 1,3-glucanase (Kamble et al., 2021).

The choice of BCA is of paramount importance.

Simultaneous with disease control, some BCAs can influence

grape productivity and quality with variable effects on acidity,

soluble solids content, and berry size. Malviya et al. (2022) cite

significant differences in the acidity of vine fruits treated with

three BCAs ranging from 3.7 to 4.2 and 4° Brix in the SST.

Production per plant doubled when treated with BCAs and

almost tripled when combined with BCA + sulfur.

As for insecticides and acaricides, 55 synthetic products and

38 biological commercial products have been authorized for

grapevines. Twenty-six contain Beauveria bassiana as an active

ingredient and three with B. thuringiensis. For the control of

insects and mites, recommendations for predatory insects (one

Orius insidiosus and one sterile male pupil of Ceratitis capitata),

predatory mites (four Neoselulus californicus and two

Phytoselulus macropilis with AcMNPV virus), and one viral

compound (AcMNPV virus, ChinNPV Virus, HearNPV Virus,

SfMNPV Virus) are available.

Many antagonists with BCA potential are studied with

increasingly efficient and cost-effective techniques. In addition

to bioprospecting for biopesticides, valuable antibiotics may also

be obtained from these organisms. Decreased BCA production

costs and improved management techniques that increase and

prolong BCA effects will allow for scaling their use in viticulture.

Thus, biological products with multiple benefits (controlling
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TABLE 7 Principal biological control agents (BCAs) applied in viticulture in Brazil.

Trade (and company)
names

BCA Concentration Dosage Target pathogens Application

NO-NEMA® (Biovalens
Biotecnologia)

Bacillus
amyloliquefaciens

42 (3 x109 UFC
mL-1)

0.5 - 4.0
L ha-1

Nematodes (several species) Soil/Seed

DURÁVEL® (BASF) Bacillus
amyloliquefaciens
MBI600

110 (5.5 x
1010UFC g-1)

0.5 -
1.0 kg
ha-1

Botrytis cinerea Soil/Aerial

ECO-SHOT® (IHARA) Bacillus
amyloliquefaciens
cepa D-747

250 (5 x 1010 UFC
g-1)

1.0 -
4.0 kg
ha-1

Sclerotinia sclerotiorum, Colletotrichum gloeosporioides Foliar/fruit
immersion

NEMA III Bacillus
amyloliquefaciens

42 (3 x109 UFC
mL-1)

0.5 - 4.0
L ha-1

Nematodes (several species) Soil

NEMACONTROL®

(Simbiose®)
Bacillus
amyloliquefaciens

30 (5 x 109 UFC
mL-1)

0.5 - 1.0
L ha-1

Pratylenchus brachyurus Seed

PFC-CONTROL Bacillus
amyloliquefaciens

30 (5 x 109 UFC
mL-1)

0.5 - 1.0
L ha-1

Pratylenchus brachyurus Seed

QUARTZ SC Bacillus
amyloliquefaciens

1,5 (3 x 109 UFC
mL-1)

1.0 - 2.0
L ha-1

Botrytis cinerea Soil

PROFIX® (Bula) Bacillus
licheniformis, B.
subtilis,
Paecilomyces
lilacinus

200 + 200 + 200
(1010 UFC g-1)

50 - 70 g
ha-1

Meloidogyne incognita, Pratylenchus brachyurus Soil/Seed

ONIX® (Lallemand) Bacillus
methylotrophicus

15 (109 UFC mL-1) 6.0 L ha-
1

Meloidogyne javanica, Pratylenchus brachyurus Soil/Seed

ONIXog® (Lallemand) Bacillus
methylotrophicus

15 (109 UFC mL-1) 6.0 L ha-
1

Meloidogyne javanica, Pratylenchus brachyurus Soil/Seed

SONATA® (Bayer
CropScience)

Bacillus pumilus
QST 2808

14.35 (109 UFC g-
1)

2.0 - 4.0
L ha-1

Uncinula necator, Botrytis cinerea Aerial

BIO-IMUNE® (Vittia
Grupo)

Bacillus subtilis
BV02

42 (3 x109 UFC
mL-1)

2.0 - 8.0
L ha-1

Uncinula necator Foliar

BIOBACI/BIOBACI III®

(Biovalens Biotecnologia)
Bacillus subtilis
BV09

7 (108 UFC g-1) 1.5 - 6.0
L ha-1

Meloidogyne spp. Fusarium oxysporum Soil

PRESENCE Bacillus subtilis
FMCH002,
Bacillus
licheniformis
FMCH001

200 + 200 (1011

UFC g-1)
100 -
150 g
100 kg-1

Meloidogyne javanica, Pratylenchus brachyurus Seed

SERENADE® (Bayer
CropScience)

Bacillus subtilis
QST 713

13.68 (109 UFC g-
1)

2.0 - 4.0
L ha-1

Botrytis cinerea, Colletotrichum gloeosporioides Soil/Aerial

RIZOS OG® (Lallemand
Soluções Agrobiológicas
Ltda)

Bacillus subtilis
UFPDA 764

3 (3x109 UFC mL-
1)

4.0 - 8.0
L ha-1

Meloidogyne javanica, Pratylenchus brachyurus Seed

BIOBAC® (Vital Brasil
Chemical Indústria e
Comércio de Produtos
Quıḿicos Ltda – ME)

Bacillus subtilis
Y1336

500 (109 UFC g-1) 0.8 -
1.0 kg
100 L-1

Botrytis cinerea Aerial

QUATZO® (FMC Quıḿica
do Brasil Ltda)

Bacillus subtilis,
Bacillus
licheniformis

200 + 200
(1011UFC g-1)

130 -
300 g ha-
1

Nematodes (several species) Soil

BN 40.001/19 (Ballagro) Paecilomyces
lilacinus

300 (7.5 x 109UFC
g-1)

1.92 kg
ha-1

Meloidogyne incognita Soil

MNG-02/14 (Agrobiológica
Sustentabilidade)

Paecilomyces
lilacinus

7 (105 UFC g-1) 1.0 -
4.0 kg
ha-1

Meloidogyne incognita Soil

NEMAKILL® (Grupo
Clıńica Agrıćola)

Paecilomyces
lilacinus

7 (105 UFC g-1) 1.0 -
4.0 kg
ha-1

Meloidogyne incognita Soil

(Continued)
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disease(s), promoting plant growth, and increasing grape

quality) are compliant with the sustainable development

objectives of the 2030 agenda of the United Nations (UN).

The reduction of synthetic chemical inputs in this manner can

simultaneously reduce contamination throughout the

production chain and ecosystem.

Future studies should investigate other applications of BCAs,

such as the use of parasitic nematodes (Phasmarhabditis

hermaphrodita) or earthworms (Lumbricidae) for pest control

against snails and slugs in vineyards.
Conclusions and future prospects
for investigation

The application of biostimulants and BCAs may allow for

improved sustainable viticulture and may serve as alternatives

for chemically synthesized agronomic inputs, thereby reducing

the negative environmental impact of pesticides and fungicides.

The positive effects on plant growth are summarized in Figure 1

and vary widely depending on the type of biostimulant applied to

the crop. The optimization of these materials is necessary for a

successful application, by considering biostimulant concentration

and dosage effects, plant developmental stage, climatic/

environmental conditions, and experimental setup.

Therefore, the main limitations and areas for further

investigation for future biostimulant and BCA optimization in

sustainable viticulture are listed below:
Fron
A) Manufacturing and commercialization

• Harmonization of legislation and lack of regulations on

product quality

• Competitive commercialization costs

• Availability of rawmaterials used for their manufacturing,

especially the lack of quality material (i.e. heterogeneous

composition)
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• Storage and effectivity duration (especially for biological

products)

B) Application

• Lack of information at field-scale, and very few reports

on the application in uncontrolled realistic conditions

with positive results

• Effect variability on the unknown plant microbiome

• Effect variability on plant growth, depending on product

dosage (concentration and number of applications)

• Effect variability depending on the mode of product

application (foliar spraying, or via soil irrigation/

fertigation)

• Effect variability depending on the stage of crop

development

• Speculation remains as to underlying mechanisms

associated with the biostimulant

• Comparative studies with agrochemicals as control

• Synergetic effects with other products and potential

negative effects

• Lack of standard protocols depending on grape cultivar

C) Environmental and practical issues

• Soil management

• Environmental and practical issues

• Soil management for effect optimization

• Integration with agronomical management (e.g.

avoiding tillage for AMF)

• Short and long-term environmental impact (e.g.

contamination of soil and watersheds)
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Trade (and company)
names

BCA Concentration Dosage Target pathogens Application

NEMAT® (Agroindustrial
Limsa)

Paecilomyces
lilacinus

300 (7.5 x 109

UFC g-1)
0.1 -
0.25 kg
ha-1

Meloidogyne incognita, Pratylenchus brachyurus Soil/Seed

NETTUS® (Ballagro Agro
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Paecilomyces
lilacinus

300 (7.5 x 109

UFC g-1)
1.28 -
1.92 kg
ha-1

Meloidogyne incognita Soil

Purpureonyd Fr25 (TZ
Biotec)

Paecilomyces
lilacinus

200(6.5 x 107 UFC
g-1)

1 kg 15
ha-1

Meloidogyne incognita Soil/Aerial

VINTEC (Belchim Crop
Production)

Trichoderma
atroviride

1 x 1013 UFC g-1 200 g.
ha-1
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Andrés, P., Rosell-Melé, A., Colomer-Ventura, F., Denef, K., Cotrufo, M. F.,
Riba, M., et al. (2019). Belowground biota responses to maize biochar addition to
the soil of a Mediterranean vineyard. Sci. Total Environ. 660, 1522–1532.
doi: 10.1016/j.scitotenv.2019.01.101

An, X., Wu, Z., Yu, J., Cravotto, G., Liu, X., Li, Q., et al. (2020). Copyrolysis of
biomass, bentonite, and nutrients as a new strategy for the synthesis of improved
biochar-based slow-release fertilizers. ACS Sustain. Chem. Eng. 8 (8), 3181–3190.
doi: 10.1021/acssuschemeng.9b06483

Arioli, T., Mattner, S. W., Hepworth, G., McClintock, D., and McClinock, R.
(2021). Effect of seaweed extract application on wine grape yield in Australia. J.
Appl. Phycol. 33, 1883–1891. doi: 10.1007/s10811-021-02423-1

Arras, G. (1996). Mode of action of an isolate of Candida famata in biological
control of Penicillium digitatum in orange fruits. Postharvest Biol. Tec. 8 (3), 191–
198. doi: 10.1016/0925-5214(95)00071-2

Asghari, S., Harighi, B., Ashengroph, M., Clement, C., Aziz, A., Esmaeel, Q., et al.
(2020). Induction of systemic resistance to Agrobacterium tumefaciens by
endophytic bacteria in grapevine. Plant Pathol. 69 (5), 827–837. doi: 10.1111/
ppa.13175
Aziz, A., Poinssot, B., Daire, X., Adrian, M., Bézier, A., Lambert, B., et al. (2003).
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videira, desencadeando respostas de defesa histopatológicas e bioquıḿicas.
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A novel PGPF Penicillium olsonii 
isolated from the rhizosphere of 
Aeluropus littoralis promotes 
plant growth, enhances salt 
stress tolerance, and reduces 
chemical fertilizers inputs in 
hydroponic system
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The hydroponic farming significantly enhances the yield and enables multiple 

cropping per year. These advantages can be improved by using plant growth-

promoting fungi (PGPF) either under normal or stress conditions. In this study, 

the fungal strain (A3) isolated from the rhizosphere of the halophyte plant 

Aeluropus littoralis was identified as Penicillium olsonii based on sequence 

homology of its ITS region. The A3 fungus was shown to be halotolerant (up 

to 1 M NaCl) and its optimal growth was at 27°C, but inhibited at 40°C. In liquid 

culture medium, the A3 produced indole acetic acid (IAA) especially in the 

presence of L-tryptophan. Tobacco plants grown under hydroponic farming 

system were used to evaluate the promoting activity of the direct effect of 

A3 mycelium (DE) and the indirect effect (IDE) of its cell-free culture filtrate 

(A3CFF). The results showed that for the two conditions (DE or IDE) the tobacco 

seedlings exhibited significant increase in their height, leaf area, dry weight, 

and total chlorophyll content. Interestingly, the A3CFF (added to the MS liquid 

medium or to nutrient solution (NS), prepared from commercial fertilizers) 

induced significantly the growth parameters, the proline concentration, the 

catalase (CAT) and the superoxide dismutase (SOD) activities of tobacco 

plants. The A3CFF maintained its activity even after extended storage at 4°C 

for 1 year. Since the A3 is a halotolerant fungus, we tested its ability to alleviate 

salt stress effects. Indeed, when added at 1:50 dilution factor to NS in the 

presence of 250 mM NaCl, the A3CFF enhanced the plant salt tolerance by 

increasing the levels of total chlorophyll, proline, CAT, and SOD activities. In 

addition, the treated plants accumulated less Na+ in their roots but more K+ 

in their leaves. The A3CFF was also found to induce the expression of five 

salt stress related genes (NtSOS1, NtNHX1, NtHKT1, NtSOD, and NtCAT1). 
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Finally, we proved that the A3CFF can reduce by half the chemical fertilizers 

inputs. Indeed, the tobacco plants grown in a hydroponic system using 0.5xNS 

supplemented with A3CFF (1:50) exhibited significantly higher growth than 

those grown in 0.5xNS or 1xNS. In an attempt to explain this mechanism, 

the expression profile of some growth related genes (nitrogen metabolism 

(NR1, NRT1), auxin (TRYP1, YUCCA6-like), and brassinosteroid (DET2, DWF4) 

biosynthesis) was performed. The results showed that all these genes were 

up-regulated following plant treatment with A3CFF. In summary the results 

revealed that the halotolerant fungus P. olsonii can stimulates tobacco plant 

growth, enhances its salt tolerance, and reduces by half the required chemical 

fertilizer inputs in a hydroponic farming system.

KEYWORDS

Penicillium olsonii, halophilic PGPF, cell-free culture filtrate, salt stress, plant growth 
promotion, sustainable agriculture

Introduction

Plants live in unstable environments that often inhibit growth 
and development. Unfavorable environmental conditions include 
biotic and abiotic stresses, such as drought, salt, and low or high 
temperatures, which greatly reduce plant productivity and 
threaten food security (Jamil et al., 2011; Zhu, 2016). Improving 
agricultural sustainability requires efficient management of soil 
fertility, fertilizer input, water use, and crop rotations, which help 
maintain proper soil equilibrium and high crop productivity. 
Biological processes in the soil play important roles in the cycling 
of essential elements for plant growth, including carbon, nitrogen, 
phosphorus, and sulfur (Drobek et al., 2019). In 2012, more than 
6.2 million hectares in European countries were treated with 
biostimulants (Calvo et al., 2014; Colla and Rouphael, 2015). The 
use of microorganisms in improving nutrient availability for 
plants is an important strategy to protect biodiversity, and meet 
the increasing food demands of the global population (Vimal 
et al., 2017). It is well known that plant growth and health benefit 
from the presence of certain bacteria and fungi that live both 
within and around their tissues. In particular, soil fungi have long 
been known as a key element of soil fertility, plant nutrient 
turnover, and plant growth promotion (Haro and Benito, 2019). 
The plant growth-promoting fungi (PGPFs) can influence 
germination, seedling vigor, shoot growth, root growth, 
photosynthetic efficiency, flowering, and yield (López-Bucio et al., 
2015; Hossain and Sultana, 2020b). Moreover, previous studies 
have revealed that PGPFs also improve systemic tolerance of 
abiotic stress in various crop plants (Khan et al., 2011; Zhang et al., 
2016; Chandra and Singh, 2020). PGPFs include species of the 
genera Aspergillus, Fusarium, Trichoderma, Penicillium, 
Piriformospora, Phoma, and Rhizoctonia (Hossain et  al., 2007, 
2014, 2017; Shoresh et  al., 2010). Aspergillus, Fusarium, 
Penicillium, Piriformospora, Phoma, and Trichoderma are 
specifically involved in abiotic stress tolerance (Chandra and 

Singh, 2020). The specific selection of halotolerant fungi that 
promote salt tolerance and plant growth could thus significantly 
enhance plant productivity either under normal or salt stress 
conditions, representing a promising approach for increasing 
nutrient bioavailability and helping advance saline soil-
based agriculture.

The soil microorganisms play a fundamental role in 
regulating organic matter decomposition and the mobilization 
of nutrients for plants, thus promoting their growth and 
productivity (Yarzábal and Chica, 2017). PGPFs represent 
roughly 44.2% of rhizosphere fungal isolates (Hossain and 
Sultana, 2020a). However, their frequency of occurrence in the 
rhizosphere varies with host plant species (Schmid et al., 2018; 
Hakim et al., 2021). These beneficial fungi have a crucial role in 
physiological processes such as photosynthesis, phytohormone 
biosynthesis, and responses to salinity, drought, heat, cold and 
heavy metal stresses (Ansari et al., 2013). Trichoderma virens 
has been used to enhance biomass production and stimulate 
lateral root development in Arabidopsis seedlings (Contreras-
Cornejo et  al., 2009). A bushy root phenotype and strong 
stimulation of root hair development were observed in Chinese 
cabbage (Brassica rapa) seedlings treated with Piriformospora 
indica (Lee et al., 2011). Similarly, multiple species of PGPFs 
have been described that enhance cucumber (Cucumis sativus) 
plant growth via different mechanisms (Chandanie et al., 2009; 
Saldajeno and Hyakumachi, 2011; Hossain et al., 2014; Islam 
et al., 2014; Babu et al., 2015). Spinach (Basella alba) seedlings 
inoculated with the rhizosphere fungus Fusarium spp. showed 
more vegetative growth and both higher germination 
percentages and vigor indices compared to non-treated plants 
(Islam et al., 2014). Auxin and cytokinin phytohormones are 
involved in interactions between plant roots and soil 
microorganisms like bacteria and fungi (Boivin et al., 2016). 
The effectiveness of Penicillium menonorum on cucumber 
(C. sativus) growth is attributed to the secretion of indole acetic 
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acid (IAA), which potentially represents the main mechanism 
for plant growth stimulation (Babu et al., 2015). Additionally, 
Arabidopsis seedlings showed characteristic auxin-related 
phenotypes, including lateral root development and biomass 
increases, when inoculated with Trichoderma virens (Contreras-
Cornejo et al., 2009). Salas-Marina et al. (2011) also noted that 
the Aspergillus ustus promotes growth in Arabidopsis thaliana 
through auxin synthesis in liquid cultures.

Besides observing the direct effects on plant growth from 
mycelium, potential effects of fungal culture filtrates have also 
been studied. Treatments with Fusarium tricinctum RSF-4 l and 
Alternaria alternata RSF-6 l culture filtrates have been found to 
improve growth of rice (Oryza sativa) seedlings via IAA secreted 
into culture media (Khan et  al., 2015). Autoclaved and filter-
sterilized culture filtrates of P. indica enhance hairy root growth 
and lignin production of Linum album (Kumar et  al., 2012). 
Furthermore, in vitro co-cultivation with P. indica culture filtrate 
alters callus production, organogenesis, and photosynthetic 
pigment content in Artemisia annua (Baishya et al., 2015). Khan 
et  al. (2015) suggested that fungi secrete plant hormone-like 
compounds into culture media that help re-program and regulate 
endogenous phytohormone levels of the host plant. The 
Penicillium genus, which is widely distributed in soil habitats of 
cultivated, forest, desert, beach, and marine regions, has several 
species that are known PGPFs that can produce phytohormones 
and enhance mineral solubilization (Babu et al., 2015). Results 
from previous studies conducted with Penicillium sp. showed 
effective enhancement of plant growth and improvement of biotic 
and abiotic stress tolerance in multiple plant species (Hossain 
et al., 2007; Khan et al., 2008; Khan and Lee, 2013; Hossain et al., 
2014; Radhakrishnan et al., 2014; Khan et al., 2015), and in one 
such study it was demonstrated that isolated Penicillium sp. 
cultures promote growth of rice seedlings and Suada japonica 
(You et al., 2012).

Hydroponics systems usually require lower nutrients and 
water use and, thus promote environmental protection and 
agricultural sustainability, especially when combined with plant 
growth promoting microorganisms (PGPMs) (Bartelme et al., 
2018). In the current study, our main objective was to mine the 
rhizosphere of the halophyte plants for the presence of beneficial 
microorganisms that can help plants to grow under normal as well 
as under stress conditions. For this, a fungus (A3) belonging to the 
Penicillium genus was isolated from the rhizosphere of the 
halophyte plant A. littoralis as first step of this work. We secondly 
tested the effect of A3 mycelium on plant growth in either solid or 
liquid media. Next, the ability of A3 cell-free culture filtrate 
(A3CFF) to promote the growth and to alleviate salinity stress in 
tobacco plants grown in a hydroponic system was evaluated. 
We  then determined the potential of A3CFF to decrease the 
quantity of chemical fertilizers required in nutrient solution (NS) 
in a hydroponic growing system. Finally, in order to understand 
the possible mechanisms by which A3CFF can promote plant 
growth and enhance salinity stress tolerance, the expression 

profiles of certain growth- and salt stress-related genes were 
monitored using semi-quantitative and quantitative RT-PCR.

Materials and methods

Fungi isolation and qualitative evaluation 
of growth-promoting activity

Following the method described by Tarroum et al. (2021), the 
fungi were isolated from the soil surrounding the roots of 
A. littoralis, plants that dominate the salty soil at a location called 
“Salboukh” (north of Riyadh, Saudi  Arabia: 25°04′48.6” N 
46°20′27.7″ E). Following repeated sub-culturings on PDA plates 
of isolated mycelia, pure colonies were obtained and stored in 30% 
glycerol at −80°C for further study.

To evaluate the growth-promoting activity of the isolated 
fungus (referred as A3), tobacco seeds were soaked in 10% (v/v) 
bleach for 15 min, then rinsed with sterilized water four times and 
finally they were germinated on solid Murashige and Skoog 
medium (MS). The square petri plates (17 × 17 cm) containing 
seeds were incubated vertically in the growth chamber for 10 days 
at 25°C ± 2°C. Then, the isolated fungus (5 μl of a liquid culture) 
was inoculated at the bottom of treated petri dishes and for control 
ones 5 μl of sterilized water were added. One month after sowing, 
the plates were photographed and growth stimulation was 
evaluated qualitatively basing on root length and leaf surface.

Microscopic observation and fungal 
identification

Microscopic observation of A3 was performed as described 
by Tarroum et al. (2021). In brief, solid PDA medium was cut into 
small squares, and then transferred to new petri plates containing 
a wet filter paper. Using sterile needles, the four edges of each PDA 
block were then inoculated with isolated A3 fungus. Following 
incubation of plates for 72 h at 27°C, the coverslips were gently 
removed and transferred to microscope slides with a drop of 
lactophenol cotton blue stain. The slides were examined and 
photographed using a Nikon microscope.

Five-day-old mycelium was collected from PDA plate and 
ground in liquid nitrogen to a fine powder using a mortar and 
pestle. Genomic DNA was then extracted using a DNeasy Plant 
Mini Kit (Qiagen) according to the manufacturer’s instructions. 
The isolated DNA was used for PCR amplification of a nuclear 
ribosomal internal transcribed spacer (ITS) region which was 
amplified by universal primers ITS1 (forward) and ITS4 (reverse) 
as listed in (White et al., 1990). PCR amplification was carried out 
in a 30 μl reaction volume as described by Tarroum et al. (2021). 
After running the amplified fragments on 1.5% agarose gels, they 
were purified and cloned into pGEM®-T Easy vectors (Promega) 
then sequenced by Macrogen Inc., (Seoul Korea). The resulting 
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sequences were used in BLAST searched using NCBI databases to 
identify the isolated fungus.

Temperature and salinity effects on A3 
growth

To assess the effect of temperature on A3 growth, the 
mycelium was inoculated on PDA and incubated at 27°C or 40°C 
(three replicates each). The effect of salinity on fungal growth was 
tested on MS medium at five NaCl concentrations (100, 200, 400, 
800, and 1,000 mM NaCl) with three replicates each. The isolated 
fungus was sub cultured at the center of 9 cm petri dishes each 
containing 20 ml medium and incubated at 27°C. The diameter of 
mycelium growth was measured every 2 days during 15 days.

Quantification of IAA in A3 filtrate

IAA production was measured according to Gordon and 
Weber (1951). In brief, the fungus was inoculated in liquid MS 
medium with or without L-tryptophan (1 mg/ml) and incubated 
at 27°C for 7, 14, 21, or 28 days. After incubation, each culture was 
centrifuged at 10,000 rpm during 15 min. The supernatant (1 ml) 
was mixed with 1 ml of Salkowski reagent (1 ml 0.5 M FeCl3, 30 ml 
concentrated H2SO4, and 50 ml distilled H2O) and incubated in 
the dark at room temperature during 20 min. The optical density 
at 530 nm was measured and the amount of IAA produced was 
calculated using a standard curve.

Quantitative evaluation of 
growth-promoting activity by A3 fungus

To quantitatively evaluate the effects of A3 fungus on plant 
growth, two vertical plastic boxes were assembled, with the top 
box containing 15 holes and filled with sterilized vermiculite and 
fixed to a lower box containing sterilized MS liquid medium. Five 
sterilized tobacco seeds as described above were germinated into 
the vermiculite-containing box. Ten days later, five microliters of 
liquid culture containing isolated A3 fungus added to the MS 
medium. After three additional weeks of inoculation, plants were 
harvested and plant height, leaf area, dry weight, and total 
chlorophyll content were recorded.

Growth-promoting activity evaluation of 
A3 cell-free filtrate (CFF)

In MS liquid medium
To prepare A3CFF, a mycelium disc of 5 mm in diameter was 

picked from a 7-day-old culture grown on solid PDA medium 
then inoculated into a 250 ml Erlenmeyer flask containing 100 ml 
of MS medium. Cultures were then incubated at 27°C with 

shaking at 150 rpm for 30 days, vacuum filtered (0.22 μm), and the 
resulting A3CFF stored at 4°C for further use.

Growth containers were made consisting of two assembled 
and autoclaved boxes, with the top box containing nine holes 
into which plants can be inserted and the bottom box filled with 
1.5 l of MS liquid media and covered with aluminum foil to 
avoid algal contamination. Sterilized tobacco seeds were sown 
in sterile 1.5 ml Eppendorf tubes that were perforated at the 
bottom and filled with vermiculite. One week after germination, 
seedlings of similar sizes were selected and transferred to 
growth containers containing one of three different dilutions of 
A3CFF (1:500, 1:1000, and 1:2000). Growth containers were 
then kept in a temperature and humidity-controlled growth 
chamber. Plants were harvested 1 month later and shoot length, 
root length; fresh and dry shoot weights, leaf number, and leaf 
area were recorded. The total chlorophyll and proline content as 
well as catalase (CAT) and superoxide dismutase (SOD) activity 
levels were also quantified.

The stability of A3CFF stored for 1 year at 4°C, was evaluated 
in liquid MS media using the growth containers described above. 
One week old seedlings were transferred to growth containers 
supplemented with 1:500 dilutions of fresh or stored A3CFF. The 
two parts of the growth container were carefully sealed and placed 
in growth chamber with controlled conditions. One month later, 
the shoot and root length, dry and fresh weight, leaf number, and 
leaf area was recorded.

In NS

In order to examine the potential use of A3CFF in hydroponic 
growing systems, its ability to promote plant growth when added 
to a NS in place of chemical fertilizers was evaluated. Full-strength 
NS was prepared by mixing the following in a total of 1 l water 
then adjusting the pH to 6.2: 600 mg Chem-GroTM fertilizer 
8-15-36, 600 mg CaNO3, 373 mg MgSO4. Following procedures 
described above, germinated tobacco seeds were transferred to 
growth containers in which the bottom part was filled with NS 
and supplemented with a 1:50 or 1:500 dilution of A3CFF. One 
month later, morphological parameters such as shoot and root 
length, fresh/dry weight, leaf number, and leaf area were measured.

Evaluation of salt stress alleviation of 
A3CFF

Tobacco seeds were sterilized (as described above) then 
placed in sterile 1.5 ml Eppendorf tubes (perforated from the 
bottom) containing vermiculite. The tubes were fixed in a small 
plastic cups with a hole in the bottom and then kept in a sterile 
box for germination. Germinated seeds were then transferred 
to a hydroponic system consisting of two autoclaved boxes, with 
the top box containing nine holes for plant placement and the 
bottom box filled with 1.5 l of NS and covered with aluminum 
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foil to avoid algal contamination. After 2 weeks of growth, 
plants were subjected to one of four treatments: (1) growth in a 
hydroponic system containing only NS (control), (2) growth in 
NS supplemented with A3CFF at 1:50 dilution, (3) growth in NS 
and 250 mM NaCl, (4) growth in NS with 250 mM NaCl and a 
1:50 dilution of A3CFF. The boxes containing the plants were 
kept for 6 weeks in a growth chamber (16 h light, 8 h dark, 
25°C ± 2, relative humidity 60–70%). Plants were then 
harvested, growth parameters listed above recorded, and the 
samples immediately frozen in liquid nitrogen and kept at 
−80°C until further use.

Evaluation of fertilizer input substitution 
by A3CFF

Sterilized tobacco seeds were placed in sterile 1.5 ml 
Eppendorf tubes (perforated from the bottom) containing 
vermiculite. Following 10 days of germination, seedlings were 
transplanted to a hydroponic growing system (as described above) 
containing either full (NS) or half (0.5NS) NS. For the treated 
plants, 1 week after transplantation, the 0.5NS was supplemented 
with A3CFF at a dilution of 1:50. Plants were grown in a growth 
chamber (16 h light, 8 h dark, 25°C ± 2, relative humidity 60–70%) 
and plant growth parameters were measured after 1 month.

Estimation of physiological and 
biochemical parameters

Chlorophyll
Total chlorophyll was extracted in 80% acetone for 24 h at 4°C 

in the dark. Absorbance at 645 nm and 663 nm was determined 
with an Amersham spectrophotometer and used to calculate total 
leaf chlorophyll content according to the following equation: Total 
chlorophyll (μg/ml) = 20.2 (A645) + 8.02 (A663) (Liang 
et al., 2017).

Proline
Proline was extracted following the protocol described by 

Ábrahám et al. (2010). Liquid nitrogen was used to grind 0.5 g 
of fresh leaf tissue and the resulting powder incubated in 10 ml 
of 3% aqueous sulfosalicylic acid. The mixture was centrifuged 
at 10,000 rpm and 2 ml of supernatant added to 2 ml ninhydrin 
plus 2 ml glacial acetic acid. The mixture was then boiled at 
100°C for 1 h and the reaction stopped by transferring the tubes 
to an ice bath for 5 min. Next, 6 ml of toluene was added, mixed 
vigorously for 15 s, and the absorbance of the upper phase read 
at 520 nm. The proline content was expressed in μg/g fresh  
weight.

CAT and SOD activity
Enzymes were isolated as described by Jogeswar et al. (2006). 

Fresh tissue (100 mg) was ground in liquid nitrogen then 

incubated in 0.1 M of phosphate buffer (pH 7.4) containing 
0.1 mM EDTA, 1% (w/v) PVP, and 0.5% (v/v) Triton-X 100. The 
homogenate was centrifuged at 14,000 rpm for 20 min at 4°C, and 
the supernatant was used to estimate CAT and SOD activities.

CAT activity was measured following the method described 
by Claiborne (1985) and modified by Jogeswar et al. (2006). The 
reaction mixture consisted of 1 ml 0.06 M H2O2, 0.1 M sodium 
phosphate buffer (pH 7.4), 1.9 ml distilled water, and 100 μ enzyme 
extract. Catalytic activity was recorded by spectrophotomer using 
the decline in absorbance at 240 nm owing to degradation of H2O2 
and was expressed as units/g protein.

SOD activity was measured following the method described 
by Chandrakar et  al. (2016) with minor modifications. The 
reaction mixture (3 ml) contained 50 mM of Tris–HCl buffer (pH 
8.2), 1 mM EDTA, 100 μl enzyme extract, 0.4 mM pyrogallol, and 
H2O up to 3 ml. SOD activity (U/g protein) was defined as the 
amount of enzyme required to inhibit 50% of pyrogallol oxidation 
based on absorbance at 420 nm.

Determination of K+ and Na+ content
The concentrations of Na+ and K+ were estimated in root and 

leaf. Dried tissues were incubated in 0.5% HNO3 for 7 days 
(Ben-Romdhane et al., 2018). The supernatant was filtered and the 
concentration of Na+ and K+ was then estimated using an atomic 
absorption spectrometer (Thermo Scientific™, United Kingdom) 
and reported as mg/g dry weight.

RNA extraction and genes expression 
profiling

Total RNA was extracted following plant treatment with 
A3CFF at three times (0, 24, and 72 h) using the 
QiagenRNAeasy Plant Mini Kit following the manufacturer’s 
instructions. After quantification, total RNA was treated with 
DNaseI (RQ1, Promega, United  States). The cDNAs were 
synthesized as follow: 5 μg of total RNA was reverse 
transcribed with random hexamer and oligo-(dT18) primers 
using SuperScript™ III reverse transcriptase (Invitrogen), as 
described in the manufacturer’s instructions. The cDNA was 
used for RT-qPCR reactions, which were carried out using 480 
SYBER Green I Master Mix (Roche, Switzerland) as described 
in the manufacturer’s manual. The PCR cycling conditions 
were as follow: 95°C for 3 min, followed by 40 cycles of 95°C 
for 20 s, 60°C for 30 s, and 72°C for 1 min. To create a melting 
curve and check primer specificity, the extension temperature 
was increased from 72°C to 95°C after 40 cycles of 
amplification. Actin (380 bp, ACT-F and ACT-R) was selected 
as a reference gene. Primers targeting salt stress-related genes 
(NtSOS1, NtNHX1, NtHKT1, NtSOD, and NtCAT1) or those 
implicated in in nitrogen metabolism (NR1, NRT1), auxin 
biosynthesis (TRYP1, YUCCA6-like), and brassinosteroid 
biosynthesis (DET2, DWF4) selected for this study 
(Supplementary Table S1) were designed via primer 3 
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software.1 Target gene expression was quantified and expressed 
relative to actin expression using either the ΔΔCT comparative 
method (Ben-Romdhane et al., 2018), ΔΔCt = (Ct target gene - 
Ct actin) treated plant - (Ct target gene - Ct actin) control or 
by the semi-quantitative PCR products analyzed using a 1.5% 
agarose gel. To ensure reproducibility, two biological and three 
technical replicates were performed for this experiment.

Statistical analysis

Data were analyzed using one-way ANOVA followed by 
Duncan’s test via SPSS software version 25. Each value presented 
is the mean of five replicates for all growth parameters and three 
replicates for qPCR. Different letters on bar charts are used to 
indicate means that differ significantly at p ≤ 0.05.

The identification of isolated fungus was performed by the use 
of NCBI-BLAST search and the phylogenetic tree was constructed 
using neighbor-joining method by bootstrapping 1000 times in 
MEGA X software.

Results

Isolation, identification, and qualitative 
evaluation of fungi growth-promoting 
activity

As a first step, 20 soil samples were collected from the 
rhizosphere of the halophyte grass A. littoralis growing in the 
sebkha of Salboukh. From these samples, 18 fungi (designed 
A1 to A18) were identified based on visual differences in their 
morphology when grown on PDA medium. The 18 isolated 
fungi were evaluated qualitatively for their ability to promote 
growth of tobacco seedlings cultivated on MS medium. The 
results showed that out of 18 tested fungi, only seven strains 
were able to clearly stimulate root and leaf growth of tobacco 
seedlings (data not shown). For further detailed investigations, 
the A3 fungus was chosen as it had the greatest effect on plant 
growth (Figure  1). Morphologically, on PDA media after 
1 week of incubation at 27°C, the A3 colonies had moderate 
growth, with a green color on one side and pale yellow on the 
reverse side. Microscopic analysis revealed that the A3 strain 
has a septate hypha terminating in a complex conidiophore. 
Moreover, chlamydospore was clearly visible at 40x 
magnification (Supplementary Figure S1a). The growth of A3 
showed maximum growth after 12 days of incubation at 
27°C. However, at 40°C, total inhibition of A3 growth was 
observed (Supplementary Figure S1b). Since A3 was isolated 
from the rhizosphere of the halophyte grass A. littoralis its 
tolerance to NaCl in the culture media was also investigated. 

1  http://bioinfo.ut.ee/primer3-0.4.0/

Based on mycelial growth levels, the A3 fungus was able to 
grow in up to 1 M NaCl. Interestingly, the A3 fungus showed 
the largest colony diameter at 200 mM NaCl, while the growth 
rate of A3 mycelia was inhibited at NaCl concentrations above 
200 mM (Supplementary Figure S1c). Finally, using Salkowski’s 
reagent, IAA was detected in growth medium containing 
L-tryptophan at 0.93 ppm after 28 days of incubation. In a 
medium without L-tryptophan IAA was detected at 0.20, 0.22, 
0.24, and 0.26 ppm after 7, 14, 20, and 28 days of incubation, 
respectively. This confirmed that the addition of L-tryptophan 
to growth media and extended incubation times are required 
for maximum auxin production by the A3 fungus 
(Supplementary Figure S2).

The ITS region was chosen as it is the barcode with the highest 
probability of correct identifying a huge number of sampled fungi 
(Raja et al., 2017). The isolated ITS sequence fragment was BLAST 
searched against the NCBI GenBank and showed 93.4% identity 
to the one of Penicillium olsonii (Supplementary Figure S3). Basing 
on these results the A3 is likely P. olsonii.

Quantitative evaluation of the A3 growth 
promoting activity

The direct effect of A3 mycelium (DE) on plant growth 
promotion in liquid MS medium was quantitatively evaluated 
using plastic boxes as described in Materials and Methods 
(Figure 2A). When compared to control plants, A3 fungus-treated 
plants showed significantly higher shoot length, leaf area, dry 
weight, and total chlorophyll content (2, 3, 5, and 1.5 times higher, 
respectively (Figures 2B–E). These results confirm that the A3 
fungus positively enhances growth of tobacco seedlings cultivated 
in hydroponic systems when added to liquid MS medium and 
thus A3 is potentially a PGPF.

FIGURE 1

Evaluation of the qualitative growth promoting activity effect of 
tobacco seedlings cultivated on MS solid medium in the 
presence of the isolated A3 fungus.
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Quantitative evaluation of the A3CFF 
growth promoting activity

In MS liquid medium
The ability of cell-free culture filtrate from A3 culture 

(A3CFF) to stimulate growth of tobacco plants in a hydroponic 
system was determined. MS liquid medium was used as the 
growing media and was supplemented with one of three 
dilutions of A3CFF (1:500, 1:1000, or 1:2000). After 1 month of 
treatment with A3CFF, net improvements in growth 

(Figure  3A), physiological (Figures  3B–G), and biochemical 
(Figure  4) parameters were observed for all three tested 
dilutions. Each dilution significantly promoted shoot/root 
length, fresh/dry shoot weight, and leaf area (Figures 3B–G). In 
addition, the highest values of total chlorophyll (27.7 μg/ml), 
proline accumulation (159 μg/g FW), as well as CAT (8.1 U/g 
proteins), and SOD (19.8 U/mg proteins) activities were 
detected in plants treated with an A3CFF dilution of 1:500 
(Figure 4). These increases in proline synthesis and CAT/SOD 
activities in A3CFF-treated plants suggest that A3 fungus can 

A

B C

D E

FIGURE 2

Quantification of A3 growth stimulation activity on tobacco seedling grown in MS liquid medium. Seeds of tobacco were cultivated in the two 
boxes hydroponic system, vermiculite in the top and MS liquid medium in the bottom. The treatment was performed by adding 5 μl of A3 liquid 
culture in MS medium after 10 days of sowing seeds. Plant morphology (A), plant height (B), leaf area (C), plant dry weight (D), and total chlorophyll 
(E): Data are the means of five replicates ± standard deviation; different letters on bars represent the significant values according to Duncan’s test 
(p < 0.05).
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alleviate salt stress. Finally, we tested the stability of A3CFF by 
growing tobacco seedlings in liquid MS medium containing a 
1:500 dilution of fresh A3CFF or A3CFF stored at 4°C for 1 year 
(Supplementary Figure S4a). The results demonstrated that the 
positive effects on plant growth of A3CFF were preserved after 
1 year of storage at 4°C (Supplementary Figures S4b–g).

In nutritive solution (NS)
The above results show that A3CFF stimulated plant growth 

when added to liquid MS medium in the absence of fungal 
mycelia. One of our goals from this work was to investigate the 
effects of PGPF application on hydroponically grown vegetable 
plants in conditions of reduced fertilization. We thus evaluated the 

A

B C

D E

F G

FIGURE 3

Quantification of A3 cell-free filtrate culture (CFF) growth stimulation activity on tobacco seedling grown in MS liquid medium. The MS liquid 
medium was supplemented with 1:500, 1:1000 and 1:2000 CFF dilutions. (A) Phenotype of plants after 1 month, the shoot length (B), root length 
(C), shoot fresh weight (D), shoot dry weight (E), leaf number (F), leaf area (G). Data are the means of five replicates ± standard deviation; different 
letters on bars represent the significant values according to Duncan’s test (p < 0.05).
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effectiveness of A3CFF in stimulating plant growth when mixed 
with commercial fertilizers in NS and used in hydroponic system. 
The two A3CFF dilutions, 1:500 or 1:50, when applied to tobacco 
seedlings grown in NS significantly stimulated growth (Figure 5A). 
Interestingly, the A3CFF dilution of 1:50 promoted the highest 
growth by increasing the shoot/root length, the shoot/root dry 
weight, and the leaf area by factors of 198, 174, 211, 319, and 
200%, respectively (Figures 5B–F).

In The presence of salt stress
Tobacco plants treated with an A3CFF dilution of 1:500 and 

grown in MS liquid medium produced both higher CAT and 
SOD activities and proline levels compared to untreated plants 
(Figure 4). In addition, A3CFF in NS at a dilution factor of 1:50 
induced more plant growth. Based on these results, 
we investigated the ability of A3CFF to alleviate salt stress. The 
addition of A3CFF to NS at a dilution of 1:50 in the presence or 
absence of 250 mM NaCl enhanced tobacco plant growth 
compared to control plants (Figure  6A). The presence of 
250 mM NaCl in NS significantly reduced the biomass 
production shoot/root length, weight, and leaf area of tobacco 
plants compared to those in NS alone. This growth inhibition 
due to salt stress was decreased following the addition of A3CFF 
(1:50) to NS containing 250 mM NaCl and (Figures  6B–F). 
Additionally, the root lengths of the co-treated plants were 
significantly larger than that of control plants grown in NS only 
(Figures 6A,C). Moreover, after 1 month without NaCl, A3CFF 

increased shoot and root length by factors of 1.4 and 1.5, 
respectively, compared to control plants.

We also measured additional parameters to further assess the 
effects of A3CCF on salinity stress responses. Levels of total 
chlorophyll under salt stress were significantly lower than in 
control conditions. However, the application of the A3CCF in 
conjunction with salt stress restored total chlorophyll content to 
levels comparable to those of control plants under normal 
conditions (Figure 7A). In addition, the highest value of total 
chlorophyll, 14.05 μg/ml, was observed in plants grown with 
A3CCF without NaCl stress (Figure  7A). For proline 
accumulation, a significant difference was noted between 
inoculated and non-inoculated plants under salinity stress 
(Figure 7B). SOD and CAT activities during salt stress were also 
significantly higher in A3CFF-treated plants compared to 
non-treated plants (Figures 7C,D).

One of the most important mechanisms for coping with saline 
toxicity is the reduction of Na+ uptake, which is accompanied by 
the increased K+ retention in order to counter balance the Na+ 
entry. Plants treated with 250 mM NaCl showed a significant 
increase in Na+ levels in both roots and shoots compared to the 
control plants (Figure 7E). The addition of A3CFF to salt-stressed 
plants decreased Na+ accumulation by 14.8% in roots and 6% in 
shoots compared to control ones. In contrast, in the absence of 
NaCl, no significant difference in the Na+ levels in tissues was 
detected between inoculated and non-inoculated plants 
(Figure 7E). Unlike for the Na+ levels, salt treatment inhibited the 

A B

C D

FIGURE 4

Effects of A3 CFFs at different dilutions (1:500, 1:1000 and 1:2000) on total chlorophyll (A), proline (B), catalase (C), and SOD (D) activities in 
tobacco plants: Data are the means of five replicates ± standard deviation. Different letters on bars represent the significant values according to 
Duncan’s test (p < 0.05).
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K+ uptake in shoots and roots (Figure 7F). Nevertheless, plants 
inoculated with A3CFF contained significantly more K+ compared 
to non-inoculated plants under both control and salt stress 
conditions (Figure 7F). Thus these results demonstrated that the 
A3CFF treatments of plants cultivated in NS with 250 mM NaCl 
had no effect on Na+ and K+ concentrations in shoots and roots, 
respectively. On the other hand, it decreased Na+ in roots but 
increased K+ in shoots (Figures 7E,F).

In an attempt to understand the mechanisms by which A3CFF 
helps plants to cope with high salinity, the expression profiles of 

multiple salt stress genes (NtHKT1, NtNHX1, NtSOS1, NtSOD, and 
NtCAT1) were investigated in plants treated with A3CFF and 
250 mM NaCl. Adding A3CFF to NS with or without 250 mM NaCl 
resulted in clear and significant upregulation in both roots and leaves 
of NtSOD and NtCAT1, which are implicated in the antioxidative 
mechanisms (Figures 8D,E). The highest expression levels of these 
two genes were recorded in the leaves and roots 72 h after the 
addition of A3CFF to NS with 250 mM NaCl. The other three salt 
stress-associated genes examined, NtHKT1, NtNHX1, and NtSOS1, 
are the key determinants of Na+ and K+ homeostasis in plant cells 

A
B

C

D

FE

FIGURE 5

Effects of A3 CFF when added at dilutions of 1/50 and 1/500 to nutrient solution (NS) on promoting tobacco seedlings growth cultivated in 
hydroponics system. Plant morphology (A), shoot length (B), root length (C), leaf area (D), shoot dry weight (E), root dry weight (F). Different letters 
on bars represent the significant values according to Duncan’s test (p < 0.05).
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and were upregulated following A3CFF treatment (Figures 8A–C). 
The Na+/H+antiporters (NtNHX1 and NtSOS1), which help plants 
to avoid Na+ build-up in shoots were significantly upregulated in 
A3CFF-treated plants grown in NS with 250 mM NaCl compared to 
those cultivated only in the presence of salt stress. Moreover, this 
accumulation was higher in roots compared to leaves (Figures 8B,C).

Evaluation of A3CFF on chemical 
fertilizer inputs

The effectiveness of A3CFF in decreasing chemical 
fertilizer inputs without affecting plant growth was 

investigated by growing plants in 0.5NS supplemented with 
1:50 dilution of A3CFF, 0.5NS alone, or full-strength NS 
(Figure  9A). Plants cultivated in 0.5NS and 1:50 A3CFF 
showed significantly enhanced growth parameters compared 
to plants cultivated only in NS or 0.5NS. Specifically, shoot/
root length, dry weight, leaf number, and leaf area of plants 
grown in 0.5NS with 1:50 A3CFF were 160, 225, 209, 123,142, 
and 180%, respectively, of those values for plants grown in full 
NS (Figures 9B–G). These results revealed that A3CFF was 
able to compensate for the decrease in NS to half strength, 
suggesting that A3CFF can minimize the chemical fertilizers 
required for hydroponic systems without harming 
plant growth.

A B

C

D

E F

FIGURE 6

Evaluation the ability of A3 CFF to alleviate salt stress when added at 1:50 dilution to NS. (A) plant morphology photographed after 1 month of 
treatment, Shoot length (B), Root length (C), Leaf area (D), Shoot dry weight (E), and Root dry weight (F) of tobacco seedlings grown in NS 
(control), in NS with CFF (A3CFF), with NaCl (250 mM), with 250 mM NaCl and CFF (A3CFF + 250 mM). Different letters on bars represent the 
significant values according to Duncan’s test (p < 0.05).
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The effects of the A3CFF on expression levels of several genes 
involved in plant growth, including DET, DWF4 (brassinosteroid 
biosynthesis), YUCCA6-like, TRYP1 (auxin biosynthesis), and 
NR1 and NRT1 (nitrogen-use efficiency) were examined in 
tobacco leaves and roots. Transcripts of all six genes were 
upregulated in both leaves and roots after A3CFF application 
(Supplementary Figure S5). The greatest transcript accumulation 
was observed for the YUCCA6-like and NR1 genes, which were 
most upregulated after 48 h and 72 h of treatment. Based on our 
results, we  propose that A3CFF can induce the expression of 
growth-regulating DET2, DWF4, YUCCA6-like, and TRYP1 
genes, likely explaining the observed plant growth stimulation. 
Moreover, accumulation of transcripts for the nitrogen-use 
efficiency-related genes NR1 and NRT may explain the 
compensation of A3CFF for decreased fertilizer levels in 
0.5NS media.

Discussion

The main goals of smart agriculture are to assure both the 
quality and quantity of crops ‘yield by developing organic and 
sustainable production systems. For this, the development of 
hydroponic systems ensures the reduction of fertilizer inputs 
and water consumption. Also, biostimulants are used in 
combination with conventional fertilizers to improve nutrient 
use efficiency and/or quality of crops (Halpern et al., 2015). The 
plant rhizosphere constitutes a valuable source of beneficial 
microorganisms that play important roles in shoot and root 
growth enhancement. PGPFs directly and indirectly influence 
both growth and productivity of a wide range of host plants 
with one study estimating that approximately 44% of 
rhizosphere fungal isolates are PGPFs (Hossain et al., 2017). In 
our study, a fungus designated P. olsonii was isolated from the 

A B

C D

E F

FIGURE 7

Estimation of total chlorophyll content (A), proline accumulation (B), catalase (C), and SOD (D) activities, sodium (E) and potassium (F) contents in 
the tobacco seedlings grown in: NS (control), NS with A3 CFF, NS with 250 mM NaCl (250 mM), NS with 250 mM NaCl and A3 CFF (A3CFF + 250 mM). 
Values are the mean of five replicates ± SD. Different letters on bars represent the significant values according to Duncan’s test (p < 0.05).
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rhizosphere of the extremophile plant A. littoralis. This fungus 
was found to significantly promote plant growth in solid or 
liquid culture media. Based on morphological and microscopic 
observations, the A3 fungus was identified as a Penicillium 
species, the morphological characteristics were in agreement 
with Penicillium description reported by Frisvad and Samson 
(2004). The ITS region has previously been shown to be an 
efficient tool for identifying huge numbers of fungal species 
and can help accommodate barcode gaps between inter and 
intra specific variation (Schoch et  al., 2012). Furthermore, 
within the genus Penicillium, ITS marker has been noted to 
work well for providing species information (Visagie et  al., 
2014). Basing on the ITS sequences, the A3 fungus was 
identified as P. olsonii.

Our results showed that the optimum growth of A3 fungus is 
at 27°C but completely inhibited at 40°C. This finding is consistent 
with Diaz et  al. (2002), who reported that P. olsonii grows at 
temperatures between 10°C and 25°C. In addition, the growth of 
Penicillium marneffei is dramatically inhibited at 40°C (Cao et al., 
2007). As the A3 was isolated from salty soil we investigated its 
tolerance to the presence of NaCl in growth media. The results 
showed that A3 fungus tolerated up to 1,000 mM NaCl and it is an 
obligate halophile strain since its greatest growth was observed in 
the presence of 200 mM NaCl. This result is consistent with 
previous reports, as the growth of P. olsonii isolated from a sausage 
was enhanced by adding 3% NaCl to the media (Diaz et al., 2002). 
Moreover, previous research demonstrated that P. spathulatum 
grows in medium containing 5% NaCl (Frisvad et al., 2013).

A

D E

B

C

FIGURE 8

Quantitative RT-PCR analysis showing the effect of A3 CFF on gene expression levels of ROS-related and stress-responsive: HKT1 
(XM_015785756), NHX1 (XM_015206776), SOS1 (KY752550), SOD (XM_019401370) and CAT (XM_009795943). The qRT-PCR was performed using 
RNA extracted from leaf and root at 0, 24, and 72 h of salt (250 mM of NaCl) application. Actin gene was used as reference.
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Fungal culture filtrates can contain metabolites, which are 
chemicals produced by fungi via multi-step enzymatic 
pathways. These metabolites include amino acids, mycotoxins, 

cyclic aromatic peptides, phenols, terpenoids, and plant growth 
regulators (Ogórek, 2016). In this study, we demonstrated that 
the A3 fungus secreted auxin, especially when the culture media 

A

B C

D E

F G

FIGURE 9

Effect of A3 CFF on tobacco plant growth cultivated in hydroponic system and in the presence of half strength NS (0.5NS). (A) Phenotypes of 
tobacco seedlings grown hydroponically in full NS, in 0.5 NS, in half NS supplemented with 1:50 dilution of A3 CFF (0.5NS + 1:50CFF). The photos 
were taken after 1 month following treatments. Shoot length (B), root length (C), shoot dry weight (D), root dry weight (E), leaf number (F), and leaf 
area (G) in tobacco seedlings grown in 0.5 NS. Values are the mean of five replicates ± SD. Different letters on bars represent the significant values 
according to Duncan’s test (p < 0.05).
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was enriched with L-tryptophan. Several fungal species that 
interact with plants have been revealed to produce and secrete 
auxin (Chanclud and Morel, 2016). The endophyte Penicillium 
sp. isolated form the Halophyte plants was reported to produce 
IAA (Kondrasheva et al., 2022). Similarly, Phoma glomerata and 
Penicillium menonorum can synthesize IAA, which may cause 
the significant growth increases detected in cucumber plants 
cultivated with both species (Babu et  al., 2015; Waqas 
et al., 2015).

The quantitative evaluation of plant growth promotion by 
the A3 fungus was initially performed by directly applying A3 
mycelia to liquid MS culture media. The most important value 
reflecting the growth-promoting activity of A3 fungus is the dry 
biomass production, which is 4.8 times higher compared to 
control plants. Similarly, Penicillium menonorum, Penicillium 
citrinum, and Penicillium simplicissimum were reported to 
increase the growth of cucumber, sunflower, and A. thaliana 
plants, respectively (Hossain et  al., 2007; Babu et  al., 2015; 
Waqas et al., 2015).

Cell-free culture filtrates produced by PGPFs have been 
found to effectively stimulate plant growth (Hossain et al., 
2017), therefore we examined effects of A3CFF from cultures 
on plant growth. All tested dilutions (1:500, 1:1000, 1:2000) 
in MS liquid medium, resulted in significant increases of 
tobacco seedling growth parameters. Moreover, biochemical 
analyses of plants grown in all A3CFF dilutions revealed high 
levels of chlorophyll, proline, high SOD and CAT activities. 
The highest growth effects were observed by using a dilution 
factor of 1:500 of A3CFF. Moreover, it was demonstrated that 
the A3CFF activity was conserved even following storage at 
4°C for 1 year. To our knowledge, this represents a novel 
investigation of CFF characteristics. This is very important 
result for applied practices to integrate the A3CFF into 
nutritive solutions for hydroponics system. Based on these 
results, the effects of two concentrations of A3CFF (1:50, 
1:500) on plant growth in NS were examined. Only the 1:50 
dilution of A3CFF significantly enhanced all growth 
parameters of tobacco seedlings. Similarly, the CFF from 
Penicillium citrinum cultures induces growth stimulation 
when applied to Atriplex gemelinii seedlings cultivated in 
solid agar medium, this was attributed to the secondary 
metabolites secreted by this fungus (Khan et al., 2008). In 
addition, the application of filtrate from Penicillium 
simplicissimum GP17-2 cultures was as effective as living 
Penicillium in promoting the growth of Arabidopsis. In 
contrast, while direct application of Penicillium sp. GP16-2 
promoted plant growth, CFFs from Penicillium sp. GP16-2 
cultures failed to enhance growth (Hossain et al., 2007, 2008). 
Besides improving plant growth, it was found that the cell-
free culture filtrate from the PGPF P. indica cultures increased 
callus growth and induced lignin production (Kumar et al., 
2012; Baishya et al., 2015).

As described above, A3CFF diluted in NS enhanced 
proline synthesis as well as SOD and CAT activities in tobacco 

seedlings grown in MS liquid medium. Several studies have 
demonstrated that proline is involved in osmotic homeostasis 
adjustments and that antioxidant enzymes such as SOD and 
CAT are important components of salt tolerance mechanisms 
in plant (Kumar et al., 2018; Ghosh et al., 2022). Basing on 
these findings, we tested the ability of A3CFF to alleviate salt 
stress in tobacco seedlings. Effects of salt stress were evident 
for tobacco plants grown in NS containing 250 mM NaCl, 
however, the addition of a 1:50 dilution of A3CCF increased 
all growth parameters relative to control plants. These results 
could be explained by the presence of IAA in the A3CFF and 
the significant increases in activities of SOD, CAT and levels 
of proline biosynthesis in treated plants. To develop sustainable 
approaches for salt stress alleviation, many beneficial 
microorganisms have been used that are efficient, low-cost, 
and readily adaptable (Fan et al., 2016). The harmful effects of 
excess salt not only disturbs ionic homeostasis and water 
uptake, but also causes inadequate oxidative stress responses 
and imbalances of growth-regulating hormones (Khalid and 
Aftab, 2020). The auxin secreted by cultured fungi may thus 
play a major role in adjusting the hormonal balance of stressed 
plants, contributing to stress alleviation. The application of 
Phoma glomerata and Penicillium sp. cultures containing IAA 
to cucumber plants significantly increased biomass and related 
growth parameters during NaCl and polyethylene glycol 
stresses (Waqas et  al., 2012). On a related note, the 
IAA-producing fungus Aspergillus aculeatus accelerates the 
growth of bermudagrass under salt stress (Xie et al., 2017). It 
has also been reported that the endophytic fungus Yarrowia 
lipolytica promotes the growth of salt-stressed maize plants by 
controlling plant metabolism and hormonal (IAA and ABA) 
secretions (Jan et al., 2019). Likewise, application of the PGPFs 
Trichoderma longibrachiatum, Trichoderma harzianum, and 
Paecilomyces formosus promoted the growth of wheat, Suaeda 
salsa L, and cucumber plants, respectively, under high salinity 
conditions (Khan et  al., 2012; Chen et  al., 2016; Zhang 
et al., 2016).

Environmental stresses often reduce the chlorophyll 
content of plants, while chlorophyll accumulation is 
considered a potential indicator of salinity tolerance (Shah 
et al., 2017). In the present study, it was determined that the 
A3CFF significantly increased the chlorophyll content of 
tobacco seedlings under both normal and salinity stress 
conditions. Under salt stress conditions, Khan et al. (2011) 
observed that the growth, chlorophyll content, and 
photosynthesis rates were significantly higher in plants 
treated with Penicillium funiculosum LHL06 than in untreated 
plants. In the same way, the chlorophyll content was found to 
be  higher in salt-stressed maize seedlings that had been 
inoculated with Yarrowia lipolytica than in uninoculated 
plants (Jan et al., 2019). Proline is a low molecular weight 
amino acid that is a well-known as osmoregulator and ROS 
scavenger for the salt stressed plants(Bhuyan et  al., 2019; 
Tisarum et  al., 2020). Treatment with Trichoderma 
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longibrachiatum and Trichoderma harzianum has been found 
to significantly increase the proline levels in salt-stressed 
wheat and Brassica juncea L plants, respectively (Ahmad 
et al., 2015; Zhang et al., 2016). In our study, under control 
conditions, the A3CFF was observed to exert no effect on the 
Na+ accumulation in plants (shoots and roots), although it 
significantly increased the K+ content of leaves. However, 
under salinity stress conditions, the A3CFF significantly 
decreased the Na+ content of roots and increased the K+ 
accumulation in leaves. It has previously shown that 
endophytic symbiotic fungi can both improve nutrient 
assimilation and assist in ionic homeostasis maintenance in 
saline-stressed plants (Gupta et al., 2020). For instance, the 
colonization of A. thaliana with P. indica under salt stress has 
been found to lower the Na+/K+ ratio (Abdelaziz et al., 2017). 
Similarly, the saline stress of Suaeda salsa L was determined 
to be  counteracted by Trichoderma harzianum T83 
colonization, thereby resulting in a higher K+ uptake (Chen 
et al., 2016).

In the experiments conducted in this study, it was 
demonstrated that theA3CFF induced the growth of roots 
under salt stress, a finding that may be explained by the low 
Na+/K+ ratio observed in such plants. The analysis of the 
expression profiles of NtCAT1 and NtSOD confirmed the 
biochemical experimental results describing the CAT and 
SOD activity levels. Indeed, the A3CFF induced the 
upregulation of NtCAT1 and NtSOD in both the presence and 
absence of NaCl. Moreover, the genes encoding the key Na+ 
transporters (NtSOS1, NtNHX1, and NtHKT1) involved in 
salt tolerance were also shown to be upregulated by the A3CFF 
treatment. Based on these results, it is likely that the enhanced 
salt tolerance observed in the presence of A3CFF at 250 mM 
NaCl occurred via the regulation of Na+ homeostasis by the 
Na+ transport system control at the whole-plant level. In 
addition, the enhancement of the antioxidant activities (CAT 
and SOD) may also have helped the plants to endure 
salinity stress.

It has been reported that plant growth-promoting 
microorganisms are able to increase the nutrient use efficiency 
of plants. This effect allows for crop production without yield 
loss in NS with 50% lower fertilizer inputs compared to in full 
NS (Da Costa et al., 2013). Our work revealed that reducing 
NS strength by 50% did not decrease plant growth when the 
NS was supplemented with a 1:50 dilution of 
A3CFF. Compared to plants grown in full NS, plants grown in 
0.5NS showed significantly reduced shoot length, shoot dry 
weight, and root dry weight, and leaf area, while the addition 
of A3CFF significantly increased these parameters. In order 
to ultimately develop sustainable agricultural practices, 
several studies have been performed that use PGPFs to 
decrease the chemical inputs required for maximal yield (Xia 
et al., 2019). In one such study, tomatoes cultivated in pots or 
in field trials that were treated with 25% of typical commercial 

fertilizer levels plus Trichoderma-enriched bioorganic 
fertilizer produced yields equivalent to tomato plants 
treated with normal amounts of chemical fertilizer (Ye 
et al., 2020).

In an attempt to explain the mechanisms underlying the 
promotion of plant growth by A3CFF, the effects of the A3CFF 
treatment on the accumulation of transcripts for six genes 
related to growth, brassinosteroid biosynthesis (DET2, 
DWF4), auxin biosynthesis (YUCCA6-like, TRYP1), and 
nitrogen-use efficiency (NR, NRT1) were examined. All six 
genes were found to be upregulated in both roots and leaves 
following the addition of the A3CFF to the growth media. To 
our knowledge, there have been no previous reports showing 
a role for P. olsonii activation of genes related to plant growth. 
However, other species of PGPFs have been shown to influence 
growth-related gene expression, as P. indica was able to 
stimulate the expression of auxin-responsive genes and nitrate 
reductase-encoding genes in Arabidopsis and tobacco 
seedlings (Sherameti et  al., 2005; Meents et  al., 2019). 
Similarly, inoculation with Trichoderma increased 
accumulation of auxin-regulated gene transcripts in 
Arabidopsis and triggered ethylene/indole-3-acetic acid 
signaling in tomato plants (Contreras-Cornejo et al., 2009; De 
Palma et  al., 2019). However, our study is the first report 
demonstrating the effect of A3CFF on genes involved in 
brassinosteroid biosynthesis.

Conclusion

In conclusion, this study isolated a fungus (A3) from the 
rhizosphere of the halophyte grass A. littoralis, identified as 
P. olsonii, and for the first time, described its role as a 
PGPF. This strain was determined to significantly promote 
tobacco plant growth in MS and NS, both directly via the 
application of A3 mycelium and through the application of its 
CFF. In addition, the A3CFF appeared stable following storage 
at 4°C for 1 year. The application of the A3CFF decreased the 
chemical fertilizer levels in NS by 50% and also significantly 
increased plant growth when compared with the control 
conditions. Finally, the A3CFF was found to mitigate salinity 
stress by inducing morphological, biochemical, and molecular 
changes in salt-stressed plants. Thus, the A3CFF could be used 
in hydroponics as a promising biotechnological tool for 
enabling the reduction of expensive chemical fertilizer inputs 
without compromising the yield, thereby improving 
agriculture and sustainability.
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Phosphite treatment can
improve root biomass and
nutrition use efficiency in wheat
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John Foulkes1, Erik H. Murchie1 and Ranjan Swarup1,4*
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4Centre for Plant Integrative Biology, University of Nottingham, Nottingham, United Kingdom
Phosphite represents a reduced form of phosphate that belongs to a class of

crop growth-promoting chemicals termed biostimulants. Previous research

has shown that phosphite application can enhance root growth, but its

underlying mechanism, especially during environmental stresses, remains

elusive. To uncover this, we undertook a series of morphological and

physiological analyses under nutrient, water and heat stresses following a

foliar application in wheat. Non-invasive 3D imaging of root system

architecture directly in soil using X-ray Computed Tomography revealed that

phosphite treatment improves root architectural traits and increased root

biomass. Biochemical and physiological assays identified that phosphite

treatment significantly increases Nitrate Reductase (NR) activity, leaf

photosynthesis and stomatal conductance, suggesting improved Nitrogen

and Carbon assimilation, respectively. These differences were more

pronounced under heat or drought treatment (photosynthesis and

photosystem II stability) and nutrient deficiency (root traits and NR). Overall

our results suggest that phosphite treatment improves the ability of plants to

tolerate abiotic stresses through improved Nitrogen and Carbon assimilation,

combined with improved root growth which may improve biomass and yield.

KEYWORDS

phosphite, biostimulants, wheat, oilseed rape, resource use efficiency, nutrition use
efficiency, nitrate reductase
Introduction

Global food security is a key challenge facing world agriculture (IAASTD report,

2009; Royal Society, 2009; Godfray et al., 2010; Wheeler and von Braun, 2013; Myers

et al., 2017). The world population is estimated to reach ~8.3 Bn by 2030 with the

majority of that increase occurring in the developing world (IAASTD report, 2009; Royal
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Society, 2009). The need to feed this growing population

sustainably and against the significant threats to food crop

harvests arising from climate change could not be more

pressing (Hirabayashi et al., 2013; Ray et al., 2013; Ray et al.,

2015). With no more agricultural land available, increases in

food production of between 40-50% must be achieved through a

sustainable intensification of agriculture to meet the future food

demand (Wheeler and von Braun, 2013). This includes both

improving and developing more diverse agricultural systems for

low input agriculture against a backdrop of increasing climate

unpredictability that can severely affect crop production

(Wheeler and von Braun, 2013). There have been several

studies and reports that suggest that improvement in root

architecture can have profound impact in improving crop

productivity and resource use efficiency (Lynch, 2011; Lynch,

2013; Lynch et al., 2014; Lynch, 2015; Lagunas et al., 2019; York

et al., 2013)

Biostimulants are a class of biologically active chemicals that

are added to plants during growth or to seeds before sowing that

have been shown to have beneficial effects on growth and

development (Brown and Saa, 2015; Yakhin et al., 2017; Xu

and Geelen, 2018). Widely used biostimulants are typically

derived from seaweed extracts and both crude extracts and

more refined components rich in amino acids and peptides

and polysaccharides are used. Seaweed based biostimulants have

been shown to improve plant tolerance to abiotic stresses and

have also been implicated in improving nutrient uptake (Khan

et al., 2009; Conrath, 2011; Nair et al., 2012; Savvides et al., 2016;

Rouphael and Colla, 2020). Similarly, protein hydrolysate based

biostimulants have been reported to improve germination rate,

plant growth and productivity in a range of crops (Colla et al.,

2017). The biostimulant market is a multi-billion-dollar industry

(Sible et al., 2021): based on Market date forecast, Market and

Markets and Dunham Trimmer European Biostimulants

Industry Council (EBIC) estimate biostimulants market in EU

alone to be in the range of 1.5- 2 billion USD in 2022 with a

compound annual growth rate (CAGR) of 10-12% emphasizing

its major importance in agriculture (EBIC, 2022).

Biostimulants are not nutrients, nor fertilizers, or pesticides

and can affect plant growth and development in a variety of ways

throughout the life cycle of the crop, from seed germination to

plant maturity (Yakhin et al., 2017; Fleming et al., 2019). They

have been shown to improve crop quality, yield and tolerance to

abiotic influences (Conrath, 2011; Savvides et al., 2016) and

therefore can become a key component in integrated sustainable

crop production playing an important role in securing yields and

increasing efficiency (Brown and Saa, 2015; Yakhin et al., 2017;

Xu and Geelen, 2018). If we understood how they function we

may be able to develop new traits and mechanisms to enhance

yield, however this information is lacking.

Here, we focused our attention on phosphite based

biostimulants. Phosphite (Phi) is a reduced form of phosphate

(Pi) and has been shown to have growth promoting properties in
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nutrient-replete conditions in oranges, celery, satsuma, wheat,

oilseed rape and several other plants (Albrigo, 1999; Lovatt and

Mikkelsen, 2006; Thao and Yamakawa, 2009; Rossall et al., 2016)

but not in all cases (Carswell et al., 1996; Carswell et al., 1997;

Forster et al., 1998; Ticconi et al., 2001; Varadarajan et al., 2002;

Thao and Yamakawa, 2009). Phosphites cannot be used as a sole

source of phosphorous as phosphites cannot replace phosphate

in biological reactions (Thao and Yamakawa, 2009). There is no

evidence that phosphite can replace phosphate whereas

phosphite to phosphate conversion by the soil micro bacteria

is too slow to provide any growth benefits (Thao and

Yamakawa, 2009).

The mode of action of phosphite is still unclear, however,

there is some evidence that it is root-specific, and not related to

any role as pesticide or fertilizer. In a glasshouse study, carried

out in axenic culture, using wheat, oilseed rape, sugar beet and

ryegrass Rossall et al. (2016) showed that phosphites improved

root biomass by about 30% and seemed to be acting as a specific

biostimulant of root growth. Roots provide the means of

capturing nutrients and water required to generate a

productive photosynthetic canopy. Root anatomical properties

such as root length, density, depth, root front velocity and angle

could also be utilized to improve resilience in resource-poor

conditions to enhance capture of water and mineral elements

(Ahmadi et al., 2014). Therefore, phosphites provide scope to

increase arable resilience and sustainability by potentially

reducing the dependence on expensive nutrient inputs (Panda

et al., 2012).

Bread wheat (Triticum aestivum L.) provides 20% of the

calorific and protein intake in the human diet (Shiferaw et al.,

2013). In the UK, grain yields typically reach between 40-95% of

their yield potentials (Gobbett et al., 2017) causing large yield-

gaps. Here we provide a substantial understanding of

physiological mechanisms by which phosphite improves root

growth in the UK winter wheat. We also show that improvement

of root traits correlates with improvement in both nitrogen (N)

and shoot carbon assimilation. We show that phosphite

treatment increases the activity of Nitrate Reductase, which is

a key enzyme in N assimilation. We propose that phosphite

treatment improves plant tolerance of abiotic stresses through

improved N and C assimilation which is in turn associated with

improved root growth.
Materials and methods

Plant materials and growing conditions

KWS Siskin was used for most experiments including

nutrient strength, water and heat temperature and X-ray

micro CT imaging experiments to its versatility allowing it to

grow in a diversity of sites in the UK. It is a high yield cultivar

with a disease resistance rating of 6.5 for Septoria trictici and a
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high rating for mildew and yellow rust resistance on the UK

recommended list (AHDB, 2019). In addition, seven elite UK

winter wheat varieties; Evolution, Diego, Leeds, Revolution,

Solstice, Siskin and Skyfall were used for initial 2D root

phenotyping studies.

Seeds were sieved through a calibrated graduated sieve

(Scientific Laboratory Supplies Ltd. Hessle, UK) and a fraction

of 2.8-3.35 mm was selected for experiments. Selected seeds were

surfaced sterilized using 75% ethanol (1 min) and 30% sodium

hypochlorite (10 min) and washed thoroughly using

sterile water.
Germination paper assays

Sterilized seeds were germinated on a moist filter paper

(Whatman) for 5-7 days at 4°C and 2 days in a controlled

environment room set at 16/8h photoperiod (20/15°C). The

uniformly germinated seeds (~0.5 cm radicle root) were

transferred on to the blue paper germination pouches soaked

in 1/6th strength Hoagland’s 2.0 (Sigma) (Hoagland and Arnon,

1950) hydroponic media (pH 6.0).

4-5 days old seedlings were treated with a potassium

phosphite based formulation (1 L ha-1 + 0.1% NA 13 wetting

agent) as a foliar spray, using a calibrated, hand-held spray gun

in a volume of water equivalent to 200 L ha-1. Control plants

were sprayed with 0.1% NA13 wetting agent only. The root

impression underneath the black sheet revealed the position of

each seminal root and was marked using a blue permanent

marker to indicate the position of the root at the time of the

foliar application.

A randomized block design was used with a minimum of 24

replicates per treatment. After 9 days (two-leaf stage), another

mark was made on the new position of the roots as well as

marking the newly developed roots based on the impression.

The pouches were imaged on both the black sheet and the blue

paper using a Nikon D600 DSLR camera as described by

Atkinson et al. (2015).

Root images were processed using RootNav software as

described in Pound et al. (2013) and ImageJ software

(NeuronJ) for analyzing the changes in the root development

after phosphite application.
X-ray micro CT imaging experiment

Seeds were surfaced sterilized (above) and stratified at 4°C in

a square petri-dish containing moist filter paper for 3 days with

each seed facing down. After 3 days, they were moved to a 22°C

growth chamber and the petri-dish was wrapped in aluminum

foil and placed at a 65° angle to allow the root radicle to grow

towards gravity.
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Soil (sandy loam) was collected from a field under winter

wheat at the University of Nottingham experimental farm,

Sutton Bonington campus. The soil was air-dried and sieved to

<2 mm before being uniformly packed into columns (7.5 cm

diameter and 17 cm height). A small yellow pipette tip was

placed in the middle top of the soil to 0.5 cm depth before the

soil was soaked. This prevents compaction during seed

transplanting. The soil moisture was saturated at field capacity

24 hr before the wheat was transplanted. Once the root radicle

emerged and was 0.2 cm long, the yellow tip in the middle of the

column was removed and the germinating seed was replaced in

the soil with roots directly facing downward. Soil of ~1 cm thick

was placed over the top to bury the seeds. A completely

randomized design was used with a minimum of 10 replicates

per treatment. At 4 days after transplanting, the emerging leaves

were treated with a potassium phosphite based formulation (1 L

ha-1 + 0.1% NA 13 wetting agent) as a foliar spray, using a

calibrated, hand-held spray gun in a volume of water equivalent

to 200 L ha-1. Control plants were sprayed with 0.1% NA13

wetting agent only. Ten biological replicates were made each and

the columns were X-ray scanned at day 0, 6 and 12 after

phosphite treatment using a Phoenix Nanotom (GE

Measurement and Control Solutions, Wunstorf, Germany)

micro CT scanner.

Image processing and analysis of the root system were

segmented from the grey-scale micro CT images using the

Volume Graphic Studio Max (VG StudioMax) software

described by Tracy et al. (2013). The root volume and surface

area were all extracted from the VG StudioMax while the root

branching and root count were analyzed using semi-automated

ROOTh imaging software.
Growth and phosphite application
experiments in controlled conditions

For all phosphite treatments hereon, a potassium phosphite

based formulation 0-28-19 (O-Phyte) (Omex Ltd.) containing

31.15% PO3 was used. The 0-28-19 was diluted with water (5mL/L

and mixed with 0.1% solution of the wetting agent NA13 (Omex

Ltd). This solution containing 0.15% PO3 was used as foliar spray

at the rate of 1L per m2. Control plants were sprayed with 0.1%

NA13 wetting agent only.

The sterilized seeds were pre-germinated on a moist filter

paper in Petri-dishes in the dark at 21°C for 3 days. Uniform-

sized seeds with a root radicle of ~0.5 cm were sown in

germinating plugs containing compost (John Inness, Norwich

UK) and were grown in a glasshouse for 7-10 days until GS12

(Zadoks et al., 1974). Plants were then vernalized at 6°C for 4-5

weeks with a 16/8h photoperiod. Plants were then transferred

into a glasshouse with 21°C/15°C day and night temperature and

16/8 h photoperiod for 7 days.
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At 7 days post vernalization, plants were transplanted into

deep, plastic pots filled with ~0.6-10 mm washed expanded clay

pellets (Hydroleca) and maintained in this semi-hydroponic

system by daily irrigation as described previously (Rossall

et al., 2016). After a week in this semi-hydroponic system,

phosphite and control treatments were applied as mentioned

above. Root and shoots were harvested at different time points

after treatment and dried at 700C for three days before dry

weight calculations.
Nutrient strength experiment

Three different hydroponic media were used in the semi-

hydroponic system described above. Two were commercially

available media from Omex and Hortimix with a composition of

NPK: 20-8-20 + Mg and S with trace elements and NPK: 15-7-30

with trace elements respectively. While the third hydroponic

media was a modified laboratory formulated Hoagland’s

solution with EDTA as the iron chelator. The composition (g/

L) of nitrate and phosphate was reduced by half; (NH4)3PO4,

0.058g; Ca(NO3)2, 0.66g; MgSO4, 1.01g; KNO3, 0.304g; H3BO3,

0.114g; Cu2SO4, 0.3g; MnCl2(H2O)4, 0.04g; MoO3, 0.0008g;

ZnSO4, 0.0092g; FeHEDTA, 0.11g. The solution was adjusted

to pH 6.0.

For the nutrient strength response experiment, the required

amount of the two commercial hydroponic media was diluted

with water to make up either ¾ or ½ or ¼ strength.
Mild drought experiment

At 7 days post vernalisation, plants were transplanted into a

1 m PVC constructed column containing ~0.6 – 10 mm

hydroleca and irrigated with the full complement of nutrients

using automated irrigation drips. 10 days after transplanting into

the 1 m column, the plants were treated with a potassium

phosphite based formulation as a foliar spray. The plants were

set to a randomized complete block design. A week after the

phosphite treatment, the irrigation was restricted and as the

hydroleca is inert and does not hold water, the automated

irrigator supplied 75 ml of water every 6 h to achieve a

moderate drought. The plants were allowed to grow in this

condition until they reached Growth Stage 65-69 i.e., mid to late

anthesis before the plants were harvested for the shoot and

root sampling.
Heat stress experiment

At 7 days post vernalisation, the wheat seedlings were

transferred into a pot containing a mixture of soil and
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compost (John Innes No.3). All other environmental

conditions are the same as above with the exception of the

heat treatment. After 14 days at 21°C, they were sprayed with

phosphite and were immediately subjected to heat stress of 35°C

for 30 days in a controlled environment chamber (Conviron,

Winnpeg) followed by an increased temperature of 38°C for 5

days before reducing the temperature back to 22°C for the

remainder of the experiment.
Leaf gas exchange measurements and
chlorophyll fluorescence

All leaf gas exchange measurements were taken on the

uppermost, fully expanded leaf using an infra-red gas analyser

(IRGA), Licor 6400XT or 6800 (Licor inc, Illinois, Nebraska).

The same IRGA model was used within each experiment. Three

types of measurements were made: single time point

measurements of photosynthesis at light-saturation (Amax),

Photosynthesis versus intercellular CO2 concentration (Ci, A/

Ci) analysis and light response curves as described previously by

Webster et al. (2016). The photosynthetic model of Farquhar

et al. (1980) was fitted using the bilinear method of the ‘fitacis’

function from the R package PLANTECOPHYS (Duursma,

2015). Except where noted, measurements were made under

light-saturated conditions (1500 µmol m-2 s -1). The block

temperature was maintained at 22°C, the flow rate 500 ml

min-1 and 60-65% humidity. The CO2 concentration used was

400 µmol mol-1 (except where noted). All measurements took

between 2 and 3 minutes to achieve stability. The leaf water

instantaneous water use efficiency (IWUE) and intrinsic water

use efficiency values (iWUE) were obtained from the ratio of

photosynthetic CO2 assimilation (A) to stomatal conductance

(gs), and An to leaf transpiration (E) respectively.
Chlorophyll fluorescence

From 5 days after phosphite application, between 11:00 am

and 12:00 pm; the top and fully developed leaf was wrapped with

a ~3 cm x 3 cm aluminium foil around the upper middle part of

the leaf. The leaf was left to dark adapt for 30 mins and the light

of the growth chamber was turned off before the measurement

started. Handheld FluorPen FP 100 (Photon Systems

Instruments, Brno) was used to measure the maximum

quantum yield (Fv/Fm) of the dark-adapted leaf from ten

biological replicates.

For disruptive analysis, the Fv/Fm was measured from

excised leaf segment of 10 biological replicates of phosphite

treated and untreated under two contrasting temperatures

(Ferguson et al, 2020). The leaf segments were placed on a

damp filter paper and the paper was encased between glass
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plates. The plates were placed inside a closed 800C FluorCam

chlorophyll fluorescence imager (Photon Systems Instrument,

Brno) to dark adapt for 1 h before the standard Fv/Fm protocol

was run as described by Mcausland et al. (2019).
Spectroradiometer

Hyperspectral reflectance was measured between 11:00 am

and 2:00 pm using the ASD Field Spec 4 (ASD Field Spec ® 4,

Boulder, CO, USA) with a spectral range from 350 – 2500 nm.

The reflectance measurement was made using the leaf clip in two

different leaves of the top fully expanded leaf as described by

Robles-Zazueta et al. (2021). The measurements were taken in

ten biological replicates. Chlorophyll content was measured on

the two top fully expanded leaves using the SPAD meter (SPAD-

502 meter, Konika Minolta, Japan).
Nitrate reductase assay

Nitrate reductase assay was done as described previously

(Kim and Seo, 2018). A root or shoot tissue (500 mg) was ground

using liquid nitrogen and suspended in 750µl of chilled

extraction buffer (250 mM Tris-HCl, pH8, 1 mM EDTA, 1 µM

Na2MoO4, 5 µM FAD, 3 mM DTT, 1% BSA, 12 mM 2-

mercaptoethanol, 250 µM PMSF) and centrifuged at 17,000 g

for 5 min. 150 µl of supernatant was added to 850 µl of reaction

buffer (40 mMNaNO3, 80 mMNa2HPO4, 20 mMNaH2PO4, 0.2

mM NADH) and incubated for 2 h at room temperature. 200 µl

of 1% sulfanilamide and 200 µl of 0.05% N-(1-naphthyl)

ethylenediamine were added to each reaction and incubated at

room temperature for another 15 mins and absorbance

measured at 540 nm. Protein contents were measured using

the Bradford assay (Bradford, 1976) and NR activity was

expressed as specific activity (units/mg protein).
Statistical analysis

Statistical analysis was performed within the R software

environment (R Core Team, 2014) and GraphPad Prism 9.01

for Windows (La Jolla, CA, USA) for figures. Student T-tests

were used in comparisons between two samples. Analysis of

variance (ANOVA, one-way and two-way) with posthoc Tukey’s

multiple comparison procedure was used except where indicated

otherwise. Pearson’s product-moment correlation coefficient

was performed for all pairwise traits interactions using the

‘rcorr’ correlation analysis from the R package HMISC, using

the ‘corrplot’ function (Mckenna et al, 2015).
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Results

Phosphite treatment improves root
growth in wheat

Initially we tested the effect of phosphite on young seedlings

in six commercial winter wheat varieties Diego, Evolution,

Leeds, Revolution, Siskin and Skyfall. Early seedling stage root

phenotyping was done using 2D high throughput root

phenotyping system (Atkinson et al., 2015). Four out of six

commercial winter wheat varieties; Diego, Leeds, Siskin and

Skyfall showed a significant increase (Tukey’s HSD P<0.05 and

lower) in the seminal root length (Supplementary Figure 1A. The

mean of the seminal root count in Diego was significantly

(P<0.05) increased by 18% while its lateral root counts

significantly (P<0.05) increased by 38% and Leeds by 58%).

Interestingly, Evolution and Revelation did not respond to

phosphite treatment indicating a varietal difference in their

response to phosphite treatment.

In addition to its response to phosphite, winter wheat

cultivar Siskin is more resistant to powdery mildew infection

and hence was sub-selected for further experiments under

reduced nutrient strength. Using the early-stage root

phenotyping set up described above, Siskin plants were grown

under reduced nutrient strength with and without phosphite

treatment. Figure 1A shows superimposed 2D images of young

Siskin seedlings showing improvement in seminal and nodal

root length at 7 days post phosphite treatment and reveals an

increase in the length and number of the nodal and seminal

roots (Figure 1B).
X-ray CT imaging reveals that
phosphite treatment improves
root architectural traits

To test the impact of phosphite on root growth in soil, pre-

germinated wheat (variety Siskin) seeds (~1cm radicle roots) were

sown into sandy loam soil in small columns (7.5 x 17cm). 4d old

seedlings were treated with a potassium phosphite based

formulation through the foliar spray and X-RAY CT imaging was

performed at 0, 6 and 12 d post-application (Figure 2)

The result was computed based on the changes between time

points. The differences between day 6 and day 0 of treatment are

referred to as D(D6-D0), similarly between day 12 and 6 and

between day 12 and 0 as D(D12-D6) and D(D12-D0),

respectively. The CT results revealed that at 6 d post-

application D(D6-D0) there was a significant increase in the

root volume (P=0.027) and the surface area of the root (P=

0.036) by 28% and 27%, respectively. The increase in both the
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root volume and the surface area in response to the phosphite

application can also be seen at the later time points but the

increase was not significant (Figures 2G, H). There was also a

significant increase in seminal and nodal root length (P=0.042)

by 22% and lateral root count (P=0.002) by 39% (Figures 2I, K) 6

days after the phosphite treatment. We also found a significant

positive correlation between the root biomass and lateral root

count at 12 days post treatment; root surface area and root

volume after 6 days post treatment (r=0.42, r=0.43 and r=0.60

respectively; Supplementary Figure 2). The shoot biomass also

showed positive correlation with the root volume (r=0.55).
Phosphite treatment improves root
biomass under nutrient deficiency

Roots are crucial for nutrient and water uptake from the soil.

To test if improved root growth can lead to improvement in

nutrient uptake, the plants were grown under three different

nutrient strength solutions: full strength (100%), ¾ strength

(75%) or ½ strength (50%). 10-day post transfer to the

hydroponic set up, plants were subjected to foliar phosphite

application. The growth was monitored through detailed

physiological measurements and destructive root and shoot

biomass analysis (30- and 45-days post treatment).

As shown in Figure 3A, phosphite treated plants showed a

significant increase in root biomass at all three nutrient strengths

compared to the control treatment. Phosphite treated plants at

75% nutrient strength solution showed the highest increase in

root dry weight (51%) compared to control (P=0.0258); whereas

there was a 34% increase in root dry weight at 100% strength

nutrient solution (p=.0476); and 40% increase at 50% strength
Frontiers in Plant Science 06
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nutrient solution (p=0.0128) compared to control treatments.

Moreover, phosphite treated plants grown in reduced nutrient

strength solutions (75% and 50%) outperformed the full strength

non-treated plants. All three nutrient concentrations also

showed an increasing trend (17%, 22% and 25% respectively)

in shoot biomass in phosphite treated plants compared to

control treated plants.

To further validate these findings, we designed another

experiment where plants were grown under formulated

Hoaglands solution with half strength N and P and growth

measurements were done at 2, 4 and 8 weeks post treatment. At

all the three time points, phosphite treated plants had

significantly longer (27, 20 and 39%, respectively) roots

compared to the untreated control (Supplementary Figure 3).

Results also show a significant increase in root dry weight by

28% (P=.045) in phosphite treated plants 2 weeks post

application further confirming the observation (Figure 2) that

phosphite treatment improves root growth and may help

promote seedling establishment. In addition, a significant

positive correlation was also seen in the root dry weight and

maximum root length in both week 2 and 4 after treatment

(r=0.6 and r=0.53, respectively).

Despite improvement in root growth and root dry weight,

we did not detect any differences in the shoot dry weight between

treated and untreated plants (Supplementary Figure 3Biii).
Phosphite treatment improves root
length under limited water condition

Roots can establish at depths much greater than the pots

commonly used in controlled environments. To measure root
B CA

FIGURE 1

Phosphite promotes root growth in wheat seedling. (A) Superimposed 2D root images of young seedlings grown in low strength hydroponic
media showing improvement in seminal and nodal root length at 7 days post phosphite treatment. (B) Seminal root length (C) seminal root
count. All values are means ± SE (n= 25); ** indicates signifcant difference (P ≤0.01).
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depth in a restricted water experiment, seedlings were

transferred to 1 m long columns containing expanded clay

beads fitted with an automated drip irrigation system. Foliar

phosphite treatment was done 5 days post transfer of the

seedlings to these columns and water restriction was imposed

a week later. Root growth assessment at 45 days after the

treatment showed that phosphite treated plants have longer

roots under restricted water regime (Figure 3B).
Frontiers in Plant Science 07
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Phosphite treatment improves carbon
assimilation under mild water and
nutrient stress conditions

The observed alterations in root traits may have

consequences for the plant capacity to supply the shoot with

nutrients for synthesis of photosynthetic components and water

for leaf gas exchange. To investigate this, we utilised infra-red
FIGURE 2

X-ray CT imaging in wheat revealed that phosphite improves root architectural traits. (A–H). Time course X-ray CT imaging at 0, 6 and 12 d post
treatment (A–F) reveals that phosphite treatment results in increase in root volume (G) and root surface area (H). (I–K). Average primary root
length (I) average lateral root length (J) and lateral root count (K). Wheat seedlings grown in sandy loam soil in small columns (7.5 x 17cm). 4
day old seedlings were treated with a potassium phosphite based formulation and X-RAY CT imaging performed at 0, 6 and 12 d post
application. Student t test was used to compare between treatment and untreated control (*indicates significant difference *P ≤ 0.05 and **P
≤0.01). All values are means ± SE (n= 10).
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B

A

FIGURE 3

Phosphite treated plants show improved root development. (A) Root dry weight of Phosphite treated plants in pots under different nutrient
strength of a commercial soluble fertilizer (NPK: 20-8-20) compared to untreated plants. *indicates significant difference (student’s t test P ≤

0.05). (B) Deep columns were used to show an increase in maximum root length under mild drought compared to untreated plants.
Arrowheads indicate end of root tips. Growth assessment 10-45 days after phosphite treatment. All values are means ± SE (n= 10-15); *indicates
significant difference (*P ≤ 0.05 and ***P ≤0.001). Scale bar=20cm.
Frontiers in Plant Science frontiersin.org08
1057

https://doi.org/10.3389/fpls.2022.1017048
https://www.frontiersin.org/journals/plant-science
https://www.frontiersin.org


Mohammed et al. 10.3389/fpls.2022.1017048
gas analysis. We observed enhanced photosynthesis as a

common trend in phosphite treated plants. At both high

(100%) and moderate (50%) nutrient strength, photosynthetic

capacity (Amax) increased significantly by 12 and 21%

respectively, after 28 days of phosphite treatment (P=0.027

and 0.001)(Figure 4A). Stomatal conductance (gs) and the

transpiration rate at moderate nutrient strength (50%) were

higher in the phosphite treated plants compared to untreated

control plants (P=0.045 and 0.015 respectively; student’s t test)

(Figures 4B, C). Intrinsic leaf water use efficiency WUE

(calculated as A/gs) of phosphite treated plants in full nutrient

complement also improved significantly (P=0.0004; Figure 4D).

Carbon assimilation and gas exchange rates were measured

at 4 different time points within the first 15 days of mild water

restriction (Supplementary Figure 4). Although not significant,

the Amax, the stomatal conductance (gs) and the transpiration

rate (E) of phosphite treated were all numerically higher at all the

4-time points compared to non-treated under mild water stress

with no alteration in WUE.

A-Ci analysis was used to separate biochemical components

of photosynthesis such as the maximum rate of carboxylation by

Rubisco (Vcmax) and the maximum rate of electron transport for

ribulose-1-5-bisphosphonate (RuBP) regeneration (Jmax) at 10

days of water restriction. For both the Vcmax and Jmax effects were
Frontiers in Plant Science 09
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not significant comparing phosphite treatment under mild water

stress to the untreated control (Supplementary Figure 4D).
Phosphite treatment improves responses
to heat stress

During the heat stress period, the response of the maximum

quantum efficiency of photosystem II (Fv/Fm) was measured

every day in the first 5 days, followed by measurements at 5 days

intervals. At 24 h after heat stress, Fv/Fm of the untreated plants

was significantly lower than treated (P<0.05) Figure 5D). When

the temperature was again increased at day 30 to 38°C, there was

a trend for a sharp and substantial decline in Fv/Fm for the

untreated plants but not treated (P=0.081). This suggests that

phosphite treatment plays a role in helping to prevent

photoinhibition, likely caused by damage to the PSII complex

during heat stress.

To investigate this further, ACi analysis was performed

during the heat stress treatment at 5-day intervals. On day 1

and 4 of the heat treatment, there was a substantial reduction in

Vcmax (P=0.0169, Figures 5A, B) in untreated plants which

mirrored the reduction in Fv/Fm but Jmax was not significant

(Figure 5C). Additionally, to determine if phosphite treatment
B

C D

A

FIGURE 4

Phosphite treatment improves carbon assimilation under mild nutrient stress. Photosynthetic response of phosphite treated (+) and untreated (-)
wheat plants grown under different nutrient strength of a commercial soluble fertilizer (NPK: 20-8-20). (A) Net carbon assimilation rate (B)
Transpiration rate (C) Stomatal conductance (D) Intrinsic water use efficiency from a ratio of net photosynthesis to stomatal conductance. All
values are means ± SE (n=6); *indicates significant difference (student’s t test P ≤ 0.05). ***P ≤ 0.001.
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has any role to play in leaf senescence under heat stress, we

measured the whole plant senescence: Structural Insensitive

Pigment Index (SIPI; Figure 5E) using the vegetative index

calculated from hyperspectral reflectance at day 0 and 5 of

heat stress.
Phosphite treatment increases nitrate
reductase activity

It has recently been reported that phosphite application

results in an increase in nitrate reductase activity.

To test the effect of phosphite treatment on nitrate reductase,

nitrate reductase enzyme activity (NRA) was measured in
Frontiers in Plant Science 10
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phosphite treated and untreated plants grown in different growth

mediums (soil columns; field condition and hydroponics) and

different growth conditions (varying nutrients and water levels).

The nitrate reductase activity was measured on wheat shoots

grown in ½ strength hydroponic media (Figure 6A). There was a

significant increase in nitrate reductase activity 6 and 9d

post application.

We next tested the nitrate reductase activity in field grown

wheat plants. Plants were treated with phosphite in autumn,

spring or both in autumn and spring. We detected a significant

increase (51%) in nitrate reductase activity in dual phosphite

application (autumn and spring; Figure 6B).

To test if the phosphite-influenced increase in nitrate reductase

is only common to wheat, we measured the nitrate reductase
B

C

D E

A

FIGURE 5

Phosphite treatment shows improve tolerance to heat treatment. (A). A versus Ci response curve at 24hr of heat treatment. For visual clarity the
lines are fitted through mean values and the shaded region show limits to the standard error of mean. (B). Maximum rate of carboxylation of
Rubisco (Vcmax) (C). Maximum rate of RuBS regeneration/electron transport (Jmax) (D). Maximum efficiency of photosystem II after dark
adaptation. (E) Canopy senescence (SIPI). All points are means ± SE (n= 5 - 10); (* represent significant differences between phosphite treated
and untreated of the same time point (P ≤ 0.05).
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activity of winter brassica (dicot crop) using the same cultivation

methodologies. In line with wheat experiments we used ½ strength

of commercial NPK 20-8-20 hydroponic media as described in the

methods. Our results show that 9 days after phosphite application,

there was a significant increase (44%) in the nitrate reductase

activity (Supplementary Figure 5A). We also tested the nitrate

reductase activity of seedlings growing in soil column under

restricted water conditions. Brassica napus (var Anastasia) and B.

rapa (var Skye) seedlings were treated with phosphite and 5 days

after phosphite application, water was restricted and nitrate

reductase activity was measured 12-day post treatment. Our

results show both varieties (Skye and Anastasia) have a significant

increase in the nitrate reductase activity by 67% and 60%

respectively (Supplementary Figure 5A).
Frontiers in Plant Science 11
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Discussion

Biostimulants are emerging as a class of chemicals that

promote crop growth. They also have been reported to

improve plant fitness and performance under stress conditions

(Ziosi et al, 2013; Brown and Saa, 2015; Bulgari et al, 2015;

Bulgari et al, 2019). With increasing incidents of adverse

growing conditions, the use of biostimulants to enhance crop

establishment and growth is becoming more important and

could be crucial for meeting future food demands.

Phosphite represents a reduced form of phosphate that has

been shown to act as a biostimulant (Albrigo, 1999; Lovatt and

Mikkelsen, 2006). Previous studies in wheat have shown that

foliar application of phosphite enhances root growth and
B

A

FIGURE 6

Phosphite enhances Nitrate Reductase activity. (A) Time-course assessment of NR activity of wheat plants grown under reduced nutrient (50%
strength) from 3 days to 19 days post treatment. *indicates significant difference. (***P ≤0.001 and ****P ≤ 0.0001; student's t test) (B). Wheat
plants grown in the field with different times of phosphite application. Effect of phosphite on nitrate reductase activity is commonly observed
under mild stress. All values are means ± SE (n= 5 - 25); Different letters denote statistical significance (P ≤ 0.05; one-way analysis of variances.
All values are means ± SE (n= 5 - 25) for both (A, B).
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development in a range of plant species, typically increasing

biomass by around 30% (Rossall et al., 2016) but mechanisms of

action are unclear.

Here we have carried out more detailed studies on the effect

of phosphite on root growth and its impact on nutrient use

efficiency and above ground physiology. In early seedling stage

root studies, we tested the impact of phosphite in six commercial

winter wheat varieties. Four of these varieties (Diego, Leeds,

Siskin and Skyfall) responded to phosphite treatment and

resulted in increase in the length and number of the nodal and

seminal roots (Figure 1). Interestingly, Evolution and Revelation

did not respond to phosphite treatment indicating a varietal

difference in their response to phosphite treatment. Currently it

is not clear why some varieties respond to phosphite treatment

and others don’t. Phosphite cannot be used as a source of P

nutrition (Carswell et al., 1996; Forster et al., 1998; Schroetter

et al., 2006). Phosphite can be taken up by the phosphate

transporters but cannot replace Pi in most biological reactions

but suppress the Pi starvation response (McDonald et al., 2001;

Varadarajan et al., 2002). There is not much evidence either to

suggest that phosphite can be converted to phosphate in planta

(Thao and Yamakawa, 2009). However, there are some reports

that suggest that phosphite can be converted to Pi by soil

microbacteria but the conversion is very slow to account for

any nutritional benefits (McDonald et al., 2001). Besides, the

doses used here are very small and typically one application of

phosphite is needed to promote root growth. Therefore, we rule

out the possibility of phosphite as a source of P nutrition.

However, it is possible that the varieties like Evolution and

Revelation that do not respond to phosphite treatment, may lack

components in phosphite perception and/or signal transmission.

We also tested the impact of phosphite on root growth in soil

by X-ray CT imaging. X-ray CT is a non-invasive method that

generates a sequence of images through a soil column and allows

the root architecture of plants to be visualised in 3D in their

natural environment. We find that at 6 d post-application D(D6-
D0) there was a significant increase in the root volume and the

surface area of the root. There was also a significant increase in

seminal and nodal root length and lateral root count six days

post phosphite treatment. These results indicate a clear impact of

phosphite treatment on early root growth that is likely to

improve seedling establishment.

Root system architecture (RSA) determines the distribution

of root surface area within the soil profile and so the plant’s

capacity to capture nutrients and water (Ho et al., 2004;

Hochholdinger & Tuberosa, 2009; Coudert et al., 2010; Gewin,

2010; Bhosale et al., 2018; Giri et al., 2018; Meng et al., 2019).

These traits therefore have a direct bearing on crop productivity,

particularly under conditions of low resource availability (Lynch,

2011; Lynch, 2013; Lynch et al., 2014; Lynch, 2015). Our

nutrition use efficiency experiment further supports this view
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where we show that phosphite treated plants show a significant

increase in root biomass compared to untreated plants when

grown under reduced nutrient strength solutions and phosphite

treated plants grown in 75% strength nutrient solution

outperformed the full strength untreated plants (Figure 3).

Improved root traits may also have consequences for

synthesis of photosynthesis components and water for leaf gas

exchange and thus can explain an increase in photosynthetic

capacity, transpiration rate, stomatal conductance and intrinsic

leaf water use efficiency WUE of phosphite treated

plants (Figure 4).

Effects of enhanced photosynthesis can be difficult to

interpret due to interactions between enhancement of

development in terms of plant size and increased

photosynthesis per unit leaf area. We hypothesize that

enhanced root morphology can provide greater opportunity to

extract water for transpiration, lowering leaf resistance to CO2

diffusion and to take up more nutrients to construct greater

amounts of photosynthetic components per unit leaf area. Under

conditions where resources are restricted these effects could

amplify and we see some evidence of this. The difference

shown in Figure 3A (moderate nutrient depletion) between

control and Phi treated plants could be attributed to an

increased ability to extract nutrients from the soil. However,

the results we saw are not consistent: we would also expect the

25% treatment to also show a difference in Amax. Similarly, we

would anticipate an improvement in iWUE would be expected

under all treatments.

Our heat stress experiments showed improvements in Fv/Fm

(an indicator of photoinactivated photosystem II (PSII)) and

Vcmax (the maximum carboxylation rate of the enzyme Rubisco

at key points following the heat treatment in phosphite treated

plants. These are important findings because both of these

processes are heat sensitive and represent a loss of activity in

these two key photosynthetic components, PSII and Rubisco. An

increased transpiration capacity that could form as a result of an

enhanced root system might provide extra leaf cooling and

reduce the impact of higher leaf temperatures in the initial

phase of the heat treatment. To support this, we observed a

significantly higher Gs in the phosphite treated plants compared

to untreated at the first time point after the heat was applied. In

addition, SIPI measurments revealed reduced senescence in

phosphite treated plants (Figure 5E). Chlorophyll degradation

can occur in cereals under high temperature stress and it is likely

that phosphite treatment inhibits high temperature mediated

chlorophyll degradation. However, we also cannot rule out an as

yet unknown effect of phosphite on stress signalling pathways in

the plant.

We find that phosphites regulate the activity of Nitrate

reductase which is a key enzyme in N metabolism and

catalyses nitrate to nitrite conversion (Figure 7) (Campbell,
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FIGURE 7

Nitrate reductase: a key enzyme in N metabolism. Nitrate reductase catalyses nitrate to nitrite conversion. The nitrite formed is reduced by the
enzyme nitrite reductase to ammonium, which then reacts with glutamate to form glutamine by glutamine synthetase. The latter serves as the
amino group donor for the synthesis of amino acids, proteins and Nucleic acids.
FIGURE 8

Proposed model for phosphite action. The model provides a temporal framework for impact of phosphite on root growth. Phosphite treatment
results in the induction of NAS gene expression and Fe homeostasis to regulate NR activity and root growth.
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1996). The nitrite formed is reduced by the enzyme nitrite

reductase to ammonium, which then reacts with glutamate to

form glutamine. The latter serves as the amino group donor for

the synthesis of amino acids. The total nitrogen flux from nitrate

to the amino acids is limited by the activity of the first enzyme

nitrate reductase. In plants, the enzyme nitrate reductase

therefore has an essential role in providing reduced,

metabolizable nitrogen for growth and development and a

decisive influence on the increased availability of nitrogen

compounds in the plant. Accordingly, an increased nitrate

reductase activity leads to increased assimilation of inorganic

N to build up plant organs (root, stalk/stem, leaf, and grain/seed)

and activity levels have been used as an indicator of plant

N content.

Though currently it is not clear how phosphites regulate

Nitrate reductase activity. There is some suggestion in the

literature between possible link between ion homeostasis and

Nitrogen metabolism (Zhao et al., 2019). It was shown that two

of wheat Nicotianamine Synthase genes TaNAS1 and TaNAS2

are up regulated by increased N application (Zhao et al., 2019).

Nicotianamine Synthases are key genes involved in the synthesis

of non-proteinogenic amino acid Nicotianamine (Nozoye, 2018;

Li et al., 2020). Nicotianamine is known to chelate many metal

ions including Iron, Zinc, Copper and Manganese and is

involved in internal metal transport (Nozoye, 2018). Crucially,

Nicotianamine is involved in acquisition, transport and

homeostasis (van Wiren et al., 1999; Pich et al., 2001) of iron,

which is required for many of the enzymes involved in Nitrogen

assimilation including Nitrate- and Nitrite-reductases (Wang

et al., 2003). It has been reported that rice NAS3 knock outs have

reduced shoot and root growth further supporting a link

between Nicotianamine Synthases and growth (Aung et al.,

2019). In addition, over expression of NAS genes has been

shown to increase Nicotianamine Synthase levels in several

crop plants and confers tolerance to iron deficiency stress

(Aung et al., 2019; Nozoye, 2018). Thus, it is possible that

phosphite treatment increases Nitrate reductase activity

through improved iron homeostasis.
Conclusions

Our results show that phosphite promotes root growth and

improves nutrition use efficiency (root biomass per unit nutrient

supply). We also present evidence for improved gas exchange

capabilities under conditions of nutrient and water limitation

and for enhanced abiotic stress tolerance.

We propose that phosphite treatment improves plant

growth and the ability to survive abiotic stresses through

improved Nitrogen and Carbon assimilation thus facilitating

improved root growth that in turn improves root biomass,

nutrition and water use efficiency (Figure 8).
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In recent years, there has been a focus towards improving

root architecture to enhance crop resource use efficiency. World

food production has to increase to meet the demands of growing

population and further understanding of the phosphite mediated

growth promotion could provide a promising addition to

agriculture management practices.
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Ericoid mycorrhizal fungi as
biostimulants for improving
propagation and production
of ericaceous plants
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Chunying Zhang3* and Jianjun Chen4*
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Sustainable Plant Innovation, Shanghai Botanical Garden, Shanghai, China, 4Mid-Florida Research
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The mutualistic relationship between mycorrhizal fungi and plant roots is a

widespread terrestrial symbiosis. The symbiosis enables plants to better adapt

to adverse soil conditions, enhances plant tolerance to abiotic and biotic

stresses, and improves plant establishment and growth. Thus, mycorrhizal

fungi are considered biostimulants. Among the four most common types of

mycorrhizae, arbuscular mycorrhiza (AM) and ectomycorrhiza (EcM) have been

more intensively studied than ericoid mycorrhiza (ErM) and orchidaceous

mycorrhiza (OrM). ErM fungi can form symbiotic relationships with plants in

the family Ericaceae. Economically important plants in this family include

blueberry, bilberry, cranberry, and rhododendron. ErM fungi are versatile as

they are both saprotrophic and biotrophic. Increasing reports have shown that

they can degrade soil organic matter, resulting in the bioavailability of nutrients

for plants and microbes. ErM fungi can synthesize hormones to improve fungal

establishment and plant root initiation and growth. ErM colonization enables

plants to effective acquisition of mineral nutrients. Colonized plants are able to

tolerate different abiotic stresses, including drought, heavy metals, and soil

salinity as well as biotic stresses, such as pathogen infections. This article is

intended to briefly introduce ErM fungi and document their beneficial effects

on ericaceous plants. It is anticipated that the exploration of this special group

of fungi will further improve our understanding of their value of symbiosis to

ericaceous plants and ultimately result in the application of valuable species or

strains for improving the establishment and growth of ericaceous plants.

KEYWORDS

biostimulants, blueberry, ericaceous plants, ericoid mycorrhiza, Oidiodendron maius,
rhododendron
frontiersin.org01
1066

https://www.frontiersin.org/articles/10.3389/fpls.2022.1027390/full
https://www.frontiersin.org/articles/10.3389/fpls.2022.1027390/full
https://www.frontiersin.org/articles/10.3389/fpls.2022.1027390/full
https://www.frontiersin.org/articles/10.3389/fpls.2022.1027390/full
https://www.frontiersin.org/journals/plant-science
https://www.frontiersin.org
http://crossmark.crossref.org/dialog/?doi=10.3389/fpls.2022.1027390&domain=pdf&date_stamp=2022-11-16
mailto:jjchen@ufl.edu
mailto:zhangchunying@shbg.org
https://doi.org/10.3389/fpls.2022.1027390
http://creativecommons.org/licenses/by/4.0/
http://creativecommons.org/licenses/by/4.0/
https://www.frontiersin.org/journals/plant-science#editorial-board
https://www.frontiersin.org/journals/plant-science#editorial-board
https://doi.org/10.3389/fpls.2022.1027390
https://www.frontiersin.org/journals/plant-science


Wei et al. 10.3389/fpls.2022.1027390
Introduction

Plant biostimulants are referred to as natural-occurring or

synthetic substances, which when applied to soil, seeds, and/or

plants, can promote plant growth. There are several definitions

for plant biostimulants. du Jardin (2015) defined “a plant

biostimulant is any substance or microorganism applied to

plants with the aim to enhance nutrition efficiency, abiotic

stress tolerance and/or crop quality traits, regardless of its

nutrient content”. Yakhin et al. (2017) proposed that a

biostimulant is “a formulated product of biological origin that

improves plant productivity as a consequence of the novel or

emergent properties of the complex of constituents, and not as a

sole consequence of the presence of known essential plant

nutrients, plant growth regulators, or plant protective

compounds.” Under the new regulation of the European

Union (EU, 2019), “a plant biostimulant shall be an EU

fertilizing product, the function of which is to stimulate plant

nutrition processes independently of the product’s nutrient

content with the sole aim of improving one or more of the

following characteristics of the plant or the plant rhizosphere: (1)

nutrient use efficiency, (2) tolerance to abiotic stress, (3) quality

traits, or (4) availability of confined nutrients in the soil or

rhizosphere”. To be more explicit, plant biostimulants are

products that can improve plant growth.

Biostimulants are derived from a wide range of biological

and inorganic materials (Calvo et al., 2014) and have been

classified into seven categories (du Jardin, 2015): (1) humic

and fulvic acids or humic substances, which are a group of

heterogeneous, highly acidic compounds resulting from the

decomposition of soil animal, microbial, and plant residues;

(2) protein hydrolysate and other nitrogen (N)-containing

compounds, referring to a mixture of amino acids and

peptides obtained through enzymatic and chemical hydrolyses

of animal wastes and plant residues; (3) seaweed extracts and

botanicals, which are derived from seaweed or plants with

biostimulant activities; (4) chitosan and other biopolymers,

this includes biodegradable and biocompatible poly- and

oligomers produced from natural produces; (5) inorganic

compounds, mainly referring to beneficial elements, such as

silicon, titanium, sodium, selenium, iodine, and aluminum (Al);

(6) beneficial fungi, which include those either associated,

endophytic or symbiotic with plants that possess biostimulant

activities; and (7) beneficial bacteria, also referring to associated,

endophytic, or symbiotic bacteria promoting plant growth.

Based on the above classifications, biostimulants could be

broadly divided into non-microbial and microbial plant

biostimulants (Rouphael and Colla, 2020). It was estimated

that biostimulant products could grow to $2 billion in sales in

2018 (Calvo et al., 2014). More than 700 scientific papers on

biostimulants had been published from 2009 to 2019 (Rouphael

and Colla, 2020), indicating an increasing awareness of their

importance to crop production.
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Beneficial fungi include Trichoderma species, mycorrhizal

fungi, yeasts, endophytes, and avirulent/hypovirulent strains of

some pathogens (Ghorbanpour et al., 2018). Mycorrhizal fungi

are a heterogeneous group of taxa that can establish symbiotic

relationships with roots of most terrestrial plants, promoting

plant acquisition of nutrients in exchange for carbon sources

derived from photosynthesis (Addy et al., 2005; Bonfante and

Genre, 2010; Leopold, 2016). Mycorrhizas are traditionally

grouped into arbuscular mycorrhiza (AM), ericoid mycorrhiza

(ErM), ectomycorrhiza (EcM), and orchidaceous mycorrhiza

(OrM) (Pandey et al., 2019; Miyauchi et al., 2020). AMs are

considered the most widespread symbiotic association as 80-

90% of terrestrial plants can be colonized by this group of fungi

(Gianinazzi et al., 2010). The beneficial effects of AMs on plants

are known to be most noticeable when symbiotic relationships

are established at the earliest stage of plant growth (Niemi et al.,

2004). AM fungi have been reported as biostimulants (Xavier

and Boyetchko, 2002; Rouphael et al., 2015), natural

biofertilizers (Berruti et al., 2016), and plant growth regulators

(Begum et al., 2019). However, ErM fungi as biostimulants have

not been reported. An ErM is referred to as a symbiotic complex

of plant roots and fungal components. ErM fungi represent a

unique group of fungi that can symbolize with plants in the

family Ericaceae or heather family and play vital roles for plants

in adapting harsh growing environments (Read, 1996); however,

ErM has been the least studied, and the least understood

mycorrhizal symbiosis (Vohnıḱ, 2020).

This article is intended to briefly introduce ErM fungi and

review available literature related to ErM fungi in

biosynthesizing bioactive compounds, promoting plant growth,

and improving plant tolerance and resilience to abiotic and

biotic stresses. Our review indicates that ErM fungi are valuable

biostimulants that can synthesize bioactive compounds,

including plant growth regulators, promote seed germination

and rooting of cuttings, improve plant tolerance to heavy metals,

drought, and soil salinity, and resistance to plant diseases, and

enhance the growth of ericaceous plants (Figure 1).
Ericoid mycorrhizal fungi

Ericoid mycorrhizal fungi largely belong to Ascomyceta and

Basidiomycota (Perotto et al., 2018; Fehrer et al., 2019; Vohnıḱ,

2020). The most important ErM fungi in Ascomyceta include

the Hyaloscypha hepaticicola aggregate, formerly known as the

Rhizoscyphus ericae aggregate or Hymenoscyphus ericae

aggregate (Fehrer et al., 2019), which include H. hepaticicola,

possibly Hyaloscypha variabilis (syn. Meliniomyces variabilis) as

well as Oidiodendon maius and Leohumicola spp (Vohnıḱ,

2020). H. hepaticicola was actually the first experimentally

confirmed ErM species (Pearson and Read, 1973). O. maius

was initially isolated by Barron (1962) from peat soils collected

in Canada and subsequently from ericaceous plant roots in
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Japan (Tokumasu, 1973). Later, O. maius was identified from

other plant roots and decayed organic materials, peat, and acidic

soils (Rice and Currah, 2005; Rice and Currah, 2006).

Leohumicola species are another group of ErM fungi, which

have a remarkable tolerance to high temperatures (Adeoyo et al.,

2018; Adeoyo et al., 2019).

The basidiomycetous ErM fungi are composed of sebacinoid

fungi fromSerendipitaceae (Vohnıḱ et al., 2016) and non-sebacinoid

fungi (Koları̌ḱ and Vohnıḱ, 2018) as well as those from the Kurtia

argillacea species complex (syn. Hyphodontia argillaceum,

Hyphoderma argillaceum) (Vohnıḱ, 2020). With increasing

exploitation of ErM fungi worldwide, more ericoid mycorrhizal

fungi have been reported. For instance, two ascomycetous genera:

Cairneyella (Midgley et al., 2016) and Gamarada (Midgley et al.,

2018) were found to be ErM fungi in Australia.

Ericoid mycorrhizal fungi are able to colonize roots of

ericaceous plants. The fungi initially grow on the surface of

hair roots, establishing loose hyphal networks. Hyphae then

penetrate cortical cell walls to form intracellular densely packed

individual cells, which is known as coils (Vohnıḱ et al., 2012).

Thus, ericoid mycorrhiza has structurally well-defined
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endomycorrhiza that are distinctly different from the other

mycorrhizae due to the formation of fine compact intracellular

hyphal coils in the rhizodermal cells of hair roots. The coil is the

site for transferring nutrients absorbed by ErM fungi from the

soil to root cells and carbohydrates fixed by plant photosynthesis

to fungi. The hyphal sheaths or mantles around healthy hair

roots are somewhat similar to those occurring in some EcM

(Vohnıḱ, 2020). It was observed that both cell-to-cell (between

neighboring rhizodermal cells) and single cell (from soil to

individual rhizodermal cells) hyphal colonization happened in

the rhizodermis of ErM-colonized hair roots (Massicotte et al.,

2005; Vohnıḱ, 2020).

Interestingly, a recent study showed that ErM fungi,

specifically those in the genus Hyaloscypha can colonize not

only roots, but also stems, leaves, and flowers of Vaccinium

myrtillus (Daghino et al., 2022). The colonization of the above-

ground organs is explained by the evolutionary closeness

between the genus Hyaloscypha and non-mycorrhizal fungal

endophytes based on the genomic similarity. However, it is

unknown at present what role Hyaloscypha plays in the aerial

plant organs of ericaceous plants.
FIGURE 1

A schematic illustration of ericoid mycorrhizal fungi in establishment of the symbiotic relationship with an ericaceous plant (blueberry) and
production bioactive compounds, which result in the improved seed germination and rooting of cuttings, and the symbiosis also enhances plant
tolerance to different abiotic stresses and resistance to pathogen infections and promotes plant growth.
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Ericaceous plants and their
growing conditions

The family Ericaceae has about 4,500 species across 125

genera, which are either herbs, dwarf shrubs, shrubs, or trees that

are distributed in tundra, heathland, and understory of boreal

forests in the Northern Hemisphere (Luteyn, 2002; Grelet et al.,

2009). Economically important ericaceous plants include

Rhododendron L., blueberry (Vaccinium sect. Cyanococcus

Rydb. spp.), bilberry (Vaccinium myrtillus L.), cranberry

(Vaccinium subg. Oxycoccus (Hill) A. Gray spp.), and

huckleberry (Vaccinium parvifolium sm.). Plants in the genus

Rododendron are popular ornamental plants. There are more

than 28,000 cultivars of Rhododendron (12,989 azaleas, 14,298

rhododendron, and 108 azaleodendrons hybrids) in the

International Rhododendron Registry held by the Royal

Hort icul tura l Society (Les l ie , 2002) . Addit ional ly ,

rhododendron plants are important ethnopharmacological and

toxicological plants (Popescu and Kopp, 2013; Wei et al., 2018).

On the other hand, the berries, such as blueberry and cranberry

have high nutraceutical and pharmaceutical value and are

considered super fruit (Whyte and Williams, 2015; Vendrame

et al., 2016). Blueberry varieties include lowbush, southern

highbush, northern highbush, half-high, and rabbiteye. Among

them, the production of highbush varieties increased

substantially from 58,400 ha in 2007 to 110,800 ha in 2014.

North America accounted for more than 50% of the production

area, representing about 60% of highbush blueberry production

in the world in 2014 (Qiu et al., 2018).

Ericaceous plants have some unique characteristics: (1)

Roots are fibrous, very fine multicellular roots ranging from

100 to 750 mm in diameter, and cortical cells never form root

hairs. Instead, roots of ericaceous plants are known as hair roots

(Watkinson, 2016). Roots are mainly distributed in the upper

5 cm of soil depth, representing more than 50% of new roots
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produced during a growing season (Atucha et al., 2020). Root

growth of cranberry exhibited a unimodal curve with one

significant flush at bloom and a peak at the end of fruit

maturation. (2) They are able to grow in soils low in pH (4 to

5) and poor in nutrient availability. Under such a pH range,

nitrification could be largely negligible due to its detrimental

effect on the nitrifying bacteria (Paul and Clark, 1989). It was

proposed that ericaceous plants grown in the low pH soil might

lose their ability to take up nitrate (NO3
-). (3) Roots are

colonized by mycorrhizal fungi, mainly ErM fungi (Xiao and

Berch, 1992; Usuki et al., 2003; Vohnıḱ et al., 2007; Tian et al.,

2011). Root cortex and epidermis could be fully filled with

mycorrhizal hyphal coils (Atucha et al., 2020). The

colonization plays a critical role for ericaceous plants to absorb

nutrients including NO3
-. Cranberry roots inoculated with

R. ericae were able to absorb NO3
- under a low pH regime

(Kosola et al., 2007). Accumulating evidence has indicated

that the symbiosis established between roots and ErM fungi is

essential for ericaceous plants to absorb nutrients and to survive

and grow in the harsh environment (Read, 1996; Cairney and

Meharg, 2003; Zhang et al., 2009; Perotto et al., 2012).
Ericoid mycorrhizal fungi
promote seed germination
and rooting of cuttings

Ericoid mycorrhizal fungi have been shown to improve seed

germination and rooting of microcuttings or stem cuttings of

ericaceous plants (Table 1). Seeds of ericaceous plants are small

with an average length of 1.5 mm and a mean width of 0.5 mm,

and they generally have a poor germination rate due to the

limited supply of nutrition from the endosperm. In a mesocosm

study conducted for determining if novel ErM communities

could assist or hamper the shift of northward species of
TABLE 1 Ericoid mycorrhizal fungi improve seed germination and rooting of cuttings.

Fungal species Host plant species Observed responses References

Hymenoscyphus ericae and Pezizella
ericae

Rhododendron minus and Rhododendron
chapmanii

Increased survival rates and subsequent growth Barnes and Johnson, 1986

Hymenoscyphus ericae Vaccinium corymbosum and Calluna
vulgaris

Increased plantlet growth Berta and Gianinazzi-
Pearson, 1986

Hymenoscyphus ericae Pieris floribunda Stimulated microcutting growth in vitro Starrett et al., 2001

Oidiodendron griseum and
Hymenoscyphus ericae

Leucothoe fontanesiana Increased root initiation and root growth of
cuttings

Scagel, 2005b

Oidiodendron maius Vaccinium virgatum Two strains differentially altered root morphology
cuttings

Baba et al., 2021a

Oidiodendron maius Vaccinium oldhamii Increased the length and branching of pioneer roots
of seedlings

Baba et al., 2021b

Oidiodendron maius Rhododendron fortunei Enhanced rooting and root growth of microcuttings Wei et al., 2020

Unspecified ericoid mycorrhizal fungi Rhododendron catawbiense and R.
maximum

Increased seed germination rates Mueller et al., 2022
frontiersin.org

https://doi.org/10.3389/fpls.2022.1027390
https://www.frontiersin.org/journals/plant-science
https://www.frontiersin.org


Wei et al. 10.3389/fpls.2022.1027390
Rhododendron, Mueller et al. (2022) reported that germination

rates of R. catawbiense and R. maximum after inoculation with

novel soils containing ErM fungi were significantly greater than

those of controls (without mycorrhizal fungi) or inoculated with

conspecific soils, 75.2% vs. 54.5% for R. catawbiense and 65.7%

vs. 54.4% for R. maximum. The increased germination rates were

attributed to the occurrence in ErM fungi, but the authors did

not provide the underlying mechanisms. In addition to seed

germination, ErM has been documented to promote seedling

growth of Rhododendron. An ErM fungus known as O. maius

Om19 inoculated in a peat-based substrate substantially

enhanced seedling growth of R. fortunei Lindl. because root

growth including root length, root numbers, root fresh weight as

well as shoot growth, including shoot overall height and shoot

fresh weight of Om19 colonized seedlings were doubled

compared to the uninoculated control seedlings (Wei et al.,

2016a). Additionally, overall fresh and dry weights of R. fortunei

seedlings inoculated with Om19 were 81% and 84% higher than

those of the control, respectively. Furthermore, genes related to

N uptake and metabolism were analyzed by qRT-PCR, and

results showed that the expression of an ammonium transporter

(AMT), two nitrate transporters (NRT1-1 and NRT1-2),

glutamate synthase (GOGAT), and glutamine synthetase (GS)

were highly upregulated in plants inoculated with Om19,

ranging from 2 to 9 folds greater than the uninoculated plants

(Wei et al., 2016a).

Ericoid mycorrhizal fungi can substantially improve rooting

of stem cuttings as well as microcuttings derived from tissue

culture (Eccher et al., 2010; Wei et al., 2020). Stem cuttings of

blueberry plants inoculated with ErM fungi rooted more

successfully and were followed by enhanced plant growth

(Scagel et al., 2005a; Scagel et al., 2005b). Root initiation and

root growth of dog hobble (Leucothoe fontanesiana) (Scagel,

2005b) and Vaccinium meridionale, a Colombian blueberry

(Ávila Dıáz-Granados et al., 2009) also increased with the

inoculation of ErM fungi. Recently, micropropagation, shoot

culture in particular, has been increasingly used for propagation

of important ericaceous plants, such as rhododendron,

cranberry, and blueberry (Fan et al., 2017; Wei et al., 2018).

An interesting phenomenon observed during the rooting of

microcuttings is that in vitro rooting is more difficult than ex

vitro rooting (Gorecka, 1979; Fan et al., 2017; Qiu et al., 2018;

Wei et al., 2018). To explore the underlying mechanisms behind

this phenomenon, Wei et al. (2020) developed an in vitro culture

system for R. fortunei and investigated the adventitious root

(AR) formation in microcuttings inoculated with or without

O. maiusOm19. Key phytohormones and precursors involved in

the pathway of indole-3-acetic acid (IAA) biosynthesis were

analyzed in Om19 mycelium. Om19 was able to synthesize

tryptophan (Trp), indole-3-pyruvate (IPA), and IAA, of which

Trp concentration was greater than 4,000 mg/kg. The

occurrence in Trp, IPA, and IAA indicated that Om19

biosynthesis of IAA is through the Trp-dependent pathway
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(Mano and Nemoto, 2012). Other hormones synthesized by

Om19 include brassinolides (BRs), jasmonic acid (JA), and

salicylic acid (SA). BRs were reported to positively impact the

symbiosis of either tomato or tobacco roots with an AM fungus

(von Sivers et al., 2019). JAs are known as a wound signal in AR

formation because wounding quickly induces JA accumulation

in plant tissues (Zhang et al., 2019). Increased JA concentrations

have been shown to promote AR formation in cuttings by IAA

accumulation in the base of stem cuttings towards AR source

cells (Druege and Franken, 2019). SA is known for triggering

systemic-acquired resistance (SAR) in plants (Chen et al., 1996).

Low concentrations of SA was reported to promote AR

formation and change the root apical meristem architecture,

but high SA concentrations suppressed the root growth process

(Pasternak et al., 2019). After Om19 inoculation, ARs rapidly

appeared from microcuttings. Meanwhile, genes related the

symbiosis including SymRK and DMI were activated in ARs,

resulting in Om19 colonization of the roots. Furthermore,

YUC3, a key gene controlling IAA biosynthesis in plants

(Cheng et al., 2007; Won et al., 2011), genes encoding N

absorption (AMT and NRT) and N metabolism (GOGAT and

GS) as well as phosphate transporter (PHT) in Om19-inoculated

plants were upregulated by 3 to 7 folds compared to control

plants without Om19 inoculation. As a result, inoculated plants

were able to take up significantly higher quantities of nutrients

including N, P, K, Ca, Mg, and S, and plant growth substantially

increased compared to the control plants. A working model for

the Om19-mediated AR formation was proposed. The rapid AR

formation on the one hand was induced by IAA produced by

Om19 and on the other hand by IAA biosynthesized by plants.

The high concentration of Trp synthesized by Om19 could be

readily used by plant as the precursor to synthesis of IAA. The

formation ARs, in turn, provided Om19 with host for

colonization. This study for the first time documented the

ability of Om19 to biosynthesize several hormones, of which

IAA plays an important role in inducing AR formation.

This model also provides explanations as to why ex vitro

rooting of microcuttings is more effective than in vitro rooting. A

major component of commercial substrates is peat moss,

ranging from 30% to 75% based on volume (Chen et al.,

2005). As mentioned before, O. maius was initially isolated

from peat soils by Barron (1962). Commercial substrates rich

in peat moss might have ErM mycorrhizal fungi. Gorman and

Starrett (2003) screened ErM occurrence in commercial

substrates and found that the majority of the peat and peat-

based substrates used in the U.S. and Canada contained ErM

fungi. ErR fungi were reported to naturally colonize roots of

blueberry plants during nursery production (Scagel, 2005a).

Thus, the ErM fungi in the substrates could act similar to

Om19 in biosynthesis of phytohormones including IAA for

inducing AR formation of ericaceous plant cuttings. Those

ErM may also synthesize a large amount of Trp for plants to

produce endogenous IAA. In general, endogenous hormones are
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more effective than exogenous application. Ismail et al. (2021)

reported that bacterial and fungal endophytic metabolites

significantly enhanced plant growth compared to exogenous

applied hormones. IAA biosynthesized inside plants by either

plants or ErM could be considered endogenous and thus could

be more effective for inducing AR formation than exogenous

applied auxin during in vitro rooting.

Ericoid mycorrhizal fungi also produce other bioactive

compounds (Table 2). Some can increase bioavailability of soil

mineral elements, such as siderophore for chelating soil Fe

(Ahmed and Holmström, 2014). Some are enzymes, including

cell-wall-degrading enzymes (PCWDEs) that can degrade soil

organic matter (SOM) (Kohler et al., 2015; Martino et al., 2018).

Others have antimicrobial activities (Hosoe et al., 1999; Ouyang,

2021), and still others are antioxidants, such as rutin (Lin

et al., 2021).
Ericoid mycorrhizal fungi enhance
plant growth

Ericoid mycorrhizal fungi have been well documented for

promoting the growth of ericaceous crops. ErM fungi are able to

establish symbiotic relationships with plant roots. The
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established symbiosis enables plants to better adapt to acidic

soils with low pH values and low nutrient status and improve

root acquisition of nutrients, thus, enhancing plant growth. The

growth enhancement is attributed to several factors: (1) The

ability of ErM to biodegrade SOM resulting in the bioavailability

of nutrients for plants; (2) the symbiosis-resultant expansion of

nutrient acquisition surface area for capturing more mineral

elements; and (3) the upregulation of gene expression, such as

those associated with symbiosis and N and P uptake and

metabolism, leading to the increased N and P absorption and

metabolism and enhanced plant growth.
ErM fungi mediated degradation of soil
organic matter

A unique characteristic of ErM fungi is their capability to

biodegrade SOM (Martino et al., 2018). SOM is the organic

fraction of the soil consisting of animal and plant residues and

microorganisms at different stages of decomposition and

contributes significantly to soil fertility and productivity (Myers

and Leake, 1996; Biswas and Kole, 2017). Ericaceous plants are

native to acidic soils, low in nutrients but high in recalcitrant

organic materials, which results in a low bioavailability of mineral
TABLE 2 Bioactive compounds released by ericoid mycorrhizal fungi.

Fungal species Bioactive compounds Role of the compound References

Cryptosporiopsis sp. Rutin Antioxidative activity Lin et al., 2021

Hymenoscyphus
ericae and
Oidiodendron
griseum

Hydroxamate siderophore A chelator product for improving iron bioavailability in soils Schuler and
Haselwandter, 1988

Hymenoscyphus
ericae

Phenol-oxidation and extracellular o-polyphenol
oxidase (tyrosinase)

Degraded lignin or soluble phenolic compounds Bending and Read,
1997

Hymenoscyphus
ericae

Chitinase Involved in chitin degradation Kerley and Read,
1997; Bougoure and
Cairney, 2006

Leohumicola
incrustata

Amyloglucosidase Hydrolyzed individual glucose units from the non-reducing ends of
starch chains

Adeoyo et al., 2018

Oidiodendron cf.
truncatum

Four new tetranorditerpenoids, oidiodendrolides
A, B, and C, and oidiodendronic acid

Antibiotic activity against pathogenic yeast Hosoe et al., 1999

Oidiodendron
maius

Plant cell wall-degrading enzymes, PCWDEs Degraded plant cell wall Kohler et al., 2015

Oidiodendron
maius

Mucilage and soluble and wall-bound pigments Chelated heavy metal ions Martino et al., 2000b

Oidiodendron
maius

Tryptophan, indole-3-pyruvate, indole-3-acetic
acid (IAA), brassinolides (BRs), jasmonic acid

(JA), and salicylic acid (SA)

Precursor for IAA biosynthesis. IAA, BRs, JA, and SA are plant growth
regulators

Wei et al., 2020

Oidiodendron
flavum

Harzianic acid Antimicrobial activity Ouyang, 2021

Oidiodendron
truncatum

Fourteen norditerpene and three anthraquinone
metabolites.

Antifungal activity Rusman et al., 2020

Ericoid mycorrhizal
fungi

Indole-3-acetic acid (IAA), hydrogen cyanide
(HCN), siderophores, and phosphatase

IAA is plant growth regulator; HCN is a co-product of ethylene
biosynthesis; siderophores improve nutrient bioavailability; and

phosphatase solubilizes insoluble forms of phosphorus

Hamim et al., 2019
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elements, particularly N and P (Cairney and Meharg, 2003). ErM

fungi can degrade SOM, leading to the release of nutrients for host

plants. Among the ErMs, R. ericae and O. maius were found to

degrade cellulose, tannic acid, pectin, and chitin (Rice and Currah,

2001; Thormann et al., 2002; Rice and Currah, 2005). A wide

range of enzymes were released from the two ErM fungi for

degrading fungal and plant cell wall polymers, complex aliphatic

compounds, and organic phosphorus (Smith and Read, 2008).

Kohler et al. (2015) sequenced 13 EcM, ErM, and OrM species as

well as five saprotrophs and found that EcM fungi have reduced

numbers of genes for PCWDEs compared to their ancestral wood

decayers. Later, Martino et al. (2018) sequenced genomes of ErM

fungi R. ericae, Meliniomyces bicolor, M. variablilis, and O. maius

and compared their gene repertoires with EcM, OrM, and six

pathogenic or saprotrophic Leotimycetes and 50 other

Basidiomycetes and Ascomycetes. The authors found that ErM

fungi possessed lipases, polysaccharide-degrading enzymes,

proteases, and enzymes in secondary metabolism that were

comparable to those of pathogens and saprotrophs but higher

than those of EcM fungi, suggesting the ErM fungi are unique due

to their dual saprotrophic and biotrophic lifestyle. Additionally,

RNA-Seq analysis showed that highly upregulated genes in ErM

fungi were those involved in lipases, cell wall-degrading enzymes

(CWDEs), transporters, proteases, and mycorrhizal-induced

small-secreted proteins (MiSSPs). Thus, ErM fungi represent a

unique group of fungi in degradation of SOM, which explains in

part as to why ericaceous plants can survive and grow in the acidic

and low nutrient soils.

Soil organic nitrogen (ON) is a fraction of SOM, including

intracellular and cell-wall bound proteins and nucleic acids of

plant and microbial origin (Nemeth et al., 1987; Abuarghub and

Read, 1988). The main groups of soil ON compounds are

aliphatic-N, including polysaccharide N and amino-N as well

as aromatic N, such as those present in soil humus (Chen and

Xu, 2006; Talbot and Treseder, 2010). These large molecules can

be degraded by enzymes of ErM fungi into monomers, such as

oligomer, small peptides, and amino acids (Talbot and Treseder,

2010) which are small enough for soil microbes and plants to

take up or further mineralize and incorporate as ammonium and

nitrate (Séneca et al., 2021). Studies have shown that mycorrhizal

fungi and plant roots can take up amino acids. ErM fungi R.

ericae were able to use all 20 common amino acids except glycine

(Leake and Read, 1990; Cairney et al., 2000; Midgley et al., 2006),

while O. spp. can use alanine, glutamic acid, arginine, lysine,

proline, asparagine, glutamine, histidine, and cysteine

(Whittaker and Cairney, 2001). Furthermore, ErM fungi have

the capacity to use proteins, peptides or even chitin as a sole N

source (Leake and Read, 1990; Read, 1996). Lin et al. (2011)

evaluated three ErM isolates, Rf9 and Rf32 belonging to the

genus Cryptosporiopsis and Rf28, a member of Phialocephala

in decomposition SOM. Both Rf28 and Rf32 possessed the

highest decomposition rates, up to 10.4% in 70 days, but Rf9

had a decomposition rate of 6.8%. Enzymatic assay showed that
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Rf28 and Rf 32 secreted cellulase, laccase, peroxidase, and

tyrosinase, but Rf9 mainly released peroxidase and tyrosinase.

Seedlings of R. formosanum Hemsl. grown in substrate without

ErM inoculation showed chlorotic symptoms and limited root

growth, while those inoculated with ErM exhibited much

stronger growth vigor than those of the control. This study

implies that ErM-mediated decomposition of soil ON provides

seedlings with nutrients, particularly N.
Enhanced growth of plants
through symbiosis

Inoculation of ErM fungi can substantially enhance the

growth of ericaceous plants. In general, ericaceous plants can

be naturally colonized by ErM fungi (Hambleton and Currah,

1997; Gorman and Starrett, 2003), but the colonization rates are

low, less than 15%. Inoculation of ErM fungi can increase

colonization rates, up to 30% (Scagel, 2005a), and the

colonization promoted growth in blueberry cultivars. Table 3

lists growth enhancement of ErM fungi on ericaceous plants.

Inoculation of ErM fungi affected acclimatization and growth of

microcuttings of Pieris floribunda (Starrett et al., 2001).

Container-grown R. indica inoculated with O. maius Om19

had more abundant roots and a larger above ground canopy

than those uninoculated (Wei et al., 2016a). Plant height, root,

shoot, and total fresh weights of seedlings of R. kanehirae

inoculated with two ErM strains significantly increased when

ammonium was used as a N source (Lin et al., 2021). ErM fungi

in nature Finnish peat moss promoted rooting of rabbiteye

blueberry (V. virgatum Ait.) and vegetative growth (Li et al.,

2021). Dry weights of shoots, leaves, and roots of rooted cuttings

were 2.37, 4.51, and 4.34 g, respectively compared to 0.47, 0.90,

and 0.67 g of those grown in sterilized peat moss. Furthermore,

root P and Mg concentrations and shoot K content increased in

plants grown in unsterilized peat moss. A recent study also

showed that single inoculation of V. corymbosum with O. maius

or Phialocephala fortinii significantly increased plant dry weight

(Wazny et al., 2022).

The increased growth of plants is largely attributed to the

following factors: (1) The bioavailability of small ON

compounds degraded by ErM fungi mentioned above. (2) The

symbiosis results in the establishment of root and hyphal

networks that greatly expand root surface areas for capturing

more mineral nutrients. Atucha et al. (2020) studied the

phenology of roots, root anatomy and morphology in terms of

root orders in cranberry (V. macrocarpon Ait). More than 50%

of new roots produced during the growing season were vertically

distributed in the upper 5 cm of soil depth, and mycorrhizal

fungi were able to colonize the intact cortex and epidermis of the

first three root orders. It is known that large root systems

generally have a larger root surface areas and concomitantly

shorter average half distance between root axes in the soil or
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substrate for more effectively capturing nutrient elements (Chen

and Gabelman, 2000). Thus, absorption of N, P, and other

mineral nutrients was markedly increased in ErM colonized

plants. (3) ErM fungi are able to biosynthesize and release

hormones for stimulating root growth, such as IAA, BR, JA,

and SA, which can stimulate plant growth and improve plant

stress tolerance. (4) ErM-colonization results in the increased

expression of a large number of genes. To gain insight into the

intimate relationships of ErM fungi with ericaceous plants and

the mechanism underlying growth stimulation, Wei et al.

(2016b) analyzed transcripts induced by the symbiosis between

ErM Om19 and R. fortunei using RNA-Seq. The symbiosis

induced 16,892 upregulated genes in Om19-coloinzed roots.

Homologous to symbiosis related genes, such as SymRK,

CCaMK, DM1, NORK, genes involved in N uptake including

AMT3, NRT1-1, NRT1-2, as well as N metabolism, such as GS-1

and GS-2 and GOGAT-1 and GOGAT-2 were highly upregulated

in roots inoculated with Om19, suggesting that ErM fungi might

share the same strategy as AM fungi in the establishment of

symbiotic relationships with ericaceous plants. The increased

expression of the genes in N uptake and metabolism

corresponded to the increased N absorption and metabolism

as well as plant growth. Thus, the ability of ericaceous plants to

survive and grow in acidic and low nutrient soils is largely
Frontiers in Plant Science 08
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associated with their symbiotic relationship with ErM fungi

(Cairney and Meharg, 2003).

It is worthy of note that different strains within an ErM

species may perform differently in regulation of N uptake in

ericaceous plants. Five strains isolated from Calluna vulgaris had

different capacities to use organic and mineral N sources (Grelet

et al., 2005). Different isolates of epacrid root endophytes

differed in the use of amino acids (Whittaker and Cairney,

2001). Using 15N tracing, Grelet et al. (2009) found that the

rates of appearance of 15N in shoots of cranberry after roots were

inoculated with three strains of Helotiales were low and not

different from the control (no ErM inoculation) when nitrate

was used as a N source. However, differences occurred among

strains when glutamine was used as a N source. When NH4 was

used a N source, two strains had the highest rates compared to

the other strains. Thus, for practical application of ErM fungi as

biostimulants, appropriate species or strains should be chosen.
Improve plant tolerance to abiotic
and biotic stresses

Plants as sessile organisms and permanently stay in their

established sites. In addition to harsh environmental conditions,
TABLE 3 Ericoid mycorrhizal fungi improve rooting of propagules and enhance plant growth.

Fungal species Host plant species Observed responses References

Cryptosporiopsis sp Rhododendron
pseudochrysanthum

Enhanced seedling growth as total fresh weight of inoculated seedlings was higher than
the control seedlings

Lin et al., 2021

Hymenoscyphus ericae Pieris floribunda Increased survival rate of micropropagated plants during ex vitro acclimatization. Starrett et al.,
2001

Hymenoscyphus ericae,
Oidiodendron griseum,
and Pezizella ericae,

Seven highbush blueberry
cultivars (Vaccinium

corymbosum)

Improved plant growth as inoculants increased plant growth; but root/shoot biomass
ratios decreased due to the application of organic or inorganic fertilizers

Scagel, 2005a;
Scagel, 2005b

Hymenoscyphus ericae and
Oidiodendron griseum

Vaccinium corymbosum Improved plant growth as inoculated plants produced significantly larger floral displays,
more fruits per inflorescence, and heavier fruits with lower sugar content, than

uninoculated control plants.

Brody et al.,
2019

Meliniomyces variabilis,
Oidiodendron maius, O. or
Rhizoscyphus ericae

Vaccinium virgatum
‘Rabbiteye blueberry Ait.

Promoted vegetative growth including more leaves and shoots, greater total leaf area
and shoot length than those grown in sterilized substrate

Li et al., 2021

Oidiodendron maius and
Hymenoscyphus sp.

Vaccinium corymbosum Improved plant growth and vitality and increased biomass accumulation Wazny et al.,
2022

Oidiodendron maius Rhododendron cv. Azurro Increased root biomass and plant phosphorus concentrations Vohnıḱ et al.,
2005

Oidiodendron maius Rhododendron fortunei Enhanced plant growth evidenced by larger canopies and root systems of seedlings, and
genes related to plant uptake of N and N metabolism were highly upregulated

Wei et al.,
2016a; Wei
et al., 2016b

Oidiodendron maius Arabidopsis thaliana Increased shoot and root biomass, shortened the primary root and increased the lateral
root length and number of seedlings

Casarrubia
et al., 2016

Oidiodendron maius Rhododendron kanehirae Promoted plant growth since plant height, roots, shoots, and total fresh weight
significantly increased when ammonium was used as a N source

Lin et al., 2020

Oidiodendron maius Rhododendron fortunei Enhanced microcutting growth and increased N and P contents of plants Wei et al., 2020

Oidiodendron maius Vaccinium virgatum Ait
‘Tifblue’

Altered the length and branching of pioneer and/or fibrous roots of rooted cuttings Baba et al.,
2021a
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ericaceous plants often encounter other stressful factors, such as

salt, drought, heavy metals as well as plant pathogens. Evidence

has shown that in addition to growth promotion, symbiotic ErM

fungi can substantially improve plant tolerance to abiotic and

biotic stresses (Table 4). The enhanced stress tolerance in turn

can improve plant productivity compared to those without

symbiotic establishment.
Resistance to heavy metals

Another distinct characteristic of ErM fungi is their

adaptability to heavy metal stress (Meharg and Cairney, 2000).

C. vulgaris is a dominant plant in mine spoil sites as it can

tolerate Cu2+ and Zn2+. Such a tolerance is attributed to its

symbiotic relationship with ErM fungi. In the early 1980s,

Bradley et al. (1981) reported that resistance of C. vulgaris to

Cu2+ and Zn2+ was constitutive even in those mycorrhizal

endophyte plants collected from sites without metal

contamination (Bradley et al., 1981; Bradley et al., 1982).

Martino et al. (2000b) reported that two isolates of O. maius

from metal contaminated soils showed enhanced tolerance to

Zn2+ in vitro, and later they reported that the mechanism behind

the tolerance was due to the production of extracellular

compounds, such as malate and citrate either to solubilize or

chelate heavy metal ions (Martino et al., 2003). Subsequently, the

ErMmetal tolerant isolate known as Oidiodendron maius Zn has
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been used as model for studying the molecular basis underlying

ErM-mediated metal tolerance (Daghino et al., 2016). Its

genome was sequenced (Kohler et al., 2015). A recent report

showed that a homeostatic mechanism at the cellular level

mediated by transport proteins may play an important role

(Ruytinx et al., 2020). Blueberry plants colonized by ErM fungi

were also found to be able to tolerate high concentrations of Fe

and Mn (Hashem, 1995a; Hashem, 1995b) as well as Al (Yang

and Goulart, 2000). In addition to tolerance to Cu2+, Cd2+, and

Zn2+, ErM fungi are particularly resistant to arsenate (AsO4
3-).

Sharples et al. (2001) compared As resistance between isolates of

Hymenoscyphus ericae derived from C. vulgaris in soils

contaminated with AsO4
3- and natural heathland soils and

found that H. ericae isolated from the mine sites sustained

significant growth at AsO4
3- concentration up to 4.67 mol m–

3; however, the growth of the isolates from the heathland soils

were almost completely inhibited. All isolates regardless of their

origins had an identical response to Cu2+. These results suggest

that H. ericae response to As is adaptive but their response to

Cu2+ is constitutive.

Although some progress on the tolerance of ErM fungi to

heavy metals has been made, our understanding on how ErM

colonization can improve plant tolerance to heavy metal stress

remains incomplete. Sharples et al. (2001) reported that

C. vulgaris tolerance to As in the mine sites was due to the

colonization of H. ericae, which allows the host to maintain an

adequate supply of PO3
3- to limit the level of AsO4

3- in the
TABLE 4 Ericoid mycorrhizal fungi improve plant tolerance to abiotic stresses.

Fungal species Host plant
species

Observed responses References

Hymenoscyphus ericae Calluna vulgaris and
Vaccinium
macrocarpon

Improved plant tolerance to Fe by limiting its transport to shoots Shaw et al., 1990

Hymenoscyphys ericae Vaccinium
macrocarpon

Reduced Fe and Mn in leaves of mycorrhizal plants and increased Fe and Mn in root
tissues, protected shoots from metal stress on the basis of exclusion rather than
accumulation

Hashem, 1995a;
Hashem, 1995b

Hymenoscyphus ericae Vaccinium
mocrocarpon

Provided plants with organic and inorganic P Myers and Leake,
1996

Hymenoscyphus ericae Calluna vulgaris Enhanced plant tolerance to arsenate Sharples et al., 2000a;
Sharples et al., 2000b

Hymenoscyphus complex Woollsia pungens Improved plant tolerance to drought Chen et al., 2003

Meliniomyces variabilis
and Oidiodendron maius

Rhododendron
groenlandicum,
Vaccinium myrtilloides,
and
Vaccinium vitisidaea

Increased plants tolerance to salt stress Fadaei et al., 2020

Oidiodendron maius Vaccinium
corymbosum

Improved plant tolerance to Al by restriction of Al in roots Yang and Goulart,
2000

Oidiodendron maius Vaccinium myrtillus Enhanced plant tolerance to Zn by producing extracellular compounds to chelate Zn Martino et al., 2000a;
Martino et al., 2000b

Oidiodendron maius Rhododendron fortunei Increased N bioavailability to seedlings and induced the expression of genes related to N
uptake and metabolism

Wei et al., 2016b

Pezoloma ericae Vaccinium
macrocarpon

Increased the ability of plant to utilize NO3−-N Kosola et al., 2007
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cytosol, i.e., an ErM-mediated avoidance mechanism in

C. vulgaris. To address ErM fungal colonization modulated

plant tolerance to heavy metals, Casarrubia et al. (2020)

studied O. maius mediated Cd tolerance in V. myrtillus and

found that ErM colonized roots exposed to Cd had a reduced

level of Cd compared to those uninoculated. Transcriptomic

analysis showed that GSH metabolism was involved in the Cd

tolerance as phytochelatins are biosynthesized from GSH, which

can bind Cd to reduce toxicity (Chen and Goldsbrough, 1994;

Chen et al., 1997). Some plant metal transporters were also

regulated during the symbiosis and may be responsible for the

reduced Cd content observed in mycorrhizal roots exposed to

this metal.
Tolerance to salt and drought stress

Several recent studies showed that ErM fungi can effectively

improve ericaceous plant tolerance to salt stress. A recent study

showed that velvetleaf blueberry (V. myrtilloides), labrador tea

(R. groenlandicum), and lingonberry (V. vitisidaea) plants

inoculated with M. variabilis had increased dry weights of

roots when imposed on NaCl-treatment. Inoculation of O.

maius increased root dry weight accumulation in lingonberry

plants treated with NaCl at 30 mM (Fadaei et al., 2020). Salt

stress generally disrupts plant water relations by adversely

affecting water uptake and osmotic balance as well as root

hydraulic conductivity in plants (Sutka et al., 2011), which

then lead to the decrease in cell turgor and stomatal opening

and the inhibition of cell elongation. As a result, transpiration

rates and net photosynthetic rates decreased, and plant growth

was suppressed (Vaziriyeganeh et al., 2018). In the report of

Fadaei et al. (2020), transpiration and net photosynthetic rates of

three ericaceous plant species treated with 30 mM NaCl were

drastically reduced when grown in a substrate without ErM

inoculation, but such detrimental effects were either completely

or partially reversed by the inoculation of O. maius and M.

variabillis. It was reported that EcM and AM colonization of

roots increased the expression level of root aquaporins, resulting

in the substantial improvement of root hydraulic conductivity

(Xu et al., 2015). The authors believed that ErM fungi may act

similar to AM in the alleviation of plant salt stress.

The ErM colonization also enhances drought tolerance of

ericaceous plants. Mu et al. (2021) studied responses of lowland

and upland blueberry seedlings to drought stress. Seedlings were

grown in sterilized soil under controlled environmental conditions

and inoculatedwithM.variabilis,O.maius,P. ericae, andPezoloma

ericae. All plants were imposed on three cycles of drought stress

throughwithdrawingwatering.Uninoculated,well-wateredupland

plants after threeweeks of drought treatments produced higher dry

weights compared to the uninoculated lowland plants. This

difference, however, was offset after the plants were inoculated

with ErM fungi, indicating that ErM addition significantly
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improved drought tolerance of the lowland and upland plants.

Among the four ErM species, Pezicula ericae was found to be the

most effective in enhancing drought resistance in lowland and

upland seedlings as its inoculation maintained a higher water

potential in plant shoots and higher net photosynthetic and

transpiration rates, thus increased dry weight production.
Responses to biotic stress

Information regarding ErM fungi improving ericaceous

plant resistance to pathogens is rather limited. In a study

conducted to test if ErM fungi could suppress the infection of

soil-borne pathogens on mycorrhizal roots of C. vulgaris

and R. hirsutum, Grunewaldt-Stöcker et al. (2013) inoculated

Pythium spp. and Phytophthora cinnamomic, respectively to roots.

The establishment of mycorrhizae, pathogen infections, and

disease development in plants were examined microscopically.

Results showed that ErM fungi suppressed the growth of external

pathogenic mycelium and reduced pathogen infections. A

complete reduction was observed at higher ErM colonization

levels. However, pathogen infection occurred in those with low

ErM colonization. These results showed that ErM colonization

played a role in the direct suppression of oomycete pathogens

from infection of ericaceous plants.

Systemic acquired resistance (SAR) is an immune response

of plants against pathogen infection. It has been reported that

some mycorrhizal fungi and plant growth promoting bacteria

can induce SAR against a wide range of plant pathogens

(Pieterse et al., 2014; Backer et al., 2018). However, SAR

induction by ErM fungi has not been reported in ericaceous

crops. Considering the fact that SA can effectively induce SAR in

plants (Chen et al., 1996; Metraux, 2001) and O. maius can

biosynthesize SA (Wei et al., 2020), it is likely that ErM fungi, O.

maius in particular, should be able to induce SAR in plants,

providing plants with long-lasting resistance to some plant

pathogens. Further studies are warranted to test this hypothesis.
Conclusion and future perspectives

Ericoid mycorrhizal fungi have saprotrophic and biotrophic

lifestyles and are able to biodegrade SOM and establish

symbiotic relationships with plants in the family Ericaceae.

The degradation of SOM results in the bioavailability of

nutrients to themselves and plants. The symbiosis extends

their life cycle and also enhances seed germination, rooting of

cuttings, plant growth as well as tolerance to abiotic and biotic

stresses. This review documents that the improved plant growth

is related to hormones produced by ErM fungi and also

colonization-resultant expression of genes in N and P

absorption and metabolisms. Thus, ErM fungi is considered

biostimulants for promoting the establishment and growth of
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ericaceous plants. Considering some species in the family

Ericaceae are economically important crops, it is expected that

some ErM fungi could be developed as biofertilizers for improve

plant propagation and production.

Our understanding of the ErM-mediated biostimulating

effects on ericaceous plants, however, is largely incomplete.

Further research is warranted to (1) identify and isolate key

genes from ErM fungi in biodegradation of SOM, particularly

ON and explore the genes for improving soil fertility, (2)

evaluate important ErM species or strains in biosynthesis of

hormones and isolate those for increased production of

hormones through bioreactor and utilize the isolates for

improving plant propagation and production, (3) analyze

heavy metal tolerant species or strains of ErM through omics

to identify the mechanism underlying metal tolerance and use

the isolates for phytoremediation of metal-contaminated soils,

and (4) develop ErM biofertilizers by combining different species

or strains, each with specific biostimulating effects on

propagation, growth promotion, and/or stress tolerance for

improving the productivity of ericaceous plants.
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The chlorpyrifos-mineralizing rice root endophyte Enterobacter sp. HSTU-

ASh6 strain was identified, which enormously enhanced the growth of

tomato plant under epiphytic conditions. The strain solubilizes phosphate

and grew in nitrogen-free Jensen’s medium. It secreted indole acetic

acid (IAA; 4.8 mg/mL) and ACC deaminase (0.0076 µg/mL/h) and

hydrolyzed chlorpyrifos phosphodiester bonds into 3,5,6-trichloro-2-

pyridinol and diethyl methyl-monophosphate, which was confirmed by Gas

Chromatography – Tandem Mass Spectrometry (GC–MS/MS) analysis. In vitro

and in silico (ANI, DDH, housekeeping genes and whole genome phylogenetic

tree, and genome comparison) analyses confirmed that the strain belonged to

a new species of Enterobacter. The annotated genome of strain HSTU-ASh6

revealed a sets of nitrogen-fixing, siderophore, acdS, and IAA producing,

stress tolerance, phosphate metabolizing, and pesticide-degrading genes.

The 3D structure of 28 potential model proteins that can degrade pesticides

was validated, and virtual screening using 105 different pesticides revealed

that the proteins exhibit strong catalytic interaction with organophosphorus

pesticides. Selected docked complexes such as α/β hydrolase–crotoxyphos,

carboxylesterase–coumaphos, α/β hydrolase–cypermethrin, α/β hydrolase–

diazinon, and amidohydrolase–chlorpyrifos meet their catalytic triads in

visualization, which showed stability in molecular dynamics simulation up to
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100 ns. The foliar application of Enterobacter sp. strain HSTU-ASh6 on tomato

plants significantly improved their growth and development at vegetative and

reproductive stages in fields, resulting in fresh weight and dry weight was

1.8–2.0-fold and 1.3–1.6-fold higher in where urea application was cut by

70%, respectively. Therefore, the newly discovered chlorpyrifos-degrading

species Enterobacter sp. HSTU-ASh6 could be used as a smart biofertilizer

component for sustainable tomato cultivation.

KEYWORDS

chlorpyrifos mineralization, Enterobacter sp., tomato growth and yield, GC–MS/MS,
MD simulation, in silico analysis, organophosphate pesticides (OPPs)

Introduction

Several strategies have been implemented in the agricultural
sector to increase the production of crops/foods, such as the
application of biofertilizers, chemical fertilizers, and pesticides,
among which synthetic pesticides effectively improve the
productivity of food and other agricultural commodities (Popp
et al., 2013). Organophosphate (OP) pesticides are highly toxic
chemicals that demonstrate extensive activity against pests and
comprise approximately 38% of the all pesticides used on crops
globally (Zhang et al., 2009). Excessive and inappropriate use
of agrochemicals such as pesticides, herbicides, and fertilizers
causes severe environmental and health issues (Dar et al., 2019).

To maintain sustainable food production, environmentally
protected approaches, biofertilizers are urgently needed to
improve crop growth, nitrogen fixation, and decrease yield
loss under diverse stress conditions. The utilization of plant
growth-promoting (PGP) endophytic bacteria is an efficient
approach for stabilizing and improving crop yield. Due to their
direct contact to plants, endophytic bacteria may exhibit greater
ecological advantages than rhizospheric and epiphytic bacteria
(James, 2000). The growth promotion of crop plants is regulated
by endophytes by providing plant growth regulators, N fixation,
phosphate solubilization, and ACC deaminase activity and
improving tolerance against plant biotic and abiotic stresses
(Carvalho et al., 2014). The application of PGP rhizobacteria
(PPGPR) with plant growth-promoting traits is wanted due to
its pragmatic, sustainable, and ecofriendly characteristics (Ali
et al., 2022; Moon and Ali, 2022). In fact, a lot of ACC deaminase
enzyme secreting PGPR was reported to improve crop plants’
growth and development under various abiotic stress conditions
(Moon and Ali, 2022). The PGPR can provide nutrients to non-
leguminous plants even though they lack nodules, a process
known as “associative nitrogen fixation” (Carvalho et al., 2014).

Furthermore, microorganisms play an important role in
the detoxification of synthetic chemicals in soil (Bhatt et al.,
2020; Rojas-Sánchez et al., 2022) and in the adaptation and
defense of host plants by secreting bioactive compounds

(Narayanan and Glick, 2022). They consume almost all-natural
and synthetic compounds as their source of carbon and
energy. Moreover, a significant number of genes such as opd
(organophosphate degrading), carboxylesterase, mpd (methyl
parathion degrading), and amidohydrolase, α/β hydrolase and
several enzymes are known to be involved in degrading certain
organophosphate pesticides (Yang et al., 2006; Parakhia et al.,
2014; Lee et al., 2021; Das et al., 2022).

The endophyte Enterobacter cloacae have been reported to
promote the growth of crop plants, such as rice, groundnut,
black gram, and Brassica napus (Panigrahi et al., 2020). It
has also been shown to establish nutrient transfer symbiosis
with banana plants and protect them against the black
sigatoka pathogen (Macedo-Raygoza et al., 2019) and exhibit
antagonistic activity against Pythium damping-off of cucumber
(Kazerooni et al., 2020). However, the effects of E. cloacae
on tomato plants under epiphytic conditions have not been
reported. Tomato plants are susceptible to diseases such as
Fusarium and Verticillium wilt, early and late blight, bacterial
speck, and anthracnose. Therefore, several agrochemicals and
pesticides are being applied in tropical countries such as
Bangladesh to prevent the frequent attacks of pests, insects, and
pathogens, which has resulted in the contamination of tomato
fruit bodies with excessive pesticide residues that can be ingested
through diet and cause health hazards.

Endophytic effects on tomato plant growth and
development with Enterobacter sp. were not thoroughly
investigated. Endophytic effects on tomato plant growth and
development with Enterobacter sp. were not thoroughly
investigated yet. However, several studies have been
conducted with other endophytes, such as indole acetic
acid (IAA)-secreting Bacillus subtilis (Khan et al., 2016), ACC
(1-aminocyclopropane-1-carboxylate) deaminase producing
Burkholderia species (Onofre-Lemus et al., 2009), as well as
Ampelomyces sp. and Penicillium sp. (Morsy et al., 2020), which
improved tomato plant growth and promotion. Because tomato
plants are non-leguminous, nitrogen fixation is not possible
as it is in other leguminous plants. We chose an endophytic
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bacterium from a non-leguminous rice plant for this purpose.
A selective powerful strain namely Enterobacter sp. HSTU-ASh6
expressing higher plant growth promoting (PGP) traits such
as germination induction, root and shoot development, IAA,
ACC-deaminase producing activity, and chlorpyrifos pesticide
degrading capability was assessed as biofertilizer components in
fields at epiphytic conditions. With the application of this strain
in fields, tomato plants demonstrated its resistance against
pathogens and pests. Therefore, no additional agrochemicals
were used in the fields, resulting in survival of the plants
against biotic stress and saving the tomato plant from being
impregnated with pesticides. The results of this study will be
highly significant for the production of agrochemical-free edible
crops with higher yields at a lower cost.

Materials and methods

Isolation and biochemical
characterization of endophytic strain

The endophytic strain HSTU-ASh6 was isolated from
healthy fresh rice plant roots. Two months old rice plants were
collected from farmers’ fields near Basherhat (25◦ 37′ 59.88′′

N; 88◦ 39′ 0.00′′ E), Sadar, Dinajpur, Bangladesh. The roots
of rice plants were separated from whole plants. To get rid of
soil and dust, the root samples were gently washed in distilled
water. Following this, twenty root samples were then surface
sterilized with 75% ethanol for 3 min and shaken in a 2.5%
(w/v) NaOCl solution for 10 min at 120 rpm, which was adopted
from Khan et al. (2016) and Das et al. (2022). The root samples
underwent additional washings with autoclaved distilled water
while they were agitated for 20 min. The roots were rolled on
nutrient agar plates, and a 0.1 mL aliquot from the final wash
was inoculated into 10 mL of nutrient broth for sterility testing.
Samples were discarded if any growth of bacteria was detected
in the sterility check (Das et al., 2022). Finally, sterilized rice
plant roots were ground using a mortar and pestle and placed
in a sterilized test tube (Haque et al., 2015). The squeezed roots
were cultured in chlorpyrifos-enriched minimal nutrient media
to isolate the chlorpyrifos mineralizing endophytic bacteria,
as described (Das et al., 2022). Selected bacteria with prompt
growth potentialities were sub-cultured in the same medium
to obtain pure colonies, as described previously (Das et al.,
2022). The isolate was preserved in 80% (v/v) glycerol at –20◦C
for further analysis. Biochemical tests, including methyl red,
Voges–Proskauer, catalase, KOH string, oxidase, triple sugar
iron, citrate utilization, motility indole urease, and urease, and
individual sugar fermentation tests such as dextrose, lactose,
maltose, and sucrose utilization (Adedayo et al., 2004; Das et al.,
2022), were performed to facilitate the identification of the
bacterium. In addition, the activities of extracellular cellulase,

amylase, protease, and xylanase were determined as described
elsewhere (Abdullah-Al-Mamun et al., 2022; Das et al., 2022).

Plant growth promoting activity tests

Indole acetic acid test
The quantification method for IAA of Enterobacter sp.

HSTU-ASh6 was adopted as previous described (Ullah et al.,
2013). Briefly, the bacterial suspension was cultured in 7 mL
of modified Luria Bertani broth containing 0.01% tryptophan
(L-Trp) separately and combined at 37◦C for 7 days in a
shaking incubator at 120 rpm. Then, 1 mL of each culture
was transferred to 1.5-mL Eppendorf tubes and centrifuged
at 10,000 rpm. The supernatant was transferred to glass
test tubes to which 2 mL of Salkowski reagent (1 mL
of 0.5 mL FeCl3 to 50 mL of 35% HClO4) was added.
Then, the mixture was placed in the dark for 120 min.
The resultant reddish-colored spectrum was read using
spectrophotometer (UV-VIS spectrophotometer) at 530 nm.
Finally, the strain HSTU-ASh6 secreted quantity of IAA
was calculated using the standard calibration curve equation
of pure IAA (Sigma-Aldrich Ltd, St. Louis, MO, USA)
prepared separately.

1-Aminocyclopropane-1-carboxylate
deaminase activity assay

The ACC deaminase activity of the bacterium was
determined according to the modified methods of Shaharoona
et al. (2006) and Belimov et al. (2015), which measures the
amount of α-ketobutyrate produced upon the hydrolysis of
ACC. The endophytic bacterium strain Enterobacter sp. strain
HSTU-ASh6 was grown in Tryptic Soy Broth medium (TSB)
for 18 h at 28◦C to determine ACC deaminase activity. The
cells were then harvested by centrifugation, washed with 0.1
M Tris–HCl (pH 7.5), and incubated for another 18 h in
minimal medium containing 3 mM ACC as the sole source of
nitrogen. The bacterial cells were collected by centrifugation
and suspended in 5 mL of 0.1 moL L−1 of Tris–HCl, pH
7.6, and transferred to microcentrifuge tube. The contents
of the tubes were centrifuged at 16,000 rpm for 5 min,
and supernatant was removed. The pellets were suspended in
2 mL of 0.1 moL L−1 Tris HCl, pH 8.5. Next, 30 µL of
toluene was added to the cell suspension and vortexed for
30 s. After 200 µL of the toluenized cells were placed in
a fresh microcentrifuge tube, 20 µL of 0.5 moL L−1 ACC
was added to the suspension, vortexed, and then incubated
at 30◦C for 15 min. Following the addition of 1 mL of
0.56 moL L−1 HCl, the mixture was vortexed and centrifuged
for 5 min at 13,000 rpm at room temperature. Two mL of
the supernatant was vortexed together with 1 mL of 0.56 moL
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L−1 HCl. Thereupon, 2 mL of the 2, 4-dinitrophenylhydrazine
reagent (0.2% 2, 4-dinitrophenylhydrazine in 2 moL L−1

HCl) was added to the glass tube, and the contents were
vortexed and then incubated at 30◦C for 30 min. Following
the addition and mixing of 2 mL of 2 moL L−1 of NaOH,
the absorbance of the mixture was measured by using a
spectrophotometer at 540 nm. The cell suspension without
ACC was used as a negative control and with (NH4)2SO4

(0.2% w/v) as the positive control. The number of µmol
of α-ketobutyrate produced by this reaction was determined
by comparing the absorbance at 540 nm of a sample to a
standard curve of α-ketobutyrate ranging between 10 and
200 µmoL (Honma and Shimomura, 1978; Shaharoona et al.,
2006; Belimov et al., 2015).

Phosphate solubilization test

The phosphate solubilization ability of the isolate was
determined qualitatively by streaking a strain on PVK
agar media in a Petri plate. The plate was placed at
30◦C for 72 h under aerobic conditions. The colonies that
could grow and create a zone on the insoluble phosphate
media were selected as the phosphate-solubilizing bacteria
(Madhusmita et al., 2017).

Nitrogen fixation test

The nitrogen fixation capability of the endophytic strain
HSTU-ASh6 was determined by streaking the strain on
completely nitrogen-free Jensen’s media (Sulistiyani and Meliah,
2017). The strain was grown for 5–7 days at 37◦C in an incubator
under aerobic conditions.

DNA extraction, amplification, sequencing, and
analysis

The genomic content of the isolate was extracted using
a commercial Quick-DNATM Miniprep Kit specific for
bacteria (Zymo Research, Irvine, CA, USA), according to
the manufacturer’s specification. The 16S rRNA gene was
amplified from the extracted DNA by polymerase chain
reaction. The bacterial-specific universal forward primer 27F 5′-
AGAGTTTGATCCTGGCTCAG-3′ and reverse primer 1492R
5′-TACGGTTACCTTGTTACGACTT-3′ were used in the PCR
mixture. The master mix was prepared by adding Taq buffer,
dNTPs, MgCl2, and nuclease-free water in a PCR tube. The
forward and reverse primers, MgCl2, template DNA, and Taq
DNA polymerase enzyme were added just before loading the
sample in the PCR system (Haque et al., 2020; Das et al., 2022).
After 36 cycles of PCR steps, the amplicon was stored at –
20◦C for further analysis. The amplified PCR products were
visualized by agarose gel electrophoresis. DNA purification,

cycle sequencing, and DNA sequencing of PCR amplicons
were performed using a BDT v3 Cycle sequencing kit in a
genetic analyzer 3130 (Haque et al., 2015, 2020). Finally, the
16S rRNA sequence was submitted to GenBank on the NCBI
online server.

Effect of Enterobacter sp. strain
HSTU-ASh6 on tomato plant growth
promotion

The Enterobacter sp. HSTU-ASh6 effect on tomato plant
growth promotion was assessed in two different ways.
Firstly, its effect at seed germination stage was performed
in laboratory conditions. Secondly, its effect on tomato plant
seedlings development to vegetative and reproductive stages was
investigated in fields at epiphytic conditions.

Effect of strain HSTU-ASh6 on tomato
seeds germination

Seed sterilization and preparation
The tomato seeds were collected from Bangladesh

Agricultural Development Corporation nursery. Firstly,
the seeds were allowed to sundry. Then seeds were sterilized
with 70% ethanol for 1 min and washed several times with
sterilized water.

Seed bacterization
The sterilized seeds were placed in two sets of sterilized

Eppendorf tubes. The first set of tubes contained seeds in 1 mL
of bacterial suspension, and the second set contained seeds in
1 mL of distilled water without the strain (control). All tubes
were placed in a dark environment for 8 h. After that the seeds
were ready for germination.

Seed inoculation onto petri dishes
The seeds were sown for germination on Whatman

filter paper in Petri dishes. The petri dishes were
arranged in a Completely Randomized Design (CRD)
with three replications. After 7 days of seed germination,
0.25 mL of bacterial suspension was applied in each
petri dish. After 15 days of seed plantation, the following
parameters of tomato plants with and without the strain
were recorded.

Germination percentage

Germination percentage was calculated using the formula
GP = Total germinated seeds/Total number of seeds × 100
(Ashraf and Foolad, 2005).
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Root length and shoot length

Root length and shoot length were measured using a
graduated ruler.

Vigor index

The vigor index was calculated using the formula Seedling
length× germination percentage.

Effect of HSTU-ASh6 strain on tomato
seedlings in field conditions

Tomato seedlings aged 32 days were collected from a local
nursery and planted in the research field using a randomized
complete block design method. The experiment was divided
into the following five treatments to observe the effect of using
different concentrations (30–100%) of urea doses and bacterial
strains: T1 (30% urea with bacterium), T2 (70% urea with
bacterium), T3 (100% urea with bacterium), Tc (100% urea
without bacterium), and T0 (no urea and no bacterium/control).
The experimental unit area (plot) was 1.80 m2 and consisted
of four rows measuring 1.32 m in width and 1.37 m in length,
and the seedlings were planted using a hand drill method,
maintaining a row-to-row distance of 40 cm and a plant-to-plant
distance of 10 cm in a line. The plants were irrigated regularly
according to requirement. The treatments were applied to the
plants after 10, 20, 30, and 40 days of plantation. The root
length, shoot length, leaf size, fresh weight, and dry weight were
measured two times after 30 and 45 days of plantation.

Pesticide degradation analysis using
GC–MS/MS

Firstly, the growth of the strain was checked in chlorpyrifos-
enriched minimal salt broth media, in which chlorpyrifos (1 g/L)
was the sole source of carbon (Lee et al., 2021; Das et al.,
2022). Next, 5 µL of the stock bacterium was inoculated
into the medium and kept for 14 days, after which 5 mL of
chlorpyrifos-containing MSM was transferred into a separating
funnel. Secondly, 25 mL of distilled water and 5 mL of n-hexane
were added to the funnel and shaken vigorously for 5–10 min.
The desired solvents in the n-hexane layer appeared on the
top layer, whereas the unwanted layer remained on the bottom
layer. The bottom layer was separated and kept in a bottle.
Finally, to examine the biodegradation of chlorpyrifos, the
n-hexane with appropriate solvent-containing layer solution
was run on Gas Chromatography – Tandem Mass Spectrometry
(GC–MS/MS) (Shimadzu QP2010, Japan). The GC–MS/MS
instrumentation was set up according to Al Mansur et al. (2018),
and following examination of each compound’s mass spectrum
were determined using the NIST11 library (Zaman et al., 2021).

Genomic DNA extraction, library
preparation, whole genome
sequencing

The preparation of the genomic library of Enterobacter
sp. HSTU-ASh6 and the sequencing of the complete genome
were performed using the Illumina MiniSeq System (Illumina,
Inc., San Diego, CA, USA), as described previously (Abdullah-
Al-Mamun et al., 2022; Das et al., 2022). After complete
genome sequencing, the quality test was conducted using the
fast QC analysis and Illumina Base Space sequence analysis
Hub. SPAdes assembler version 3.5 was used to assemble
the complete genome of Enterobacter sp. HSTU-ASh6, and
the resulting assembled genome was annotated and analyzed
using NCBI Prokaryotic Genome Annotation Pipeline (PGAP)
version 4.5, Prokka. The circular genome map of Enterobacter
sp. HSTU-ASh6 was prepared using CGView Comparison
Tool. Next, different types of genes, e.g., those responsible
for plant growth promotion (nitrogen fixation, phosphate
solubilization, IAA production, ACC deaminase production,
and sulfur assimilation), biofilm formation, root colonization
(chemotaxis and mortality), pesticide degradation, and stress
tolerance (heat shock and cold shock), were predicted from the
PGAP file.

Strain classification

Phylogenetic tree construction
A comparative phylogenetic analysis of housekeeping genes,

e.g., 16S rRNA, gyrB, recA, rpoB, and tonB of different
closely related Enterobacter sp. sequences, was performed
using the NCBI database. The phylogenetic tree of HSTU-
ASh6 whole genome sequence was constructed along with
29 nearest homologs genebank files accumulated from the
NCBI database. The REALPHY 1.12 online server was used
to construct the complete genome phylogenetic tree, which
was modified using the MEGA-X.0 program. Finally, the
phylogenetic trees of the housekeeping genes were constructed
by the neighbor-joining method using Molecular Evolutionary
Genetics Analysis (MEGA-X).

Average nucleotide identity and DNA–DNA
hybridization

Average nucleotide identity (ANI) and digital DNA–DNA
hybridization (DDH) analyses were performed using the
JSpecies WS, Type Strain Genome Server (TYGS) and GGDC
web server, respectively (Abdullah-Al-Mamun et al., 2022).
A total of 15 types of nearest homolog complete genome
sequences were utilized for the ANI analysis. For the DDH
analysis, 15 different types of genomes were aligned with the
HSTU-ASh6 genome.
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Genome comparison

Multiple genome sequence alignment and
pangenomic analysis

To determine the genetic diversity and similarities of
Enterobacter sp. HSTU-ASh6, its genome sequence was
compared with the genome sequences of six most closely
related species, viz., E. asburiae (CP007546), E. bugandensis
220 (CP039453), E. chengduensis (CP043318), E. cloacae A1137
(CP021851), E. roggenkampii RHBSTW 00695 (CP056168),
and E. sichuanensis SGAir0282 (CP027986), by pangenomic
analysis using GView Server. The genome of Enterobacter sp.
HSTU-ASh6 was further compared with four recently published
nearest homologs, viz., E. cloacae A1137 (NZ_CP021851), E.
sichuanensis SGAir0282 (NZ_CP027986), E. roggenkampii Ecl
20 981 (CP048650), and E. asburiae ATCC 35953 (CP011863),
by multiple genomic analysis using the progressive Mauve
software1.

Insecticide degradation demonstrated
by enzyme catalytic reaction

Homology modeling, protein preparation, and
validation

The homology modeling of the protein was performed using
the Iterative Threading ASSEmbly Refinement (I-TASSER)
Server. Next, the model was subjected to energy minimization
using the steepest descent and conjugate gradient techniques
to eliminate lower quality contacts among protein atoms.
Computations were performed in vacuo with GROMOS 96 43B1
parameters set using the Swiss-PDB Viewer. The 3D structures
of the protein were saved in .pdb format. The SAVES v6.0 online
server was used to check the validation and evaluate the quality
of the minimized protein2.

Small molecule/ligand collection and
optimization

A total of 105 various types of organophosphorus pesticides,
weed killers, and nerve agent small molecules were collected
from the PubChem database3. After ordering, the ligands
were optimized and minimized using the mmff94 force field
and the steepest descent algorithm in the PyRx software
environment. The 3D structures of small molecules were stored
in a file in .sdf format.

1 http://darlinglab.org/mauve/mauve.html

2 https://saves.mbi.ucla.edu/

3 https://pubchem.ncbi.nlm.nih.gov/

Virtual screening, molecular docking,
and visualization

A total of 105 pesticides (small molecules) with 28
valid protein structures were used individually and screened
with 105 ligands for virtual screening. Virtual screening and
molecular docking were performed using the PyRx software
(Dallakyan and Olson, 2015). Protein–ligand complexes were
constructed using the Chimera software, and 2D and 3D
structure visualization was performed using Discover Studio
2021 Client. The results of virtual screening were displayed by
boxplot analysis performed using the Origin Pro 8.0 software.
Furthermore, protein and ligand non-bonded interactions were
recognized using Discovery Studio 2021 Client. At the time
of virtual screening, the grid box sizes were fixed at 61.6411,
61.6072, and 61.8787, which was the maximum size of the
grid box, respectively for X, Y, and Z. However, in the case of
molecular docking, the grid box sizes were not fixed, and they
were dissimilar as for (i) α/β fold hydrolase (GM298_18675)
with crotoxyphos, (ii) carboxylesterase with coumaphos, (iii)
α/β fold hydrolase (GM298_08590) with cypermethrin, (iv)
α/β fold hydrolase (GM298_00815) protein with diazinon,
(v) amidohydrolase family protein (GM298_20245) with
chlorpyrifos, and the X, Y, and Z sizes were 61.6411, 61.6072,
and 61.8787, respectively. The binding affinity of protein with
ligands was calculated in kcal/mole for a negative score.

Molecular dynamics simulation

To determine the potential pesticide-degrading stability of
proteins with pesticides, a molecular dynamics simulation was
run using the Desmond program (Schrodinger) that has an
explicit solvent MD package linked to the OPLS 2005 force field.
The protein preparation wizard was used to create the protein-
ligand complexes, and the system builder panel was solvated
them using the orthorhombic simple point-charge water model.
The counter ions Na+ or Cl− were added as necessary to charge
and neutralize the solvated system. In order to relax the system
to the lowest local energy, minimization tasks were carried
out. Next, this model system was run to MD simulation steps
using the OPLS 2005 force field parameter (Lee et al., 2021;
Patel et al., 2021). The MD simulation was performed up to
100 ns using the NPT ensemble (isothermal-isobaric ensemble,
constant temperature, constant pressure, and constant number
of particles) at 300 K temperature and 1.013 bar pressure
(Jorgensen et al., 1996; Lee et al., 2021). For controlling
temperature and pressure, the Noose-Hover chain thermostat
algorithm and the Martyna-Tobias-Klein barostat algorithm
were employed, respectively. The particle mesh Ewald method
was used to measure long-range electrostatic interactions, while
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the other parameters were left at their default values (Patel
et al., 2021). The behavior and interactions between the ligands
and protein were examined using the Simulation Interaction
Diagram tool. The output.cms file was imported, and root mean
square deviation (RMSD) and root mean square fluctuation
(RMSF) was chosen to produce the revealed plots.

Results

Isolation and biochemical
characterization

The biochemical characterization of HSTU-ASh6 is
summarized in Supplementary Figure 1. The strain was gram-
negative; KOH dissolves the thin peptidoglycan layer of the cell
wall of gram-negative bacteria, and they showed viscously and
stuck in the loop within 30 s after the addition of KOH to the
bacteria cultured for 24 h. Conversely, the isolate demonstrated
positive results in the Voges–Proskauer, catalase, triple sugar
iron, citrate utilization, motility indole urease, urease, dextrose,
lactose, maltose, and sucrose utilization tests. However, the
strain showed negative results in the indole, MR, and oxidase
tests. It also exhibited mild activities of cellulase, amylase, and
xylanase but a vigorous protease activity in the plate assay.

P solubilization, N fixation, indole
acetic acid production,
1-aminocyclopropane-1-carboxylate
deaminase activity

The results of phosphate solubilization, nitrogen fixation,
and IAA production are summarized in Supplementary
Figure 2. The phosphate solubilization test was positive because
growth was detected and a hollow zone appeared in the
PVK plate. The nitrogen fixation test was also positive based
on the detection of the growth of HSTU-ASh6 in Jensen’s
medium. Moreover, the strain was capable of producing IAA
as demonstrated by the reddish pink color, which amounted to
4.8 mg/mL compared to that in the control. In addition, the ACC
deaminase activity of the strain was 0.0076 µ g/mL/h.

Growth promotion

Seed germination effect on tomato seeds
The HSTU-ASh6 suspension was applied three times to

the tomato seeds sown on a filter paper in a Petri dish. After
9 days, the germination percentage, root length, shoot length,
seedling length, and vigor index were recorded as 92%, 6.09,
5.39, 12.02 cm, and 1109.57 in the treated plants, respectively.

In the control (seeds not treated with the bacterial strain), the
respective values were 69%, 3.50, 5.34, 8.84 cm, and 611.99
(Table 1).

Tomato plant growth at vegetative and
reproductive stages

The root length, shoot length, leaf length, fresh weight,
and dry weight of tomato plants measured after 30 and
45 days of plantation are shown in Table 2. The highest
root length, shoot length, leaf length, fresh weight, and dry
weight were observed in T3 treatment. In particular, the
fresh and dry weights of tomato plants were significantly
higher in T3 treatment than in T2 and other treatments.
The fresh and dry weights were 1.33–2.93-fold and 1.8–
2.43-fold higher in T3 treatment, 1.95–2.3-fold and 1.41–
2.17-fold higher in T2 treatment, 1.8–2.0-fold and 1.3–
1.6-fold higher in T1 treatment, respectively, than in Tc
treatment after 30–45 days of plantation. These results suggest
that the inoculation of Enterobacter sp. strain HSTU-ASh6
significantly improved tomato plants’ growth and development
in fields at epiphytic conditions where the amount of urea
fertilizer application was cut by 30–70% (Table 2 and
Supplementary Figure 3).

Chlorpyrifos biodegradation analysis
using GC–MS

The GC–MS/MS analysis spectra revealed the presence
of phorate sulfoxide, phorate sulfone, chlorpyrifos methyl,
carbophenothion sulfoxide, oxydisulfoton, carbonochloridic
acid, 2,4,5-trichlorophenyl ester, thionodemeton sulfone,
3-(2-thienyl)-DL-alanine, chlorpyrifos oxon, diethyl
methanephosphonate (DEMP), and 3,5,6-trichloro-2-pyridinol
(TCP), etc. (Table 3). On the basis of GC–MS/MS results,
a pathway of chlorpyrifos biodegradation by HSTU-ASh6
was proposed as illustrated in Figure 1. Chlorpyrifos was
initially degraded by hydrolysis to generate chlorpyrifos oxon
that was further broken down to generate TCP and DEMP
(spectrum = 8). Subsequently, TCP was again degraded by ring
breakage, resulting in its complete detoxification.

Genomic features of Enterobacter sp.
HSTU-ASh6

The genome size of Enterobacter sp. HSTU-ASh6
was 4,857,424 bp with 55.1% GC, 4478 protein-coding
sequences (CDS), and 72 tRNAs. The subsystem of the
RAST annotation is shown in Supplementary Figure 4.
All proteins of Enterobacter sp. HSTU-ASh6 were revealed
by CGview analysis in a proper genomic map (Figure 2).
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TABLE 1 Germination percentage, root length, shoot length, seedling length, and vigor index of tomato plant with the strain at 9 days of
seed plantation.

Name of isolate Germination percentage Root length (cm) Shoot length (cm) Seedling length (cm) Vigor index

Control 69.23± 0.0b 3.50± 0.58b 5.34± 0.11ab 8.84± 0.53b 611.99± 36.71b

HSTU-ASh6 (P7) 92.31± 0.0a 6.09± 0.26a 5.39± 0.13a 12.02± 0.28a 1109.57± 25.58a

Different lowercase letters indicate significant difference at the 5% level.

TABLE 2 Effect of bacterium and fertilizer in different time period among different treatment group.

Data collection time Treatments Root length (cm) Shoot length (cm) Leaf length (cm) Fresh weight (gm) Dry weight (gm)

After 30 days of plantation T1 22.33± 1.86ab 32.67± 2.84a 20.33± 0.88ab 150± 1.16c 78± 1.16c

T2 24.33± 0.33a 34± 0.58a 21± 0.58a 162.67± 1.45b 85.33± 0.88b

T3 25.33± 0.67a 35± 0.58a 21.33± 0.67a 180± 1.15a 90.33± 1.20a

Tc 15.33± 0.88c 27± 0.58b 18± 0.58c 83.33± 2.01d 60.33± 1.45d

To 10.67± 0.67d 22.33± 0.88c 16± 0.58d 69.33± 1.20e 41± 1.53e

After 45 days of plantation T1 26.33± 1.45a 36.67± 2.88a 22± 0.58ab 190± 1.73c 124.67± 2.60c

T2 28± 1a 38± 1.53a 23.33± 0.88a 221± 2.08b 168± 1.53b

T3 29± 3.06a 40.33± 0.88a 23.67± 0.33a 278.33± 2.12a 187.33± 1.45a

Tc 17.67± 0.67b 30.67± 2.12b 20.67± 1.45c 95± 1.16d 77.33± 1.45d

To 12± 0.58c 25± 1.15c 17.33± 0.33d 83.67± 0.88e 56.67± 1.20e

T1, 30% urea treatment + strain HSTU-ASh6 treatment; T2, 70% urea treatment + HSTU-ASh6 treatment; T3, 100% urea treatment + HSTU-ASh6 treatment; T0, 0% urea treatment; Tc,
100% urea treatment. Different lowercase letters indicate significant difference at the 5% level.

The genomic map of proteins from Enterobacter sp. HSTU-
ASh6 was created successfully, where GC-skew positivity
indicates the presence of CDS downstream and GC-skew
negativity shows the presence of CDS upstream. Although
GC-skew is predominantly introduced by RNA synthesis
in local genomic areas, it was first used to estimate the ori
and ter positions computationally by looking at known
genome sequences.

Taxonomic classification

Phylogenetic tree
Phylogenetic tree of housekeeping genes

The 16S rRNA phylogenetic tree demonstrated that HSTU-
ASh6 positioned in the same sister taxa (with 45% similarity)
with E. sichuanensis WCHECL1597 (Figure 3A). According
to gyrB (Figure 3B) and rpoB (Figure 3C) alignment
tree, HSTU-ASh6 was located in the same sister taxa with
E. cloacae A1137 with 62% and 35% similarities, respectively.
Moreover, recA (Figure 3D) tree showed that HSTU-ASh6
was located in a different clade with E. cloacae A1137 and
E. sichuanensis WCHECL1597. Moreover, tonB (Figure 3E)
phylogenetic tree showed that HSTU-ASh6 was placed with
E. cloacae A1137 and E. sichuanensis WCHECL1597 in the
different taxa of the same node. In particular, HSTU-ASh6 was
placed in the same node and was more close to E. cloacae
A1137 in the whole genome sequence phylogenetic tree
(Figure 3F).

Genome comparison
The pairwise ANI blast (ANIb) value observed between

HSTU-ASh6 and E. cloacae A1137 was 98.89%. In fact,
E. sichuanensis SGAir0282, E. roggenkampii RHBSTW,
E. asburiae RHBSTW-01009, and E. roggenkampii Ecl 20
981 showed 98.12, 91.12, 91.02, and 91.06% ANIb values,
respectively, where other Enterobacter species showed ANIb
values < 91% (Supplementary Table 1). The DNA–DNA
hybridization analysis of HSTU-ASh6 with its nearest
homolog E. cloacae A1137 showed 92.6% DDH, whereas
all other Enterobacter strains showed 38.9–45.6% DDH,
except E. sichuanensis SGAir0282 that showed 85.6% DDH
(Table 4).

The locally collinear block (LCB) of HSTU-ASh6
genome did not completely match with the LCBs of
genomes included for genomic comparison. Therefore,
there was a rearrangement of genomic regions between
the two genomes in terms of collinearity. As shown in
Figure 4A, HSTU-ASh6 shared the highest homologous
region with A1137. It also shared almost similar LCBs
as those of A1137 strain with SGAir0282. We performed
a pangenomic analysis of HSTU-ASh6 with six nearest
homologs to further investigate the genomic variance. In
the circular plot, the pink color slot is identified as the
pangenome, and the white space indicates a region missing
in the specified genome (Figure 4B). The circular plot clearly
indicates that several portions of the genome sequence of
HSTU-ASh6 were not similar compared with the other six
closest strains.
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TABLE 3 Spectrum, molecular form and chemical structure of chlorpyrifos (1 gm/100 mL) biodegradation observed using GC–MS/MS analysis.

Similarity of
hit

Search
Spectrum

Soft ionization
(SI)

Spectrum Molecular
weight (Da)

Molecular form Chemical structure

1 77 2921 88 2 Chlorpyrifos

7 60 2588 3 6 Phorate sulfoxide

8 59 2588 4 7 Phorate sulfone

12 56 2598 13 0 Chlorpyrifos-methyl

14 55 6515 38 4 2-Hydroxy-3,5,6-
trichloropyridine/3,5,6-
Trichloro-2-pyridinol

(TCP)

17 54 17297 40 4 Carbofenothion
sulfoxide

19 53 2497 7 6 Oxydisulfoton

20 53 16947 69 6 Carbonochloridic acid,
2,4,5-trichlorophenyl

ester

21 52 4891 54 7 Thionodemeton sulfone

22 52 2021 58 1 3-(2-Thienyl)-dl-alanine

23 51 5598 15 2 Phosphoric acid, diethyl
3,5,6-trichloro-2-pyridyl
ester/Chlorpyrifos oxon

24 51 683 8 9 Diethyl
methanephosphonate

Plant growth-promoting and
stress-tolerating genes

The genome of Enterobacter sp. HSTU-ASh6 harbors
various types of PGP genes, namely those encoding nitrogen
fixation (iscU, nif J, iscA, iscR, iscS, iscX, suf ABCDES,
and fdx), nitrosative stress (ntrB, norR, norV, nsrR, and
glnK), nitrogen metabolism regulation (glnD, glnB, and
ptsN), ammonia assimilation (gltB), ACC deaminase

(dcyD and rimM), siderophore enterobactin (fes, entFSD,
fhuABCD, and tonB), IAA production (trpCFBDS and
ipdC), phosphate metabolism (pitA, pstABCS, phoU,
ugpABE, phoABERHQ, and pntAB), biofilm formation
(tomB, luxS, efp, flgABCDGHIJKLMN, motAB, and hfq),
sulfur assimilation (cysACHIJKMNTWZ), sulfur metabolism
(fdxH and cysACDEHIJKMNQSWZ), root colonization
(cheZYBRWA, malE, rbsB, fliZDSTFZGHIJKMPQR, hof C,
pgaABCD, motAB, and murJ), superoxide dismutase
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(sodABC), and trehalose metabolism (treBCR, otsAB,
and lamb) (Table 5). Furthermore, numerous types of
genes associated with stress tolerance e.g., heat shock
(smpB, ibpAB, hspQ, dnaJK, rpoH, lepA, and grpE), cold
shock (cspADE), and drought resistance (nhaA, chaAB,
proABQVWXPS, betABT, trkAH, and kdpABCF) were
detected in the HSTU-ASh6 genome (Table 5). These
genes are essential for the plant to survive and grow in a
harsh environment.

Pesticide-degrading protein model
validation and evaluation

A significant number of genes whose products were
responsible for pesticide degradation (ampD, glpABQ, pdeHR,
pepABDQ, phnFDGHJKLMOP, paaC, hpxKW, amidohydrolase,
and alpha/beta fold hydrolase) were identified in the genome of
HSTU-ASh6 (Supplementary Table 2).

For model validation, 39 modeled proteins were analyzed
using the SAVESv6.0-structure validation server, among
which 28 were validated according to VERIFY (3D-
1D score), with their score recorded as 80.05–97.97%.
Among these, alpha/beta fold hydrolase family protein
(GM298_09990) had the maximum ERRAT quality score
of 97.35 (Table 6). The individual protein average TM
score, RMSD, IDEN, and Cov were 0.95, 0.75, 0.51, and
0.97, respectively, based on the I-TASSER result (Table 6).
Moreover, the Ramachandran plot regions, including
the most favored regions (A, B, L), additional allowed
regions (a, b, l, p), generously allowed regions (∼, ∼b,
∼l, ∼p), and disallowed regions of the model proteins,
are presented in Table 6. Consequently, the 28 validated
model proteins were selected for virtual screening with 105
small molecules.

A total of 105 different pesticides, including weed killers
and organophosphorus nerve agents, were screened with the
28 validated model proteins of Enterobacter sp. HSTU-ASh6
(Figure 5). The score ranged from –8.8 to –3.1 (kcal/mol).
The highest negative score was recorded for cypermethrin
with phnL (–8.8 kcal/mol), and the lowest negative score was
found for demephion-O with amidohydrolase (GM298_10355)
(–3.1 kcal/mol). The box plot analysis revealed that each box
with the bold line represents median values, and the square
sign indicates mean values. Moreover, the upper and lower lines
in the box plots represent minimum and maximum values,
respectively. Interestingly, most values were found between the
25th and 75th percentile. The 25th and 75th percentile quartile
differences indicated the interquartile range. Surprisingly, in this
dataset, some outlier data were observed, indicating the presence
of some small molecules possessing an excellent binding affinity
with respective proteins. It was also observed that the nine
proteins’ outlier binding affinities values were outside of IQR1.5.

Catalytic interactions of model
proteins with selective pesticides

As shown in Figure 6, the alpha/beta fold hydrolase
(GM298_18675) of Enterobacter sp. HSTU-ASh6 anchored with
crotoxyphos and formed a potential catalytic triad in the binding
pocket region with residues Ser153-His277-Asp152. Ser153 and
Gly81 specifically mediated the attractive charge connection
with the +P-atom of crotoxyphos and the typical H-bond
contact with the O atom (Figure 6A). Besides other interactions,
Val201 and Phe14 directly interacted with the phosphodiester
bond of crotoxyphos via π-sigma and π-π stacked interaction.
The interaction distances among the residues of the catalytic
site were recorded within < 3 Å, except for Asp152, which was
5.36 Å.

Surprisingly, the residues Ser195, His400, and Glu194
constituted a putative catalytic triad in the binding pocket
region of the Enterobacter sp. HSTU-ASh6 carboxylesterase.
Ser195 and Arg199 interacted with the O atom to form the
traditional H-bond, and Glu194 interacted with the +P atom
to form phosphodiester bonds and the H atom to interact
with the carbon-hydrogen bond of coumaphos (Figure 6B).
Moreover, the π-π stacked bond was formed by the His400
residue of carboxylesterase with coumaphos ligand, and it
directly interacted with the phosphodiester bond of ligand. The
interaction distances among the residues of the catalytic site
were recorded within <4 Å.

The alpha/beta fold hydrolase (GM298_08590) formed
a potential catalytic triad Ser157-His279-Asp156 in the
binding pocket region with cypermethrin (Figure 6C). The
interaction distances among the catalytic site residues were
recorded within <5.25 Å. Furthermore, the alpha/beta fold
hydrolase (GM298_00815) protein–diazinon docked complex
demonstrated interaction with multiple residues (Figure 6D). In
particular, conventional H-bonds were made by Ser99, His231
with the O atom of the diazinon compound. In addition, the
amidohydrolase family protein (GM298_20245) anchored with
chlorpyrifos and showed a significant interaction (Figure 6E).
For instance, Arg408 interacted with the O atom of chlorpyrifos
by a conventional hydrogen bond. Moreover, alkyl and pi-
alkyl bonds were made by Val547, Arg408, Ala550, Lys549,
His250, His467, and Tyr545 with chlorpyrifos, respectively.
Interestingly, all of them were observed with two bonds, except
His467 and Tyr545. Only one amino acid made the attractive
charge and was interconnected with +P-atom. His250 made
pi-sulfur and pi-alkyl bond at a time.

Molecular dynamics simulation

The RMSD plot of the α/β hydrolase (GM298_18675)–
crotoxyphos complex was sharply increased from 0 to 4
ns (Figure 7Aa), and it continued up to 30 ns with an
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FIGURE 1

A proposed pathway of chlorpyrifos metabolism by the strain Enterobacter sp. HSTU-ASh6.

FIGURE 2

CDS map of the annotated genome of Enterobacter sp. HSTU-ASh6.
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RMSD ranging from 2.6 to 3.45 Å. After a slight decrease
in the RMSD of the protein, at 35 ns, an increasing
parallel trend continued up to 100 ns, with an RMSD
ranging from 2.5 to 3.35 Å, except a slight decrease
at 83–86 ns of the ligand. In the RMSF plot of the
alpha/beta hydrolase (GM298_18675)–crotoxyphos complex
(Figure 7Ab), the favorable residues of alpha/beta hydrolase
(GM298_18675) with crotoxyphos were observed at Leu10
(0.93 Å), Phe14 (1.161 Å), Lys19 (2.806 Å), Ser21 (3.243 Å),
Ser22 (3.639 Å), Arg30 (0.798 Å), Gly33 (0.714 Å), Thr34
(0.636 Å), Ser37 (0.842 Å), Leu40 (0.975 Å), Gly81 (0.43 Å),
Cys82 (0.416 Å), Ser85 (0.449 Å), Asp152 (0.378 Å), Tyr181
(0.425 Å), Val201 (0.70 Å), Ile202 (0.659 Å), Thr206 (0.644 Å),
Leu207 (0.51 Å), Ile276 (0.542 Å), His277 (0.493 Å), Gly278

(0.456 Å), Gln281 (0.452 Å), Leu282 (0.539 Å), and Ile285
(1.005 Å). The Rg of the α/β hydrolase (GM298_18675)–
crotoxyphos complex fluctuated throughout the simulation,
with an average value of 3.960 Å. The MolSA, solvent-accessible
surface area (SASA), and PSA of the alpha/beta hydrolase
(GM298_18675)–crotoxyphos complex insignificantly varied
throughout the simulation period. The average MolSA, SASA,
and PSA were 310.304, 56.5454, and 81.3709 Å2, respectively
(Figure 7Ac).

The RMSD plot (Figure 7Ba) of the carboxylesterase–
coumaphos complex was sharply increased from 0 to 3 ns,
and it continued up to 23 ns, with an RMSD ranging from
2.3 to 3.45 Å. After a slight decrease in the RMSD of the
protein, at 35 ns, a parallel increasing trend continued up to

FIGURE 3

(Continued)
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FIGURE 3

(Continued)

100 ns, with an RMSD ranging from 2.5 to 3.80 Å, except a
slight decrease at 83–86 ns of the ligand. In the RMSF plot
of the carboxylesterase–coumaphos complex (Figure 7Bb), the
favorable residues of carboxylesterase with coumaphos were
observed at Glu69 (1.491 Å), Thr73 (1.723 Å), Gly75 (1.948 Å),

Gly76 (1.807 Å), Trp106 (0.456 Å), His108 (0.787 Å), Ile114
(0.918 Å), Leu119 (0.923 Å), Pro121 (0.736 Å), Tyr122 (0.66 Å),
Phe192 (0.437 Å), Ser195 (0.64 Å), Ala196 (0.829 Å), Arg199
(0.71 Å), Ser221 (0.717 Å), Thr224 (2.112 Å), Leu225 (1.79 Å),
Glu308 (0.59 Å), Val311 (0.716 Å), Met312 (0.884 Å), Val314
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FIGURE 3

Phylogenetic tree constructed using the housekeeping genes of HSTU-ASh6. (A) 16S rRNA, (B) gyrase B, (C) RecA, (D) rpoB, (E) tonB, and
(F) whole genome phylogenetic tree of Enterobacter sp. HSTU-ASh6.

(1.919 Å), Phe315 (1.881 Å), Ile317 (1.698 Å), Ala359 (0.803 Å),
Phe360 (0.643 Å), His391 (1.243 Å), Trp399 (0.976 Å), His400
(0.734 Å), and Val404 (0.761 Å). The Rg of the carboxylesterase–
coumaphos complex fluctuated throughout the simulation, with
an average value of 4.147 Å. The MolSA, SASA, and PSA of
the carboxylesterase–coumaphos complex insignificantly varied
throughout the simulation period. The average MolSA, SASA,
and PSA were 317.102, 38.885, and 82.488 Å2, respectively
(Figure 7Bc).

The RMSD plot of the α/β hydrolase (GM298_08590)–
cypermethrin complex was sharply increased from 0 to 3 ns
(Figure 7Ca), and it continued up to 100 ns with the exception
of a few irregularities. The overall RMSD difference ranged from
3.5 to 4.01 Å. In the RMSF plot of the alpha/beta hydrolase
(GM298_08590)–cypermethrin complex (Figure 7Cb), the
favorable residues of alpha/beta hydrolase (GM298_08590) with
cypermethrin were observed at Ala17 (3.112 Å), Pro18 (2.65 Å),
Leu26 (0.956 Å), Ala29 (1.522 Å), Thr30 (1.435 Å), Leu34
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TABLE 4 Digital DNA–DNA hybridization (dDDH) for species determination of Enterobacter sp. HSTU-ASh6 depends on whole genome sequences.

Subject strain dDDH
(d0, in

%)

C.I.
(d0,
in%

DDH
(d4, in%)

C.I.
(d4,
in%)

dDDH
(d6, in

%)

C.I.
(d6,
in%)

G + C content
difference (in

%)

Enterobacter sichuanensis WCHECL1597 85.8 [82.1–
88.8]

85.8 [83.2–
88.1]

88.7 [85.8–
91.0]

0.12

Enterobacter roggenkampii DSM16690 74.1 [70.1–
77.7]

45.4 [42.9–
48.0]

69.1 [65.7–
72.3]

0.92

Enterobacter asburiae ATCC 35953 67.8 [63.9–
71.5]

45.1 [42.5–
47.7]

63.9 [60.6–
67.1

0.34

Enterobacter quasiroggenkampii WCHECL1060 T 75.5 [71.5–
79.1]

44.6 [42.1–
47.2]

69.9 [66.4–
73.1

0.56

Enterobacter vonholyi E13T 76.3 [72.3–
79.9]

44.1 [41.6–
46.7]

70.3 [66.9–
73.6]

0.45

Enterobacter dykesii E1T 75.5 [71.5–
79.0]

44.0 [41.5–
46.6]

69.6 [66.2–
72.9]

0.72

Enterobacter chengduensis WCHECl-C4 67.2 [63.3–
70.8]

42.5 [40.0–
45.1]

62.4 [59.1–
65.6]

0.61

Enterobacter bugandensis EB-247 75.7 [71.7–
79.3]

39.8 [37.4–
42.2]

68.0 [64.5–
71.2]

0.87

Enterobacter chuandaensis 090028T 73.6 [69.6–
77.2]

39.7 [37.2–
42.2]

66.2 [62.8–
69.5]

0.56

Enterobacter kobei DSM 13645 65.5 [61.7–
69.2]

39.2 [36.7–
41.7]

59.8 [56.5–
62.9

0.22

Enterobacter quasimori 090044 71.0 [67.1–
74.7]

36.4 [34.0–
38.9]

62.6 [59.3–
65.8]

0.64

Enterobacter ludwigii DSM 16688 70.1 [66.2–
73.8]

36.6 [32.2–
37.2]

61.0 [57.8–
64.2]

0.53

Enterobacter cancerogenus ATCC33241 56.6 [53.0–
60.1]

31.2 [28.8–
33.7]

49.5 [46.4–
52.5

0.56

Leclercia adecarboxylata NBRC102595 44.0 [40.7–
47.5

25.8 [23.5–
28.3]

38.2 [35.2–
41.2

0.44

Enterobacter kobei ATCC BAA-260 33.2 [29.8–
36.7]

22.5 [20.2–
25.0]

29.4 [26.5–
32.5]

0.33

The strain comparison was done in type strain genome server (TYGS).

(1.069 Å), Leu37 (1.135 Å), His83 (0.858 Å), Gly85 (1.275 Å),
Gly86 (1.409 Å), Trp87 (1.15 Å), Cys88 (1.027 Å), Leu89
(0.969 Å), Asp156 (0.639 Å), Ser157 (0.688 Å), Ala158 (0.771 Å),
Gly159 (0.63 Å), Tyr185 (0.628 Å), Ala187 (0.845 Å), Phe205
(0.93 Å), Leu206 (1.228 Å), Asp209 (0.995 Å), Ala210 (0.974 Å),
Met211 (0.878 Å), Phe213 (0.867 Å), Cys214 (0.883 Å), Thr215
(0.929 Å), Leu251 (0.61 Å), His279 (0.561 Å), Ala280 (0.652 Å),
and His283 (0.856 Å). The Rg of the alpha/beta hydrolase
(GM298_08590)–cypermethrin complex fluctuated throughout
the simulation, with an average value of 4.512 Å. The MolSA,
SASA, and PSA of the alpha/beta hydrolase (GM298_08590)–
cypermethrin complex insignificantly varied throughout the
simulation period. The average MolSA, SASA, and PSA were
378.775, 26.194, and 93.0372 Å2, respectively (Figure 7Cc).

The RMSD plot of the α/β hydrolase (GM298_00815)–
diazinon complex was sharply increased from 0 to 17 ns
(Figure 7Da), and it continued up to 75 ns. Next, a slight
parallel downward trend appeared from 75 to 100 ns. The
overall RMSD difference ranged from 1.2 to 1.7 Å. In the

RMSF plot of the alpha/beta fold hydrolase (GM298_00815)–
diazinon complex (Figure 7Db), the favorable residues of
alpha/beta fold hydrolase (GM298_00815) with diazinon were
observed at Gly30 (0.689 Å), Leu31 (0.553 Å), Gly32 (0.767 Å),
Cys33 (0.934 Å), Ala34 (0.947 Å), Ala35 (1.37 Å), Ser99
(0.656 Å), Met100 (0.76 Å), Ser103 (0.906 Å), Glu123 (0.66 Å),
Pro124 (0.801 Å), Asn125 (1.033 Å), His127 (1.774 Å), Met132
(1.439 Å), Phe 133 (1.301 Å), Ser136 (1.316 Å), Ile137 (0.994 Å),
Phe145 (1.217 Å), Gln148 (1.277 Å), Gly149 (1.105 Å), Asp151
(1.429 Å), Met153 (1.143 Å), Val181 (0.822Å), Val184 (0.792 Å),
Ser207 (1.098 Å), Leu208 (1.684 Å), and His231 (1.028 Å).
The Rg of the alpha/beta fold hydrolase (GM298_00815)–
diazinon complex fluctuated throughout the simulation, with
an average value of 3.29 Å. The MolSA, SASA, and PSA of the
alpha/beta fold hydrolase (GM298_00815)–diazinon complex
insignificantly varied throughout the simulation period. The
average MolSA, SASA, and PSA were 304.144, 88.6872, and
33.733 Å2, respectively (Figure 7Dc).
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FIGURE 4

(A) Synteny analysis of Enterobacter sp. HSTU-ASh6 strain with other close related strains. (B) Pangenomic comparison map of Enterobacter sp.
HSTU-ASh6 with nearest homologs. Multiple genome sequence analysis of Enterobacter sp. HSTU-ASh6 with other closely related strains. The
same color module represents the homologs region. Good homology of Enterobacter sp. HSTU-ASh6 and other E. cloacae strains is shown.

The RMSD plot of the amidohydrolase (GM298_20245)–

chlorpyrifos complex (Figure 7Ea) showed an increasing

trend for the ligand protein from 0 to 14 ns. After 17 ns, an

increasing parallel trend continued up to 44 ns, with an RMSD

ranging from 2.5 to 3.5 Å. Next, a steady and stable RMSD

remained up to 80 ns. Then, the RMSD difference was below

∼1.2 Å up to 93 ns, which indicated the stable protein–ligand

complex. In the RMSF plot of the amidohydrolase–chlorpyrifos
complex (Figure 7Eb), the favorable residues of
amidohydrolase with chlorpyrifos were observed at His81
(0.826 Å), Ser84 (0.99 Å), His109 (0.872 Å), Glu110 (0.888 Å),
Glu174 (0.906 Å), Met176 (1.848 Å), Arg207 (1.4 Å), Asp276
(1.373 Å), Asp277 (1.118 Å), Ala407 (1.276 Å), Arg408
(1.631 Å), Tyr465 (0.683 Å), Ser466 (1.006 Å), His467 (1.215 Å),
Asp468 (0.95 Å), Lys549 (1.393 Å), Ala550 (1.131 Å), Glu552
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TABLE 5 Genes involved in plant growth promoting, stress tolerating, and pesticide degrading activity.

PGP activities
description

Gene name Locus tag CDS Product E.C. number

Nitrogen fixation iscU GM298_14895 87842.88228 Fe–S cluster assembly scaffold IscU –

nif J GM298_00740 154364.157888 Pyruvate: ferredoxin (flavodoxin) oxidoreductase –

iscA GM298_14890 87505.87828 Iron–sulfur cluster assembly protein IscA –

iscR GM298_14905 89587.90078 Fe–S cluster assembly transcriptional regulator IscR –

iscS GM298_14900 88253.89467 IscS subfamily cysteine desulfurase 2.8.1.7

suf A GM298_13615 3786.4154 Fe–S cluster assembly scaffold SufA –

suf B GM298_13620 4163.5653 Fe–S cluster assembly protein SufB –

suf C GM298_13625 5663.6409 Fe–S cluster assembly ATPase SufC –

suf D GM298_13630 6384.7655 Fe–S cluster assembly protein SufD –

suf S GM298_13635 7652.8872 Cysteine desulfurase SufS 2.8.1.7

suf E GM298_13640 8887.9303 Cysteine desulfuration protein SufE –

fdx GM298_14875 84707.85042 ISC system 2Fe–2S type ferredoxin –

iscX GM298_14870 84505.84705 Fe–S cluster assembly protein IscX –

hscA GM298_14880 85044.86894 Fe–S protein assembly chaperone HscA –

hscB GM298_14885 GM298_14885 Co-chaperone HscB –

Nitrosative stress ntrB GM298_17410 55851.56729 Nitrate ABC transporter permease –

norR GM298_06640 225394.226908 Nitric oxide reductase transcriptional regulator NorR –

norV GM298_06635 223761.225206 Anaerobic nitric oxide reductase flavorubredoxin –

nsrR GM298_16725 41824.42249 Nitric oxide-sensing transcriptional repressor NsrR –

glnK GM298_11020 192488.192826 P-II family nitrogen regulator –

Nitrogen metabolism
regulatory protein

glnD GM298_21660 33792.36467 Bifunctional uridylyltransferase GlnD 2.7.7.59

glnB GM298_14955 99618.99956 Nitrogen regulatory protein P-II –

ptsN GM298_07545 78409.78900 PTS IIA-like nitrogen regulatory protein PtsN –

Ammonia assimilation gltB GM298_07465 54616.59076 Glutamate synthase large subunit 1.4.1.13

ACC deaminase dcyD GM298_02800 122850.123836 D-cysteine desulfhydrase 4.4.1.15

rimM GM298_07110 315522.316061 Ribosome maturation factor RimM –

Siderophore

Siderophore enterobactin fes GM298_16460 106085.107284 Enterochelin esterase 3.1.1.-

entF GM298_16470 107504.111361 Enterobactin non-ribosomal peptide synthetase EntF 6.3.2.14

entS GM298_16490 114337.115584 Enterobactin transporter EntS –

entD GM298_16450 102997.103638 Enterobactin synthase subunit EntD 6.3.2.14

fhuA GM298_08850 13884.16133 FerrichromeporinFhuA –

fhuB GM298_08835 10167.12149 Fe (3+)-hydroxamate ABC transporter permease FhuB –

fhuC GM298_08845 13036.13833 Fe3+ -hydroxamate ABC transporter ATP-binding
protein FhuC

–

fhuD GM298_08840 12146.13036 Fe(3 +)-hydroxamate ABC transporter
substrate-binding protein FhuD

-

tonB GM298_00165 26191.26913 TonB system transport protein TonB –

fepB GM298_20350 112.1071 Fe2 + -enterobactin ABC transporter
substrate-binding protein

–

fepG GM298_16480 112235.113224 Iron-enterobactin ABC transporter permease –

exbB GM298_08520 272764.273495 Tol-pal system-associated acyl-CoA thioesterase –

Plant hormones

IAA production trpCF GM298_00215 33816.35174 Bifunctional indole-3-glycerol-phosphate synthase
TrpC/phosphoribosylanthranilate isomerase TrpF

4.1.1.48/5.3.1.24

trpS GM298_19565 34038.35042 Tryptophan–tRNA ligase 6.1.1.2

trpB GM298_00210 32612.33805 Tryptophan synthase subunit beta 4.2.1.20
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TABLE 5 (Continued)

PGP activities
description

Gene name Locus tag CDS Product E.C. number

trpD GM298_00220 35178.36773 Bifunctional anthranilate synthase glutamate
amidotransferase component TrpG/anthranilate
phosphoribosyltransferaseTrpD

2.4.2.18/4.1.3.27

ipdC GM298_13340 183015.184673 Indolepyruvate decarboxylase 4.1.1.74

Phosphate metabolism pitA GM298_20710 16363.17862 Inorganic phosphate transporter PitA –

pstS GM298_11455 21647.22687 Phosphate ABC transporter substrate-binding protein
PstS

–

pstC GM298_11460 22816.23775 Phosphate ABC transporter permease PstC –

pstA GM298_11465 23775.24665 Phosphate ABC transporter permease PstA –

pstB GM298_11470 24713.25486 Phosphate ABC transporter ATP-binding protein PstB –

phoU GM298_11475 25513.26238 Phosphate signaling complex protein PhoU 3.5.2.6

ugpA GM298_18020 82211.83098 sn-glycerol-3-phosphate ABC transporter permease
UgpA

–

ugpB GM298_18025 83268.84584 sn-glycerol-3-phosphate ABC transporter
substrate-binding protein UgpB

–

ugpE GM298_18015 81369.82214 sn-glycerol-3-phosphate ABC transporter
permeaseugpE

–

phoA GM298_10665 117286.118701 Alkaline phosphatase –

phoE GM298_10440 67233.68285 PhosphoporinPhoE –

phoB GM298_10730 130482.131171 Phosphate response regulator transcription factor
PhoB

–

phoR GM298_10735 131193.132488 Phosphate regulon sensor histidine kinase PhoR 2.7.13.3

phoH GM298_15155 2924.3988 Phosphate starvation-inducible protein PhoH –

pntA GM298_14045 87292.88821 Re/Si-specific NAD(P)(+) transhydrogenase subunit
alpha

1.6.1.2

pntB GM298_14050 88832.90220 Re/Si-specific NAD(P)(+) transhydrogenase subunit
beta

–

phoQ GM298_15690 106230.107693 Two-component system sensor histidine kina se PhoQ 2.7.13.3

Biofilm formation tomB GM298_11140 213029.213403 Hha toxicity modulator TomB –

luxS GM298_06765 245170.245685 S-ribosylhomocysteinelyase 4.4.1.21

efp GM298_16560 11964.12530 Elongation factor P –

flgA GM298_02415 43673.44368 Flagellar basal body P-ring formation protein FlgA –

flgB GM298_02420 44617.45027 Flagellar basal body rod protein FlgB –

flgC GM298_02425 45034.45438 Flagellar basal body rod protein FlgC –

flgD GM298_15380 39257.39967 Flagellar hook assembly protein
FlgD

–

flgG GM298_15395 42032.42814 Flagellar basal-body rod protein FlgG –

flgH GM298_15400 42872.43570 Flagellar basal body L-ring protein FlgH –

flgI GM298_15405 43583.44680 Flagellar basal body P-ring protein FlgI –

flgJ GM298_15410 44680.45633 Flagellar assembly peptidoglycan hydrolase FlgJ 3.2.1.-

flgK GM298_15415 45709.47349 Flagellar hook-associated protein FlgK –

flgL GM298_15420 47364.48317 Flagellar hook-filament junction protein FlgL –

flgN GM298_15355 36787.37212 Flagella biosynthesis chaperone FlgN –

flgM GM298_15360 37217.37510 Anti-sigma-28 factor FlgM –

motA GM298_02495 58314.59210 Flagellar motor stator protein MotA –

motB GM298_02500 59207.60112 Flagellar motor protein MotB –

hfq GM298_16695 35967.36278 RNA chaperone Hfq –

Sulfur assimilation cysZ GM298_13450 201004.201765 Sulfate transporter CysZ –

cysK GM298_13455 201929.202900 Cysteine synthase A 2.5.1.47

cysM GM298_13480 206684.207595 Cysteine synthase CysM 2.5.1.47

(Continued)
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TABLE 5 (Continued)

PGP activities
description

Gene name Locus tag CDS Product E.C. number

cysA GM298_13485 207714.208808 Sulfate/thiosulfate ABC transporter ATP-binding
protein CysA

–

cysW GM298_13490 208798.209673 Sulfate/thiosulfate ABC transporter permease CysW –

cysC GM298_06350 167077.167682 Adenylyl-sulfate kinase 2.7.1.25

cysN GM298_06345 165653.167077 Sulfate adenylyltransferase subunit CysN 2.7.7.4

cysD GM298_06340 164735.165643 Sulfate adenylyltransferase subunit CysD 2.7.7.4

cysH GM298_06325 161245.161979 Phosphoadenosinephosphosulfate reductase 1.8.4.8

cysI GM298_06320 159433.161145 Assimilatory sulfite reductase (NADP) hemoprotein
subunit

1.8.1.2

cysJ GM298_06315 157628.159433 NADPH-dependent assimilatory sulfite reductase
flavoprotein subunit

1.8.1.2

cysT GM298_13495 209673.210506 Sulfate/thiosulfate ABC transporter permease CysT –

Sulfur metabolism cysC GM298_06350 167077.167682 Adenylyl-sulfate kinase 2.7.1.25

cysN GM298_06345 165653.167077 Sulfate adenylyltransferase subunit CysN 2.7.7.4

cysD GM298_06340 164735.165643 Sulfate adenylyltransferase subunit CysD 2.7.7.4

cysH GM298_06325 161245.161979 Phosphoadenosinephosphosulfate reductase 1.8.4.8

cysI GM298_06320 159433.161145 Assimilatory sulfite reductase (NADPH) hemoprotein
subunit

1.8.1.2

cysJ GM298_06315 157628.159433 NADPH-dependent assimilatory sulfite reductase
flavoprotein subunit

1.8.1.2

cysE GM298_12115 152433.153254 Serine O-acetyltransferase 2.3.1.30

cysQ GM298_16885 72750.73490 3′(2′),5′ ’-bisphosphate nucleotidase CysQ 3.1.3.7

cysK GM298_13455 201929.202900 Cysteine synthase A 2.5.1.47

cysS GM298_11355 260870.262255 Cysteine–tRNA ligase 6.1.1.16

cysZ GM298_13450 201004.201765 Sulfate transporter CysZ –

cysM GM298_13480 206684.207595 Cysteine synthase CysM 2.5.1.47

cysA GM298_13485 207714.208808 Sulfate/thiosulfate ABC transporter ATP-binding
protein CysA

–

cysW GM298_13490 208798.209673 Sulfate/thiosulfate ABC transporter permease CysW –

fdxH GM298_01155 243317.244198 Formate dehydrogenase subunit beta –

Antimicrobial peptide pagP GM298_20535 36991.37608 Lipid IV(A) palmitoyltransferase PagP 2.3.1.251

sapB GM298_00400 75872.76837 Peptide ABC transporter permease SapB –

Root colonization

Chemotaxis cheZ GM298_02265 17971.18609 Protein phosphatase CheZ 3.6.1.-

cheY GM298_02270 18615.19001 Chemotaxis protein CheY -

cheB GM298_02275 18991.20070 Chemotaxis-specific protein-glutamate
methyltransferase CheB

3.1.1.61

cheR GM298_03355 215588.216454 Protein-glutamate O-methyltransferase CheR 2.1.1.80

cheW GM298_03310 204215.204718 Chemotaxis protein CheW –

cheA GM298_02505 60099.62018 Chemotaxis protein CheA –

malE GM298_21870 9111.10301 Maltose/maltodextrin ABC transporter
substrate-binding protein MalE

–

rbsB GM298_22990 3204.4094 Ribose ABC transporter substrate-binding protein
RbsB

–

Motility fliZ GM298_02790 121304.121855 Flagella biosynthesis regulatory protein FliZ –

FliD GM298_02755 111757.113181 PRJNA591446:GM298_02755 –

fliS GM298_02750 111331.111735 Flagellar export chaperone FliS –

fliT GM298_02745 110951.111325 Flagella biosynthesis regulatory protein FliT –

fliF GM298_02290 21526.23208 Flagellar basal body M-ring protein FliF –

fliE GM298_02730 108072.108386 Flagellar hook-basal body complex protein FliE –
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TABLE 5 (Continued)

PGP activities
description

Gene name Locus tag CDS Product E.C. number

fliG GM298_02720 105176.106174 Flagellar motor switch protein FliG –

fliH GM298_02715 104476.105183 Flagellar assembly protein FliH –

fliI GM298_02710 103106.104476 Flagellum-specific ATP synthase FliI –

FliJ GM298_02705 102641.103084 Flagella biosynthesis chaperone FliJ –

fliK GM298_02700 101409.102644 Flagellar hook length control protein FliK –

fliM GM298_02325 28414.29406 Flagellar motor switch protein FliM –

fliP GM298_02675 98299.99036 Flagellar type III secretion system pore protein FliP –

fliQ GM298_02670 98020.98289 Flagellar biosynthesis protein FliQ" –

fliR GM298_02665 97227.98012 Flagellar type III secretion system protein FliR –

Adhesive structure hof C GM298_09075 69182.70366 Protein transport protein HofC –

Adhesin production pgaA GM298_08655 298669.301107 Poly-beta-1,6-N-acetyl-D-glucosamine export
porin PgaA

–

pgaB GM298_08650 296723.298660 Poly-beta-1,6-N-acetyl-D-glucosamine N-deacetylase
PgaB

–

pgaC GM298_08645 295399.296730 Poly-beta-1,6-N-acetyl-D-glucosamine synthase –

pgaD GM298_08640 294968.295402 Poly-beta-1,6-N-acetyl-D-glucosamine
biosynthesis protein PgaD

–

Flageller protein fliP GM298_02675 98299.99036 Flagellar type III secretion system pore protein
FliP

–

motA GM298_02495 58314.59210 Flagellar motor stator protein MotA –

motB GM298_03300 201225.202154 Flagellar motor stator protein MotB –

murJ GM298_15350 35192.36727 Murein biosynthesis integral membrane protein murJ –

Superoxide dismutase sodA GM298_18770 40834.41454 Superoxide dismutase [Mn] 1.15.1.1

sodB GM298_13795 37254.37835 Superoxide dismutase [Fe] 1.15.1.1

sodC GM298_13845 45550.46068 Superoxide dismutase [Cu–Zn] SodC2 1.15.1.1

Trehalose metabolism treB GM298_21730 11825.13243 PTS trehalose transporter subunit IIBC 2.7.1.201

treC GM298_21725 10130.11773 Alpha, alpha-phosphotrehalase 3.2.1.93

treR GM298_21735 13371.14318 HTH-type transcriptional regulator TreR –

otsA GM298_03275 196622.198046 Alpha, alpha-trehalose-phosphate synthase 2.4.1.15

otsB GM298_03270 195844.196647 Trehalose-phosphatase 3.1.3.12

lamB GM298_21860 6246.7559 Maltoporin LamB –

Abiotic stressDescription

Cold Shock protein cspA GM298_12370 210631.210843 RNA chaperone/antiterminator CspA –

cspE GM298_03640 272300.272509 Transcription antiterminator/RNA stability regulator
CspE

–

cspD GM298_04675 137542.137763 Cold shock-like protein CspD –

Heat Shock protein smpB GM298_07055 306189.306671 SsrA-binding protein SmpB –

ibpA GM298_11605 52643.53053 Heat shock chaperone IbpA –

ibpB GM298_11610 53190.53618 Heat shock chaperone IbpB –

hspQ GM298_05075 238055.238372 Heat shock protein HspQ –

dnaJ GM298_09430 154155.155300 Molecular chaperone DnaJ –

dnaK GM298_09435 155388.157301 Molecular chaperone DnaK –

rpoH GM298_18075 93268.94125 RNA polymerase sigma factor RpoH –

lepA GM298_15045 119042.120841 Elongation factor 4 3.6.5.n1

grpE GM298_07085 310871.311464 Nucleotide exchange factor GrpE –

Drought resistance nhaA GM298_09425 152809.153984 Na+/H+ antiporter NhaA –

chaA GM298_17370 47913.49013 Sodium-potassium/proton antiporter ChaA –

chaB GM298_17375 49284.49514 Putative cation transport regulator ChaB –

proA GM298_10450 69705.70958 Glutamate-5-semialdehyde dehydrogenase 1.2.1.41
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PGP activities
description

Gene name Locus tag CDS Product E.C. number

proB GM298_10445 68590.69693 Glutamate 5-kinase 2.7.2.11

proQ GM298_03590 263405.264091 RNA chaperone ProQ –

proV GM298_06810 255441.256652 Glycine betaine/L-proline ABC transporter
ATP-binding protein ProV

–

proW GM298_06805 254393.255457 Glycine betaine/L-proline ABC transporter permease
ProW

–

proX GM298_06800 253388.254383 Glycine betaine/L-proline ABC transporter
substrate-binding protein ProX

–

proP GM298_17635 1491.2993 Glycine betaine/L-proline transporter ProP

proS GM298_2152 4993.6711 Proline–tRNA ligase 6.1.1.15

betA GM298_16415 95458.97122 Choline dehydrogenase 1.1.99.1

betB GM298_16420 97136.98608 Betaine-aldehyde dehydrogenase 1.2.1.8

betT GM298_16430 99338.101371 Choline BCCT transporter BetT

trkA GM298_22580 7764.9140 Trk system potassium transporter TrkA

trkH GM298_19395 80799.82250 Trk system potassium transporter TrkH –

kdpA GM298_19955 40526.42205 Potassium-transporting ATPase subunit KdpA –

kdpB GM298_19950 38459.40507 Potassium-transporting ATPase subunit Kdp

kdpC GM298_19945 37871.38446 Potassium-transporting ATPase subunit KdpC

kdpF GM298_19935 34509.35186 Two-component system response regulator KdpE –

(1.336 Å), Gly553 (1.338 Å), and Leu556 (1.327 Å). The Rg of the
amidohydrolase–chlorpyrifos complex fluctuated throughout
the simulation, with an average value of 3.48 Å. The MolSA,
SASA, and PSA of the amidohydrolase–chlorpyrifos complex
insignificantly varied throughout the simulation period. The
average MolSA, SASA, and PSA were 278.25, 156.69, and 37.03
Å2, respectively (Figure 7Ec).

Discussion

Endophytes play an important role in the agricultural
sector by enhancing crop production, pathogen resistance,
and pesticide detoxification. These characteristic endophytic
bacteria can be used as biofertilizers for sustainable agriculture.
In the present study, we extensively investigated a newly
isolated rice root endophyte strain that might have mineralized
chlorpyrifos as its carbon source and demonstrated the tomato
PGP activities at germination, vegetative, and reproductive
stages. In particular, the strain classification revealed that it
newly evolved in Bangladesh and deviated far away from its
nearest homologs.

The gram-negative bacterium HSTU-ASh6 showed positive
results in the VP test, indicating its capability to produce
acetoin in the growth media. It also showed a positive result
in the catalase test. Several studies reported that endophytic
strain showed catalase positive test (Son et al., 2006; Das
et al., 2022). Catalase helps bacteria avoid cellular toxicity.
The positive triple sugar iron test indicated that the isolate

could ferment three sugars, including lactose, sucrose, and
glucose, and iron. As the strain produced gas and exhibited
motility properties, it was confirmed to be motility indole
urease (MIU)–positive. The strain was also urease-positive,
which is important for endophytic bacteria. Urease is an enzyme
that splits urea into simple forms of nitrogen that the plants
can readily absorb to promote growth. A previous study also
demonstrated the occurrence and distribution of urease-positive
endophytic bacteria in a legume community (Kumaresan and
Suryanarayanan, 2001).

Previous reports have shown that several endophytic
bacteria, including Pseudomonas, Serratia, and Bacillus species,
can synthesize IAA that is involved in plant root regulation
and growth control (Sgroy et al., 2009; Liu et al., 2010).
Moreover, endophytes such as Pantoea, Pseudomonas, and
Serratia have the ability to fix nitrogen in some plants (Loiret
et al., 2004; Das et al., 2022). The present study assumed
that the strain HSTU-ASh6 could fix nitrogen in Jensen’s
medium. Phosphate-solubilizing bacteria can dissolve insoluble
phosphate and increase soil fertility and plant growth (Loiret
et al., 2004; Das et al., 2022), which was also demonstrated
by the strain HSTU-ASh6. Moreover, the strain enhanced
the germination rate and increased tomato plant growth at
vegetative and reproductive stages when using 70 and 30%
reduced doses of urea. These results indicated that the strain
could fix nitrogen in the tomato plant and assist its growth by
providing phosphate solubilization, IAA, and ACC deaminase
activities. In particular, a massive growth of tomato plants
was observed in 100% urea + HSTU-ASh6 strain treatment
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TABLE 6 Pesticide degrading model proteins quality assessment of Enterobacter sp. HSTU-ASh6 strain.

Model protein Best
PDB hit

TM-score, RMSD,
IDEN, Cov

α –helix, β
strand, η –coil,

disordered

ERRAT
(quality
score)

VERIFY
(3D-1D
score)%

Ramachandran
plot (core,

allow, gener,
disallow)

AmpD 1j3gA 0.994, 0.41, 0.809, 1.00 22, 15, 61, 2 83.33 89.62 61.2, 27.6, 9.2, 2.0

GlpA 2qcuB 0.877, 1.00, 0.241, 0.889 35, 19, 44, 4 94.19 78.97 72.5, 18.6, 6.4, 2.5

GlpB 6uziA 0.761, 1.89, 0.145, 0.802 26, 19, 54, 0 64.23 62.47 51.5, 34.8, 8.8, 5.0

GlpQ 1ydyA 0.927, 0.33, 0.857, 0.929 28, 13, 57, 7 85.79 90.93 76.1, 18.7, 3.5, 1.6

PdeH 4rnfA 0.957, 1.25, 0.185, 0.988 39, 18, 41, 6 91.96 74.32 85.0, 12.4, 1.3, 1.3

PdeR 5xgbA 0.810, 0.74, 0.256, 0.815 41, 25, 33, 1 81.52 71.95 72.9, 21.0, 5.1, 1.0

PepA 1gytL 0.999, 0.24, 0.972, 1.000 33, 20, 46, 1 94.30 97.61 85.2, 12.5, 2.1, 0.2

PepB 6cxdA 0.968, 0.27, 0.783, 0.970 34, 20, 45, 1 94.76 93.69 77.7, 18.3, 2.4, 1.6

PepD 3mruA 0.999, 0.27, 0.631, 1.000 26, 25, 48, 3 94.33 95.67 80.5, 16.1, 2.7, 0.7

pepQ 4qr8A 0.995, 0.23, 0.898, 0.996 27, 17, 55, 1 93.07 92.33 80.3, 17.6, 1.0, 1.0

PhnD 3p7iA 0.884, 0.44, 0.897, 0.888 43, 17, 39, 1 84.54 72.22 79.5, 14.2, 4.6, 1.7

PhnF 2wv0D 0.980, 0.51, 0.193, 0.988 28, 32, 39, 4 88.36 83.82 74.3, 21.6, 4.1, 0.0

PhnG 4xb6A 0.941, 0.69, 0.750, 0.960 44, 26, 29, 5 95.03 66.67 85.1, 13.4, 1.5, 0.0

PhnH 2fsuA 0.852, 0.67, 0.850, 0.861 24, 21, 54, 3 89.24 88.66 70.4, 23.7, 5.3, 0.6

PhnJ 4xb6D 0.984, 0.23, 0.957, 0.986 22, 19, 57, 4 85.34 85.05 78.0, 17.8, 3.3, 0.8

PhnK 4fwiB 0.980, 0.80, 0.320, 0.992 37, 23, 39, 2 93.41 90.44 80.2, 16.5, 1.4, 1.9

PhnL 5nikJ 0.929, 1.05, 0.290, 0.960 34, 24, 41, 0 93.57 89.38 78.4, 18.6, 2.0, 1.0

PhnM 1k1dA 0.890, 2.18, 0.169, 0.955 32, 22, 45, 0 78.10 75.93 61.9, 28.7, 5.7, 3.6

PhnO 1s5kA 0.914, 1.93, 0.168, 0.993 35, 33, 31, 2 97.05 80.56 74.6, 19.2, 3.8, 2.3

PhnP 3g1pB 0.989, 0.31, 0.768, 0.992 12, 28, 58, 0 84.23 98.41 70.1, 24.3, 2.3, 3.3

Carboxylesterase 1maaD 0.951, 1.38, 0.292, 0.976 30, 13, 55, 1 80.98 83.63 71.4, 21.4, 3.9, 2.9

PaaC 1otkA 0.978, 0.26, 0.802, 0.980 47, 12, 40, 1 95.83 89.92 91.3, 7.3, 0.90, 0.5

HpxK 5i4mA 0.906, 2.25, 0.321, 0.985 32, 22, 44, 1 88.22 94.65 78.4, 17.3, 2.0, 2.3

HpxW 4y23A 0.954, 1.63, 0.242, 0.981 33, 15, 51, 1 86.12 97.72 73.6, 22.1, 2.8, 1.6

Amidohydrolase (GM298_10355) 2e11A 0.984, 0.72, 0.467, 0.996 25, 32, 42, 1 84.55 87.50 75.9, 21.0, 1.3, 1.8

Amidohydrolase (GM298_00905) 4ewtA 0.989, 0.56, 0.334, 0.995 31, 24, 44, 0 89.04 95.17 78.1, 17.2, 2.8, 1.9

AHFP (GM298_01650) 4l5pA 0.936, 1.04, 0.271, 0.954 43, 11, 45, 0 93.15 90.70 78.2, 17.7, 1.4, 2.7

AHFP (GM298_06905) 2qt3B 0.842, 1.26, 0.213, 0.861 31, 16, 52, 11 89.357 74.51 67.0, 23.6, 6.7, 2.7

AHFP (GM298_20245) 3nqbA 0.954, 0.42, 0.507, 0.956 25, 26, 47, 2 83.90 97.97 75.8, 18.7, 2.9, 2.6

Amidohydrolase (GM298_14085) 4ewtA 0.870, 0.67, 0.254, 0.876 34, 20, 45, 0 85.545 85.78 71.9, 23.5, 3.2, 1.3

Amidohydrolase (GM298_21680) 2icsA 0.935, 0.92, 0.453, 0.950 26, 22, 51, 3 82.92 92.31 75.4, 20.1, 2.4, 2.1

GM298_09975AHFP 3ighX 0.758, 0.78, 0.204, 0.764 28, 16, 54, 10 75.12 88.60 80.5, 15.7, 2.8, 1.0

GM298_00815_ABFH 4lxgA 0.944, 1.60, 0.184, 0.996 36, 17, 45, 1 87.65 94.42 75.7, 19.0, 3.3, 1.9

GM298_08590_ABH 4ypvA 0.983, 0.66, 0.393, 0.993 31, 20, 47, 1 95.89 94.33 80.4, 15.3, 3.9, 0.4

GM298_09990_ABFH 1va4A 0.989, 0.36, 0.742, 0.993 39, 15, 45, 0 97.35 96.70 82.8, 14.6, 2.1, 0.4

GM298_18675_ABH 4ypvA 0.992, 0.58, 0.348, 1.000 38, 16, 45, 1 88.17 89.80 89.0, 9.5, 1.1, 0.4

GM298_01305_ABFH 3fvr 0.579, 2.12, 0.171, 0.607 31, 16, 51, 9 61.64 72.62 55.0, 30.4, 10.4, 4.2

compared with the control. The multi-branched bushy structure
of bacterium-treated tomato plants was due to the secretion of
the auxin (Supplementary Figures 3A,B), which is agreed to
the Khan et al. (2016). Based on these results, it was confirmed
that the bacterium exerted robust growth-promoting effects on
tomato plants.

HSTU-ASh6 completely degraded 1 g L−1 of chlorpyrifos
within 14 days of incubation in the minimal salt medium.
A previous study reported that Enterobacter sp. B-14 rapidly

degraded chlorpyrifos in MSM, and this strain used chlorpyrifos
as the only source of carbon and phosphorus (Singh et al.,
2004). Das et al. (2022) reported that HSTU strains degraded
42–100% of chlorpyrifos in broth media. Li et al. (2007) showed
that Sphingomonas sp. DSP2 degraded 100% of chlorpyrifos
(100 mg L−1) in 24 h. It has also been shown that chlorpyrifos
degradation results in the generation of several byproducts such
as chlorpyrifos oxon, 3,5,6-trichloro-2-methoxypyridine, and
2-chloro-6-hydroxypyridine (Singh et al., 2004). A significant
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FIGURE 5

Graphical representation of virtual screening results of pesticide-degrading validated model proteins with 105 different organophosphorus
pesticides and other common pesticides applied in fields.

number of spinoff products were observed, for instance,
chlorodihydro-2-pyridone, dihydroxy pyridine, tetrahydro-
2-pyridone, maleamide semialdehyde, maleamic acid, and
pyruvic acid. It was reported that chlorpyrifos and TCP can
be broken down to produce 1,3-bis (1,1-dimethylethyl) and
benzene (Abraham and Silambarasan, 2013). Chlorpyrifos
oxon, TCP, and DEMP are the metabolic byproducts generated
by the breakdown of chlorpyrifos organophosphorus insecticide
(Lovecka et al., 2015). In this study, the products generated
after chlorpyrifos degradation were phorate sulfoxide, phorate
sulfone, chlorpyrifos methyl, TCP, carbophenothion sulfoxide,
oxydisulfoton, carbonochloridic acid, 2,4,5-trichlorophenyl
ester, thionodemeton sulfone, 3-(2-thienyl)-DL-alanine,
chlorpyrifos oxon, diethyl methanephosphonate, which were
confirmed through GC–MS/MS analysis (Table 3). To the best
of our knowledge, this is the first report describing that diethyl
methanephosphonate (DEMP) is a chlorpyrifos metabolic
byproduct.

The quality of the genome sequence was predicted according
to the GC% of strain DNA. A good-quality sequence is ensured
by its GC%, and at least 40–70% of GC% is accepted in research
(Abdullah-Al-Mamun et al., 2022). The strain investigated in
this study exhibited 55.1% GC% after fast QC analysis, and the
sequence quality was confirmed to be excellent.

According to the phylogenetic tree analysis of 16S
rRNA genes, Enterobacter sp. HSTU-ASh6 was placed with
E. sichuanensis WCHECL1597 (MG832788) in the sister taxa.
They were 45% similar to each other and identified as
E. sichuanensis. However, depending only on 16S rRNA and
the polyphyletic nature of the genus Enterobacter make its
identification and categorization extremely difficult. Therefore,
we further confirmed our result using three housekeeping genes
(recA, gyrB, and rpoB), and a complete genome phylogenetic
tree was constructed and analyzed separately. The constructed
tree revealed that HSTU-ASh6 was appeared as E. cloacae
A1137. Based on 16S rRNA, Enterobacter sp. HSTU-ASh6
was specified as E. sichuanensis. However, after the analysis
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FIGURE 6

Visualization of the catalytic interactions of potential model proteins with pesticides. (A) α/β hydrolase (GM298_18675) with crotoxyphos,
(B) carboxylesterase with coumaphos, (C) alpha/beta fold hydrolase (GM298_08590) with cypermethrin, (D) alpha/beta fold hydrolase
(GM298_00815) protein with diazinon, (E) amidohydrolase family protein (GM298_20245) with chlorpyrifos.

of another three housekeeping genes and complete genome
phylogenetic tree analyses, it was identified as E. cloacae.
However, in the case of recA tree, both E. cloacae A1137 and
E. sichuanensis WCHECL1597 were placed in a different clade
with Enterobacter sp. HSTU-ASh6, where E. cloacae A1137 was
located in the first node. According to GGDC web server, a
DDH value of >70% indicates that the strain belongs to the
same species and >79% based on the formula: 2 indicates that
the strain belongs to the same subspecies. In another analysis,
an ANI cut-off of > 96% was observed for species declaration.
Consequently, our study results suggested that the strain HSTU-
ASh6 belonged to Enterobacter species because both DDH
and ANI values exceeded the cut-off. After progressive Mauve
and pangenomic analysis, it was concluded that Enterobacter
sp. HSTU-ASh6 was completely diversified from its closest
strains, which indicates its evolutionary properties. Therefore,

Enterobacter sp. HSTU-ASh6 might be a new member of the
Enterobacter species.

Escherichia coli and closely related Enterobacteria possess
both Isc and Suf systems, encoded by the iscRSUA-hscBA-
fdx-iscX operon and sufABCDSE operon, respectively (Ayala-
Castro et al., 2008). In general, the endophytic bacterial genome
contains nif and fix gene clusters for nitrogen fixation. However,
a few endophytic bacteria contain other types of gene clusters,
namely, Isc and Suf systems, which are responsible for nitrogen
fixation in critical situations (Ayala-Castro et al., 2008). The
present study showed that the genome of Enterobacter sp.
HSTU-ASh6 harbors both Isc and Suf systems for biological
nitrogen fixation, and the genome machinery also indicated
that both Isc and Suf operons were present. To summarize, the
PGP mechanism is encoded by genes that are directly linked to
the generation of IAA and ACC deaminase and siderophore in
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(Continued)
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FIGURE 7

Stability of protein and pesticide interactions. (A) Molecular dynamics simulation of α/β hydrolase (GM298_18675)–crotoxyphos complex, (a)
protein–ligand RMSD, (b) protein RMSF, and (c) Rg, MolSA, SASA, and PSA. (B) Carboxylesterase–coumaphos complex, (a) Protein–ligand RMSD,
(b) protein RMSF, and (c) Rg, MolSA, SASA, and PSA. (C) α/β hydrolase (GM298_08590)–cypermethrin complex, (a) Protein–ligand RMSD, (b)
protein RMSF, and (c) Rg, MolSA, SASA, and PSA. (D) α/β hydrolase (GM298_00815)–diazinon complex, (a) Protein–ligand RMSD, (b) protein
RMSF, and (c) Rg, MolSA, SASA, and PSA. (E) Amidohydrolase (GM298_20245)–chlorpyrifos complex, (a) protein–ligand RMSD, (b) protein RMSF,
and (c) Rg, MolSA, SASA, and PSA.

Enterobacter sp. HSTU-ASh6. In the same way, genes like nhaA,
chaAB, proABpqvwsx, betABT, trkAH, kdpABCEF, and kdbD
that help the plant deal with drought stress have been found in
the genomes, indicating their involvement in drought tolerance
by the plant (Das et al., 2022).

The conserved pentapeptide motif G-X-S-X-G is commonly
observed in bacterial genome sequences (Schloss and
Handelsman, 2003). The genome of Enterobacter sp. HSTU-
ASh6 encodes proteins such as alpha/beta fold hydrolase
(GM298_18675), alpha/beta fold hydrolase (GM298_08590),
alpha/beta fold hydrolase (GM298_00815), and carboxylesterase
sequences carrying the conserved pentapeptide G-X-S-X-G
motif. The hydrolase-encoding genes, for instance, opd
(McDaniel et al., 1988), mpd (Lu et al., 2013), and ophc2
(Ningfeng et al., 2004; Shen et al., 2010), are also crucial for
the breakdown of pesticides. Das et al. (2022) reported that
carboxylesterase and phosphotriesterase are directly involved
in the breakdown of organophosphorus insecticides. Haque
et al. (2018, 2020) also reported that several opd genes (opdA,
opdE, and opdD) can degrade a range of organophosphorus
insecticides. These results suggested that the genome of
Enterobacter sp. HSTU-ASh6 retains pesticide-mineralizing
genes. In addition, several hydrolases, esterase, and some
hypothetical proteins may have catalytic interactions with
organophosphorus insecticides, which is beyond the scope of
this study.

The molecular docking investigations of pesticide-
degrading enzymes with pesticides were subjected with a
validity score. The RMSD of model protein indicates its
acceptance when compared to a typical protein model. Since
a smaller RMSD suggests fewer errors, it is always preferred.
The 28 modeled proteins’ average RMSD was 1.0, indicating
that the analyses were valid. According to reports, protein
models with RMSDs between 0.35 and 2.36 and their nearby
homologs are acceptable (Dadheech et al., 2019). Depending
on the molecular docking analysis, all five proteins (alpha/beta
fold hydrolase (GM298_18675), alpha/beta fold hydrolase
(GM298_08590), alpha/beta fold hydrolase (GM298_00815),
amidohydrolase family protein (GM298_20245), and carboxyl
esterase) with important amino acid residues for catalysis were
found within 1.5–5.5 Å, which suggested its involvement in
the degradation of organophosphate pesticides. Haque et al.
(2018) reported that carboxylesterase provides Ser-His-Glu
catalytic triad. The present study indicated that carboxylesterase
docked with coumaphos and provided a similar type of Ser-
His-Glu catalytic triad. Consequently, the alpha/beta fold
hydrolase (GM298_18675) of Enterobacter sp. HSTU-ASh6
originated as a potential catalytic triad Ser-His-Asp (Hosokawa,
2008). Therefore, the α/β fold hydrolase (GM298_08590)
was docked with cypermethrin and provided Ser-His-Asp
catalytic triad (Hosokawa, 2008). Kubiak et al. (2001) detected
the Arg-Asp-His catalytic triad in the enzymatic cleavage of
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the phosphodiester bond. A similar triad (Arg-Asp-His) was
observed in the present study, where amidohydrolase docked
with chlorpyrifos insecticide. A recent study indicated that the
Ser-His-Glu catalytic triad is predominant in long PepEs, and
the Ser-His-Asn “catalytic triad” is predominant in short PepEs
(Yadav et al., 2019). Interestingly, alpha/beta fold hydrolase
(GM298_00815) bonded with diazinon pesticide and formed a
new possible catalytic triad Ser-His-Asn.

Five different proteins with five different pesticides complex
were subjected to MD simulation for 100 ns. The stability of
the protein-ligand complex was determined (Patel et al., 2021)
by comparing the RMSD and RMSF values of the unbound
protein structure. In MD simulations, the RMSD parameter is
used to evaluate the coherence and flexibility of proteins as
well as to keep track of the separation between their atoms and
backbones (Sargsyan et al., 2017). While a greater RMSD value
signifies relatively less stability of the protein-ligand complex,
a lower RMSD value throughout the simulation shows higher
stability of the protein-ligand complex. It was shown that the
enzyme-substrate complexes are stable for the biodegradation
of pesticides by a slight fluctuation with lower smaller RMSD
(Lee et al., 2021). The results showed that the MD simulations
were stable at 100 ns for the insecticides chlorpyrifos,
diazinon, crotoxyphos, cypermethrin, and coumaphos complex
with pesticides degrading potential proteins (Figures 7A–
E). The RMSF number reflects how each protein’s amino
acid moved and changed throughout the simulation. More
flexibility during the simulation is implied by higher RMSF
values, whilst superior stability is indicated by lower RMSF
values. In this study, the RMSF values were different for the
chlorpyrifos–amidohydrolase protein family (GM298_20245),
diazinon–α/β fold hydrolase (GM298_00815), crotoxyphos–α/β
fold hydrolase (GM298_18675), cypermethrin–alpha/beta fold
hydrolase (GM298_08590), and coumaphos–carboxylesterase
complexes, suggesting that the RMSF of these complexes was
stable during the catalytic reactions. Previously, researchers
have used RMSF to examine enzyme-pesticide complexes
(Lee et al., 2021). The microbial enzymes are responsible
for the biodegradation of pollutants like pesticides and they
are interconnected (Joshi et al., 2021; Bhatt and Maheshwari,
2022). The changes in compactness of an enzyme-substrate
complex are described using the radius of gyration (Rg). It
refers to the folding and unfolding of proteins during MD
simulations. Enzyme folding indicates Rg stability, whereas
fluctuations in Rg signify enzyme unfolding (Adams et al.,
2008). The results of Rg and PSA revealed that every enzyme-
substrate complex displayed stable compactness in five instances
of protein-ligand complexes, indicating that these are superiorly
superimposed on each other and perfectly overlaid. SASA stands
for solvent-assisted structure-activity relationship. It foresees
the structural alterations that take place during interactions.
All five protein-ligand complexes’ SASA values during the
100-ns MD simulations of the enzyme-substrate complexes
were significantly stable, indicating that the protein structure
remained unchanged.

Conclusion

The endophytic and pesticide-degrading strain Enterobacter
sp. HSTU-ASh6 isolated from rice roots significantly affected
plant growth and pesticide detoxification. Housekeeping gene
and whole genome phylogenetic tree, ANI, and DDH genomic
analysis confirmed that Enterobacter sp. HSTU-ASh6 is a new
species of Enterobacter strain. Whole genome sequencing also
confirmed the presence of genes involved in plant growth,
stress tolerance, and pesticide degradation. Therefore, the
utilization of this remarkably versatile PGPB may be an
essential eco-friendly alternative to improve crop growth and
pesticide detoxification.

Nucleotide sequence accession
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Madrid, Spain
Introduction: A sustainable agriculture and the great increase in consumers of

organic products in the last years make the use of natural products one of the

main challenges of modern agriculture. This is the reason that the use of

products based on seaweed extracts has increased exponentially, specifically

brown seaweeds, including Ascophyllum nodosum and Ecklonia maxima.

Methods: In this study, the chemical composition of 20 commercial seaweed

extract products used as biostimulants and their antifungal activity against two

common postharvest pathogens (Botrytis cinerea and Penicillium digitatum)

from fruits were evaluated. Data were processed using chemometric

techniques based on linear and non-linear models.

Results and discussion: The results showed that the algae species and the

percentage of seaweed had a significant effect on the final composition of the

products. In addition, great disparity was observed between formulations with

similar labeling and antifungal effect of most of the analyzed products against

some of the tested pathogens. These findings indicate the need for further

research.

KEYWORDS

brown seaweed extracts, biostimulants, chemical composition, antifungal
activity, chemometrics
Abbreviations: AA, alginic acid; AN, Ascophyllum nodosum; EM, Ecklonia maxima; IAA, indole-3-acetic

acid; Lam, laminarin; Man-ol, mannitol; TAC, total antioxidant capacity; TCC, total carotenoid content;

TFC, total flavonoid content; TTC, total tannin condensed capacity; TPC, total phenolic content; SA,

salicylic acid; SWEs, seaweed extracts.
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1 Introduction

The great challenge of food production is to use sustainable

practices that increase the harvestable yield and quality of

crops with minimal impact on the environment. It is well-

known that chemical fertilizers have led to the deterioration of

agricultural systems (Biau et al., 2012). In recent years,

environment-friendly and economic alternatives have been

sought that can reduce the use of traditional fertilizers

(Trivedi et al., 2018), such as seaweed extracts (SWEs).

Recently, a growing interest has been observed for the use of

this type of products because they are natural and biostimulant

substances that improve the crop growth and quality of fruits

(Tabbara et al., 2018). Despite the fact that SWEs are

traditionally used as biostimulants, supplementary fertilizers,

or soil quality improvers, their use has also been reported as

animal feed supplement, human nutritional supplement, and

cosmetic products (Pereira et al., 2020).

The most widely used macroalgae in agriculture are brown

seaweeds, includingAscophyllum nodosum (AN), Eckloniamaxima

(EM), Fucus vesiculosus, Laminaria digitata, Sargassum spp., and

Turbinarias spp. (Khan et al., 2009), being the most

commercialized extracts of the first two species. Their

biochemical composition depends on their location and the

conditions of the place where they grow. In this way, the content

of active ingredients will be modified between each species and

within the same species in relation to the availability of nutrients,

light, salinity, depth, presence of organic contaminants, or content

of heavy metals (Kumar and Sharma, 2021) with potential human

risk associated, among others. A. nodosum grows on the coasts of

the North Atlantic, mainly on the northwestern coast of Europe

and North America. Unlike other species of brown algae, it

supports periods of marine immersion and periods of exposure

to the elements, depending on the tidal cycle. This fact of

physiological adaptation provides a characteristic biochemical

composition that is very useful for their use in agriculture

(Hurtado et al., 2021). Meanwhile, E. maxima, an endemic South

African seaweed, always grows submerged in water and did not

emerge at times of low tide; thus, it is considered a potential source

of beneficial bioactive compounds. After seaweed recollection, the

active ingredients contained in algae are extracted from the cells

and transferred to a liquidmedium to obtain a commercial product

using different extraction processes. Depending on the process

used, the final composition of the product can be significantly

altered (Povero et al., 2016). The most widespread extraction

processes are traditional extraction based on the use of chemical

agents and cold extraction. Chemical extraction uses strong acids

or alkalis (KOH), and the product obtained is dark due to the high

oxidation of its active components leading to denaturation of active

ingredients that results in a drastic loss of properties (Calvo et al.,

2014). Cold extraction has gained popularity because algae are

subjected to a micronized process under high pressure without loss

of active ingredients and pH is kept at its physiological level of 4.5
Frontiers in Plant Science 02
1111
(Crampon et al., 2011). These products have a characteristic

marine aroma and color that ranges from green to light brown.

SWEs contain a multitude of active components (Khan et al.,

2009), although it is considered that the following are the main

active ingredients: alginic acid, which is present in the cell walls and

confers flexibility and adaptation to stress phenomena; mannitol,

which blocks reactive species and prevents metabolic damage;

reserve polysaccharides (laminarin and fucoidan) that are not

found in terrestrial plants; polyphenols and tannins with high

antioxidant power, which stabilizes and strengthens cell walls

against pathogen attacks and minerals, among others. All these

components have a synergistic effect in the crops, providing a strong

root system, promoting plant growth, and improving leaf

development and flowering (Mukherjee and Patel, 2019). In

addition, the quality of the fruit and vegetables has been reported

in numerous studies, not only providing physiological and

nutritional benefits but also improving the organoleptic properties

by the consumer (Kocira et al., 2018; Meng et al., 2022). The

antifungal activity of SWE has also been studied in several research

as preventive treatment to postharvest pathogens (De Corato et al.,

2017; Lahbib et al., 2022). This is because marine organisms have

developed an antimicrobial defense strategy based on the

production of bioactive metabolites (Cortés et al., 2014) with

antioxidant character.

According to the growing organic production expansion and

efforts to reduce the use of chemical fungicides and fertilizers,

SWEs may play a greater role in crop protection than was

previously realized. In fact, many products containing SWEs

are commercially available for application to various

horticultural crops under different trade names. In most of the

products, there is no homogeneity in the labeling, and a detailed

description of the composition is not usual, making it difficult to

understand its mode of action and its influence on the plant

growth, fruit quality, and antifungal activity.

Hence, this study was conducted to investigate the chemical

composition and in vitro antifungal assays against two common

pathogens on four different fresh fruits of 20 representative

commercial seaweed extracts and to further treat data by

multivariate statistical analysis. To the authors’ knowledge, this

is the first time that such a detailed study of several brown

seaweed extracts has been carried out. The contribution of this

study is expected to provide a reference for the knowledge of

these products and the ability of chemometrics multivariate

methods to know the production factors that influence their

composition and their relationship with antifungal activity.
2 Materials and methods

2.1 Samples

Several representative seaweed commercial products were

selected in this study according to the species (A. nodosum and
frontiersin.org
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E. maxima), method of extraction (basic media-KOH, acid

media, or cold), pH (from 3.20 to 10.8), the way in which they

are marketed—liquid products (LP, n=16) or solid products (SP,

n=4)—and percentage of algae in the product—low (10%–30%)

and high (100%). Products with high percentage (100%) are

those that consist only of algae extract, while those that have low

percentage are mixtures of algae extracts with other components

such as amino acids or sugars, among others. The percentage

indicates the amount of seaweed in the product and is usually

specified on the labeling. All the samples were kindly provided

by different fertilizer companies (n=18) and by Laboratorio

Arbitral (Spain’s Ministry of Agriculture, Fisheries and Food;

MAPA) (n=2). Table 1 summarizes the main characteristics of

the seaweed products selected in this study.
2.2 Sample preparation

Formulated liquid samples were previously freeze-dried and

then pulverized with amortar for all tests except for polysaccharides

content (alginic acid, mannitol, and laminarin) and antifungal in

vitro assays. Solid samples were previously homogenized with a

mortar. All measurements were performed in triplicate.

2.2.1 Determination of chemical composition
2.2.1.1 Polysaccharides content

To estimate the alginic acid (AA), mannitol (Man-ol,

polyol), and laminarin (Lam) content, the method of Valverde
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et al. (2022) was used. Briefly, 40 mg of liquid product (LP) or 20

mg of solid product (SP) was diluted in 100 ml (LP) or 250 ml

(SP) of ultrapure water. For SP, a previous step was necessary

based on crushing with a grind and passing it through a 40-mesh

screen to obtain a homogenous sample. Then, the mixture was

shaken in a vortex for 1 min and centrifuged for 5 min at 3,000

rpm. The samples were filtered through 0.45-μm nylon filter

before analysis by high-performance liquid chromatography

refractive index detector (HPLC-RID) system (1260 Infinity

model Agilent Technologies, Waldbronn, Germany). A Bio-

Rad Aminex HPX-87 H column (300 × 7.8 mm, 9 μm) was

used, protected by a guard column from Phenomenex

(Torrance, CA, USA). Analysis conditions were set as follows:

the mobile phase was a 0.05% acetic acid, the flow rate was 0.5

ml/min, the injection volume was 50 μl, the column temperature

was set at 65°C, and the temperature of the refractive index

detector was at 50°C in positive polarity mode. Quantification

was achieved using glycerol as internal standard (IS) calibration,

employing glycerol in order to reduce analysis error (n=6) and

fluctuations on the signal.

2.2.1.2 Sugar content

Sugar analysis (arabinose, fucose, glucose, glucuronic acid,

rhamnose, sucrose, and xylose) was carried out using the

reported methods with slight modifications (Sluiter et al.,

2012; Manns et al., 2014; Badmus et al., 2019): A total of 150

mg of the sample was hydrolysed with 200 μl of sulphuric acid

72% w/w at 30°C for 1 h; the reaction mixture was then diluted
TABLE 1 Description of the seaweed products selected for this study according to criteria described in Section 2.1.

Sample code Formulated Species Algae percentage (%) Extraction method pH ± SD EC (mS cm-1) ± SD

1 Liquid AN Low (25) Cold 4.59 ± 0.01 5.34 ± 0.07

2 AN Low (27) Cold 4.26 ± 0.02 8.71 ± 0.1

3 AN High (100) Acid 3.35 ± 0.01 3.75 ± 0.02

4 AN High (100) Cold 4.40 ± 0.02 8.04 ± 0.09

5 AN Low (27) Cold 5.33 ± 0.03 20.1 ± 0.1

6 EM Low (16) Cold 5.20 ± 0.02 2.96 ± 0.01

7 EM Low (15) Cold 4.50 ± 0.01 2.17 ± 0.01

8 AN Low (27) KOH 10.0 ± 0.01 42.7 ± 0.2

9 AN Low (30) Acid 3.81 ± 0.01 10.2 ± 0.09

10 EM Low (30) Acid 3.79 ± 0.02 14.9 ± 0.1

11 AN High (100) Cold 4.70 ± 0.01 11.5 ± 0.09

12 AN Low (20) Cold 4.46 ± 0.01 8.33 ± 0.07

13 EM High (100) Cold 4.42 ± 0.01 13.1 ± 0.09

14 AN High (100) Cold 4.82 ± 0.02 9.01 ± 0.07

15 AN High (100) Cold 4.76 ± 0.01 5.55 ± 0.02

16 AN High (100) KOH 8.50 ± 0.01 13.2 ± 0.1

17 Solid AN High (100) KOH 9.82 ± 0.03 12.1 ± 0.1

18 AN High (100) KOH 10.6 ± 0.02 20.4 ± 0.1

19 AN High (100) KOH 10.3 ± 0.03 20.2 ± 0.1

20 AN High (100) KOH 11.0 ± 0.03 21.0 ± 0.1
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with 3.6 ml of ultrapure water reacting for 40 min at 100°C. After

cooling, samples were centrifuged for 10 min at 5,000 rpm;

ultrapure water was added, taking the supernatant up to 5 ml,

and it was filtered through a 0.45-μm nylon filter before analysis

by HPLC-RID system. A Bio-Rad Aminex HPX-87 H column

(300 × 7.8 mm, 9 μm) was selected with 4 mMH2SO4 solution as

the mobile phase at a flow rate of 0.6 ml/min; the injection

volume was 50 μl, and the column temperature was set at 60°C.

2.2.1.3 Mineral content

Mineral profiling was obtained through digestion of 50 mg of

powdered seaweed weighed into an Erlenmeyer flask and addition

of 5 ml of concentrated trace metal grade nitric acid (67% assay)

and 5 ml of hydrogen peroxide (30% assay). The mixture was left

to react for an hour at room temperature and then heated at 80°C

for 30 min with a plate digestion. After cooling, samples were

filtered and made up to 25 ml with Milli-Q water. The certified

reference material (CRM) NCS DC73350 (leaves of poplar) was

prepared in the same manner to validate the accuracy of the

analysis. The samples were analyzed by inductively coupled

plasma–optical emission spectrometry (ICP-OES) (iCAP-PRO

XDuo Spectrometer, Thermo Scientific, UK). Fourteen minerals

were measured: calcium (Ca), magnesium (Mg), potassium (K),

aluminium (Al), phosphorous (P), iron (Fe), copper (Cu),

manganese (Mn), zinc (Zn), nickel (Ni), arsenic (As), cadmium

(Cd), chromium (Cr), and lead (Pb). The optimal instrumental

conditions of ICP-OES, along with the selected wavelengths and

IS, are presented in Supplementary Table S1. In order to avoid ion

signal fluctuations caused by the matrix, a diluted internal

standard (IS) solution (10mg/L of 89Y) was used. This solution

was distributed in all solutions (blank, standard solutions, and

unknown samples) using a second channel of the

peristaltic pump.

2.2.1.4 Hormonal composition

Plant hormones (abscisic acid, indole-3-acetic acid, indole

butyric acid, gibberellic acid, and salicylic acid) were analyzed

using reported validated analytical methodologies (Jiang et al.,

2006; Górka and Wieczorek, 2017). Briefly, 50 mg of powdered

samples were extracted with 0.5 ml methanol 70% (v/v) and

remained overnight at 4°C. The supernatant was concentrated

under N2 stream and dissolved in 1 ml Na2HPO4 at pH 9.0. The

solution was extracted three times with ethyl acetate and

adjusted to pH=2.5. Finally, the organic phases were dried

with a gentle stream of N2, dissolved in 1 ml of methanol 70%

(v/v), and filtered through 0.45-μm nylon filter before analysis by

HPLC with a diode-array detector (DAD) (HPLC-DAD) system.

Chromatographic conditions were set as follows: analytical

column Luna C18 (2) (150 × 4.6 mm, 3 μm), mobile phase

consisted of (A) acetonitrile (0.1% formic acid) and (B) 0.1%

formic acid in gradient elution mode; 0–10 min A:B, 25:75 (v/v);

11–17 min A:B, 50:50 (v/v); and 18–30 min A:B, 25:75 (v/v).
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Flow rate was 0.5 ml/min, injection volume was 10 μl, and the

temperature of the column was maintained at 25°C. Detection

was carried out at a wavelength of l=214 nm.

2.2.1.5 Total phenol content

Methanolic SWE were obtained according to Badmus et al.

(2019). Briefly, 250 mg of SWE and 5 ml of methanol was

sonicated for 30 min and shaken for 4 h in an orbital shaker.

Then, extracts were centrifuged for 10 min at 2,500 rpm. To

estimate the total phenolic content (TPC), the modified Folin–

Ciocalteu method was used with minor modifications. A total of

20 μl of the extract was combined with 100 μl of Folin–Ciocalteu

reagent (1:10 v/v) and 80 μl of 7.5% sodium carbonate. The

mixture was shaken for 30 s and allowed to stand for 2 h at room

temperature in darkness. Standards (gallic acid) and blanks

(methanol) were prepared and processed using the same

method as for SWE. The absorbance was measured at 765 nm

using a microtiter plate (SPECTROstar Nano, BMG Labtech

Germany). Gallic acid was used as standard, and blanks

(methanol) were prepared following the same method as for

seaweed samples. Results were expressed as mg gallic acid

equivalents/g dry extract.

2.2.1.6 Total flavonoid content

Seaweed ethanolic extracts were obtained previously as

described in the previous section. Total flavonoid content was

determined as described by Chang et al. (2002). Briefly, 15 μl of

the sample was mixed with 307 μl of 10% aluminium chloride,

307 μl of 1M potassium acetate, and 200 μl of Milli-Q water.

After incubation for 30 min in the dark at room temperature, the

absorbance was measured at 510 nm (SPECTROstar Nano,

BMG Labtech Germany), using quercetin as standard.

2.2.1.7 Total condensed tannin

The total condensed tannin content was performed by the

vanillin–HCl method (Cox et al. (2010). Seaweed methanol

extract (25 μl), obtained as in Section 2.2.1.5, was mixed with

150 μl of vanillin 4% and 75 μl of HCl concentrated. The solution

was shaken and left at room temperature for 20 min of protected

light. The absorbance of samples, standards ((+) catechin), and

blanks (methanol) were recorded using a microtiter plate

(SPECTROstar Nano, BMG Labtech Germany) at 500 nm.

2.2.1.8 Total carotenoid content

Carotenoids were determined according to the methodology

of Kumar et al. (2009), with slight modifications. Briefly, 1 g of

powdered samples was incubated with 10 ml of 80% acetone for

90 min at 20°C. Then, the mixture was centrifuged for 15 min at

3,000 rpm and filtered using a filter paper (Whatman No. 1). A

standard curve was prepared using b-carotene, and results were

obtained by measuring the absorbance at 480 nm (SPECTROstar

Nano, BMG Labtech Germany).
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2.2.1.9 Total antioxidant capacity

Total antioxidant capacity (TAC) was assessed according to

a previous method (Costa et al., 2011). Seaweed methanolic

extract (100 μl), obtained as previously described, was mixed

with 1 ml of a solution containing 0.6 M sulphuric acid, 28 mM

sodium phosphate dibasic and 4 mM ammonium molybdate

(4:2:4 v/v/v). The mixture was incubated for 90 min at 95°C and

cooled at room temperature. Then, the absorbance of standards

(ascorbic acid), blanks (methanol), and samples were measured

at 695 nm (SPECTROstar Nano, BMG Labtech Germany).

2.2.1.10 DPPH radical scavenging activity

The DPPH radical scavenging activity was determined using

the method of Zhang et al. (2008) and Yang et al. (2008).

Seaweed methanol extract (100 μl) and 0.16 mM 2,2-diphenyl-

1-picrylhydrazyl hydrate (DPPH) (100 μl) in methanol were

mixed. The mixture was shaken for 30 s and left in darkness at

room temperature for 30 min. The absorbance was read in a

microtiter plate (SPECTROstar Nano, BMG Labtech Germany)

at 517 nm. The scavenging effect was calculated as an inhibition

percentage using Eq. (1) as follows:

DPPH   inhibition( % ) =
Ac   − As

Ac

� �
�   100

where Ac is the absorbance of the control (100 μl of

methanol solvent with 100 μl of the DPPH solution), and As is

the absorbance of the sample.

2.2.2 In vitro antifungal activity assays
Previously, the products under study were tested to verify

that they were free of microorganisms. For that purpose, the

products were prepared at recommended dose by the

manufacturer, and 500 μl was incubated on Petri dishes with a

general culture medium, potato dextrose agar (PDA), to check

the presence of any kind of microorganism. All the samples were

done in triplicate. They were incubated at 26°C in the dark in a

growth chamber for a week.

Pathogen fungi were isolated from the selected rotten fruits:

Penicillium digitatum from orange, Botrytis cinerea from

strawberry, blueberry, and tomato in PDA. Petri dishes were

incubated in a growth chamber at 26°C in the dark. Once grown,

5-mm fungal plugs were inoculated in PDA plates, and the

correspondent product was poured at a recommended dose by

manufacturer, all in triplicate. They were grown in the same

conditions for 22 days. The growth inhibition halo

was evaluated.
2.3 Statistical analysis

IBM SPSS Statistics 26.0 software (SPSS Inc., Chicago, IL,

USA) was used for multivariate analysis of covariance

(MANCOVA), principal component analysis (PCA),
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hierarchical cluster analysis (HCA), and artificial neural

network analysis (ANN).
3 Results

3.1 Chemical composition

The results of the analysis of characteristic and bioactive

compounds, including the mean (and standard deviation),

minimum, and maximum values of the products evaluated, are

shown in Table 2. The selected products presented a wide range of

pH from 3.9 to 10.7. This variety is mainly due to the extraction

method used and the algae percentage in the product. The EC

provides the value of the soluble salts present in the SWEs. The

strong differences observed among the products can be attributed to

the way in which the algae are extracted, e.g., alkaline media provide

high concentrations of potassium, and/or the area where they have

been collected (mainly AN grows in the Atlantic Ocean and EM in

South Africa). It is recommended that a fertilizer has a low EC value

to facilitate fertilization and avoid crop phytotoxicity. The variations

in AA, Man-ol, and Lam were attributed to intrinsic botanical

differences of the species. It was observed that AN products

presented higher contents for these three components than EM.

These results agreed with those reported in previous studies and can

also be attributed to the different growing conditions of the source

material and possible variations in the processing methods (Pereira

et al., 2020; Valverde et al., 2022). Sugar profile was similar for both

species, following the trend: glucose≃ glucuronic acid>sucrose≃
fucose>xylose. Although the concentration of sugars was higher for

AN, all the products presented a variety of sugars that will facilitate

the assimilation of nutrients and their transport by the plant, as they

reduce the osmotic pressure, thus improving vegetative

development. The mineral composition for AN product (Table 2)

followed the trend, K>Mg>Ca>Al>P>Fe>Mn>Zn>Cu, whereas EM

followed the trend, K>Mg>Ca>P>Al>Fe>Zn>Mn>Cu. Potassium,

Mg, and Ca were the most abundant plant macronutrients in the

studied products, highlighting that the higher concentrations of K

may be due to the accumulation in the tissues of the algae and

extraction methodology employed. Variations in microelements are

attributed to the species of algae, the season in which they were

collected, and the algae percentage of the product. Heavy metals

were analyzed because seaweeds are known to accumulate

pollutants. The results revealed the presence of Cr and Ni in

most of the products, which can affect both the nutrition of the

plants and their productive quality. A. nodosum products presented

the higher concentrations (Ni, 0.15 ± 0.002 mg/kg; Cr, 0.19 ± 0.001

mg/kg) although within the established limits by European

Commission under Regulation (UE) 2019/1009 about fertilizer

products (Ni= 50 mg/kg and Cr=2 mg/kg dry matter). These

results are in relation to those previously reported, indicating that

AN is used as a biomonitor of metal concentration in coastal

habitats (Morrison et al., 2008). The results of the hormonal analysis
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were conditioned by the instrumental analysis technique used

(HPLC-DAD) because these analytes are expected in low

concentrations. Despite this, the most remarkable results, as

expected, were for indole-3-acetic acid (IAA), the major

hormone. It is the main auxin in plants and controls several

physiological processes such as cell elongation and division. It

was detected in products of both species; however, it was not

detected in the solid formulations. This fact has not been previously

reported in any studies, which suggests that the type of formulation

may influence in some way the final hormonal composition of the

product. The analysis of bioactive compounds revealed that the
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concentration of TFC (274 ± 2.0 g/kg) was higher than that of TPC

(107 ± 1.9 g/kg) in all the products tested, AN being the products

with the highest concentration. Notable concentrations of TCC

(14.6 ± 0.87 g/kg), associated with the characteristic brownish color,

were also detected with the same trend described above. Most of the

samples presented tannins although at very low concentrations. It

should be noted that the presence and abundance of these

compounds depend on the species, the habitat, the seasonal

influence, the stage of the life cycle, the environmental conditions,

and the extraction method. All the products tested presented high

concentrations of bioactive components as described in previous
TABLE 2 Summary of the compounds analyzed in seaweed extracts under study.

Variables Min. Max. Mean. SD

pH (1:5)a, (1:25)b pH 3.79 10.7 7.38 0.04

Electric conductivity (mS cm−1) EC 2.17 42.7 22.4 0.1

Characteristic compounds

Alginic acid (%) AA 0.61 18.0 9.21 0.2

Mannitol (%) Man-ol <LODc 5.84 2.92 0.05

Laminarin (%) Lam <LODc 4.73 2.37 0.2

Potassium (g/kg) K 5.04 180 92.5 1.5

Calcium (g/kg) Ca 0.40 11.6 6.00 0.5

Magnesium (g/kg) Mg 0.11 10.3 5.13 0.2

Aluminum (g/kg) Al 0.20 2.10 1.15 0.05

Phosphorus (g/kg) P 0.16 2.82 1.50 0.1

Iron (g/kg) Fe 0.046 1.26 0.65 0.1

Copper (g/kg) Cu <LODc 0.50 0.25 0.01

Manganase (g/kg) Mn <LODc 0.75 0.38 0.05

Zinc (g/kg) Zn 0.033 1.51 0.77 0.07

Chromium (mg/kg) Cr <LODc 0.19 0.096 0.001

Nickel (mg/kg) Ni <LODc 0.15 0.045 0.002

Sucrose (mg/kg) <LODc 70.0 34.9 0.84

Glucuronic acid (g/kg) <LODc 81.3 40.6 1.2

Glucose (g/kg) 5.10 31.1 18.1 0.7

Xylose (g/kg) <LODc 32.6 16.3 0.3

Rhamnose (g/kg) <LODc 5.16 2.58 0.4

Arabinose (g/kg) <LODc 5.40 2.69 0.2

Fucose (g/kg) <LODc 69.6 34.8 1.9

∑%Sugars 0.20 14.5 7.30 0.2

Indole-3-acetic acid (g/kg) IAA <LODc 16.6 8.27 0.8

Salicylic acid (mg/kg) SA <LODc 54.3 27.1 2.1

Bioactive compounds

Total phenol content (g/kg) TPC 1.80 107 54.6 1.9

Total flavonoid content (g/kg) TFC 1.90 274 138 2.0

Total tannin condensed content (μg/kg) TTC 0.01 0.65 0.30 0.05

Total carotenoid content (g/kg) TCC 0.30 14.6 7.50 0.9

Total antioxidant capacity (g/kg) TAC 0.82 24.2 12.5 0.3

DPPH radical scavenging activity (%) DPPH 0.00 87.3 43.7 1.3
frontiersi
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apH dilution (1:5) for liquid products.
bpH dilution (1:25) for solid products.
cThe measurement was under the detection limit (LOD).
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studies (Agregán et al., 2017; Kocira et al., 2018; Habeebullah et al.,

2021). The presence of these compounds will benefit the productive

development of the plant and the quality of the fruit, providing

them high added value. The antioxidant activity was evaluated by

TAC and DPPH assays. According to the parameters studied

previously, it was observed that the TAC was higher for AN (24.4

± 0.32 g/kg) than for EM (0.84 ± 0.32 g/kg). These results are related

to the presence of antioxidant compounds, which agree with the

results obtained previously. DPPH assay has been used extensively

as a free radical to evaluate the antioxidant potentials in plant

extracts (Duan et al., 2006; Farasat et al., 2014). SWEs contain

numerous antioxidant molecules that are able to reduce the DPPH

free radicals by attacking the molecules to add hydrogen atom to it

or donate an electron to it, providing a color change from purple to

yellow in the DPPH solution (Devi et al., 2011). The average values

for scavenging DPPH radical were always higher than 40% for most

products, with a trend similar to that observed in TAC assay.

Previous studies reported that brown seaweeds are rich in bioactive

compounds compared with red and green seaweeds, so %DPPH

reduction is greater (Cox et al., 2010; Leelavathi & Prasad, 2014).
3.2 Antifungal activity

All products under study were evaluated to elucidate if they

could have any effect on the most common pathogen fungi of

orange, strawberry, blueberry, and tomato. The presence of

inhibition haloes was considered positive, as the products used

in crops could inhibit the growth of these undesirable pathogens.

Some of the tested products inhibited the fungal growth, as is

shown in Table 3 with a (+) sign at 48 h, although the cultures

were incubated for 22 days to know if the effect persisted. The

initial microbiological test showed that at recommended doses,

products 8 and 12 promoted in themselves the growth of some

kind of microorganisms. The plates with product 8 seemed to

grow fungi; meanwhile, product 12 showed a bacterial growth, but

specialized research was required to properly describe them (see

Supplementary Figure S1). Thus, their use might not be

recommended, as the effect on soil microbiota and on fruits is

not known and should be evaluated in further research. It should

be noted that both products correspond to AN with low algae

percentage. The results showed the products that inhibited both

fungal growth at 48 h and continued with the effect for 22 days.

Botrytis cinerea in tomato was inhibited in 65% (4,6,8–14,16–20)

of the products studied, while in strawberry and blueberry, there

were fewer products that presented action, 25% (6,10–13) and

35% (4,6,8–9, 16–17,20), respectively. Noteworthy, most of the

products that showed inhibition in strawberry corresponded to

EM. Penicillium digitatum was inhibited in 25% of the products

studied (5,8–9,13,17). The products that inhibited the growth in

more fruits were the following: product 6 against B. cinerea in all

of the fruits studied; products 8, 9, and 17 showed a positive effect

on tomato, blueberry, and orange; and product 13 against
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pathogens in tomato, blueberry, and orange. In Supplementary

Figure S2, the Petri dishes of tomato and strawberry with product

13 (EM, 100%) are shown; the inhibition halo can be clearly seen

especially in strawberry at 48 h (Supplementary Figure S2E), and

the effect remains for 22 days (Supplementary Figure S2F).

These facts indicate that products of both species (AN and

EM) showed inhibition halo and products of different percentage

and type of formulation. Table 4 shows the most relevant

previous works where the efficacy of SWE against different

pathogens was evaluated. Only one previous study was found

in which the effectiveness of EM was evaluated (Righini et al.,

2020). In this research, EM did not present antifungal activity; it

should be noted that both the pathogen and the fruit studied

were different (P. xanthii in cucumber). Our study showed

promising results for EM extracts especially in strawberry.

Furthermore, previous studies also found a positive activity of

AN against the pathogen B. cinerea in carrot, cucumber, and

pear (Jayaraj et al., 2008; Jayaraj et al., 2011; Lutz et al., 2022)

and similar results in L. digitata (common brown seaweed

used in agriculture) in strawberry (De Corato et al., 2017).

The antifungal effect of those products was related to

polysaccharide content, carbohydrate content, or bioactive

molecules of the algae such as polyphenols or pigments like

carotene (see Table 4). In these studies, the SWE used presented

12%–18% alginic acid, 5%–6% Man-ol, and 10%–15%
TABLE 3 Results of antifungal activity in vitro after 48 h of
application of the SWEs.

Sample code Tomato Blueberry Strawberry Orange

1 − + − −

2 − − − −

3 − − − −

4 + + − −

5 − − − +

6 + + + −

7 − − − −

8 + + − +

9 + + − +

10 + − + −

11 + − + −

12 + − + −

13 + − + +

14 + − − −

15 − − − −

15 + + − −

17 + + − +

18 + − − −

19 + − − −

20 − + − −
front
Symbol (-) represented the absence of effect of SWEs on the studied pathogens. Symbol
(+) was associated with the positive effect of SWEs with the inhibition haloes on the
studied pathogens.
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carbohydrate content, comparable to the solid products of this

study (17–20), which showed activity against B. cinerea in

different fruits. Penicillium digitatum was evaluated to a lesser

extent; only two recent studies were found in brown algae. One

of them evaluated the species L. digitata in citrus lemon (De

Corato et al., 2017), and its positive effect was related to the

content of polysaccharides (23%) and TPC (2.3%). In general,

this content was higher than in the products of this study that

presented positive activity against P. digitatum, but a relationship

between two products was found: product 17 presented 19%

polysaccharides content and product 5 a 2.5% TPC. Lahbib et al.

(2022) related the fungicidal activity with TPC (14.26 mg/g) and

TFC (9.16 mg/g). The products of this study present TPC values

between 7–17 mg/g but much higher for TFC (30–240 mg/g). All

these suggest that the antifungal activity may be due to the

combined action of different compounds. Although it is true that

previous works have evaluated other types of algae (red and

green), brown algae are the ones that presented the highest

fungicidal capacity (De Corato et al., 2017; Righini et al., 2020;

Lahbib et al., 2022). This study evaluated for the first time the

action of AN and EM against P. digitatum. Promising results

were found for tomato (65% of the products showed positive

action) and EM in strawberry. It should be noted that no

previous studies on blueberries were found. In addition, 20
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SWEs were evaluated compared to 5 in other studies, being the

maximum number of products studied in previous research and

providing a much more detailed information on the chemical

composition. Moreover, this study lasted for 22 days to check the

long-term fungicidal effect, while previously reported studies did

not indicate this effect. However, in those pathogens, more

research should be done, since the application of algae extract

to fertilize the crops could have a positive effect on inhibiting

pathogens, providing added value to these products. These

promising results indicate that these products could be an

alternative to use in to treat fruits and vegetables postharvest

to minimize the damage caused by the attack of microorganisms.

These findings revealed that market SWEs have a great

variety in their composition, thus justifying this study and the

need to continue with this line of research carrying out tests

in vivo.
3.3 Chemometric analysis

3.3.1 Multivariate generalized linear model
MANCOVA analysis was used to evaluate the effect of algae

species and algae percentage on the final composition of the

products studied. It was conducted to test the influence of several
TABLE 4 Antifungal activity of SWEs reported in published studies.

Algae Species SWE
(n°)

SWE composition Pathogen Fruit/veg-
etables

In
vitro

In
vivo

Compounds
involved

Ref.

Brown AN 1 PS and CH Alternaria radicina, B.
cinerea

Carrot No Yes CH and
laminarin

Jayaraj
et al., 2008

Brown AN 1 PS and CH Alternaria
cucumerinum, Fusarium
oxysporum, B. cinerea

Cucumber No Yes CH, laminarin
and carragen

Jayaraj
et al., 2011

Brown
and red

L. digitata, U.
pinnatifida, P.
umbilicalis, E.
denticulatum, G.
pusillum

5 Lipids, fatty acids, PS, and TPC B. cinerea, Monilinia
laxa, P. digitatum

Strawberry,
peach and
citrus lemon

Yes Yes Phenolic
compounds, PS
and lipids

De Corato
et al., 2017

Brown
and red

EM and J. adhaerens 2 Proteins, chlorophylls,
carotenoids and antioxidant
activity

Podosphaera xanthii Cucumber Yes No Proteins and
carotenes

Righini
et al., 2020

Red Gracilaropsis persica 1 Bioactive compounds B. cinerea, Pyricularia
oryzae, Aspergillus niger,
and Penicillium.
expansum

Fungi
collection
(laboratory)

Yes No Phenolic
compounds and
tannin

Pourakbar
et al., 2021

Brown AN 1 NS B. cinerea, A. alternata,
and Alternaria spp.

Pear Yes Yes NS Lutz et al.,
2022

Brown,
red and
green

U. fasciata,
(Rhodophyceae) B.
bifurcata,
(Chlorophyceae)

4 TPC, TFC, and antioxidant
activity

P.digitatum, Penicillium
expansum, and
Penicillium italicum

Fungi
collection
(laboratory)

No Yes Phenolic
compounds and
fatty acids

Lahbib
et al., 2022

Brown AN and EM 20 PS, mineral profile, CH content,
hormonal composition, TPC,
TFC, TCC, TTC, and antioxidant
activity

B. cinerea and P.
digitatum

Tomato,
blueberry,
strawberry
and orange

Yes No PS, CH content
and bioactive
compounds

Present
study
fron
PS, polysaccharide content; CH, carbohydrate content; NS, not specified.
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independent variables in structural (AA, Man-ol, Lam, metal

profile, IAA, SA, and sugar content) and bioactive compounds

(TPC, TFC, TCC, TTC, TAC, and DPPH) of products studied.

In order to make a preliminary determination of algae species,

the percentage of SWE in the product and the extraction process

were used as fixed factor and the formulation type as covariate.

To evaluate the statistical significance of the model, Wilks’s

lambda, F-value, and p-values for main and interaction effects

were employed. Levene’s test of equality of error variances was

given for all measured parameters. The level of significance was

set at p<0.05. The results showed that the strongest explanatory

variables were the percentage of SWE in the product (Wilks’s

l=0.02, F=4.045, p=0.028) and algae species (Wilks’s l=0.01,
F=190.9, p=0.047); meanwhile, the extraction process (Wilks’s

l=0.01, F=3.080, p=0.164) had no significant effect, so we

omitted this variable in the final MANCOVA model. The

formulation type did not interact with fixed factors and had

no significant effect (Wilks’s l=0.02, F=81.98, p=0.085),

indicating that this covariate was selected correctly. The

reported tests showed that for these variables—species and

SWE percentage—the null hypothesis is rejected, so they

significantly influence on the final composition of the

products. These findings contribute to understanding the role

of variables related to the production process on the final

composition of SWE.

3.3.2 Principal component analysis
PCA was made using the raw data obtained from the

composition analysis of SWE. To examine the suitability of

these data, the Kaiser–Meyer–Olkin (KMO) test was performed.

The KMO test measures the sampling adequacy and indicates

the proportion of variance. The KMO result was 0.82 (≥0.5),

indicating that PCA could be useful in providing significant

reductions in the dimensionality of the raw data. Major

components were extracted with eigenvalues >1.0. In this

model, PC1 explains 35% of the accumulative variance; PC2,

60%; PC3, 69%; PC4, 75%; PC5, 84%; PC6, 87%; PC7, 91%; PC8,

92%; and PC9, 99%. The component plot rotated space

generated from the first two PCs explained the variations in

the seaweed products in relation to their composition

(Figure 1A). PC1 had a medium positive loading (loading

values, 0.50–0.70) of Ca, Mg, Al, TCC, and TTC and strong

negative loading (loading values, 0.7–1.00) for Man-ol, TAC,

and pH. Most of the samples showed a positive relation with

PC1. On the other hand, a high negative relationship was

observed corresponding to the solid formulations (see in

Figure 1B) due to their low concentration of Ca, Mg, and Al

and high levels of Man-ol, pH, and TAC. PC2 showed a medium

positive loading (loading value, 0.50–0.70) of TPC, Ni,

glucuronic acid, SA, TFC, TCC, and TTC and a medium

negative loading of rhamnose, Mn, and Zn. As can be seen in

Figure 1B, the product that presented the greatest negative
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relationship corresponded to sample number 13 and product

14 and showed a positive relationship with PC2. Product 13 is

related to species EM and products with the highest algae

percentage content. Hence, it has the lowest values for these

variables and the highest value for rhamnose, which is specific

for EM. Product 14 was related to AN, had 100% algae

percentage, and had the highest values for these variables,

especially Ni (0.15 ± 0.002 mg/kg) and no rhamnose levels.

AN, hence, is found at a higher relationship with PC2 than EM.

Overall, these findings are in accordance with the MANCOVA

and concluded that composition profiling was influenced by

species and percentage of seaweed in the formulation. In this

way, it can be concluded that PCA satisfactorily highlighted the

differences between the products based on the species and

percentage of algae (Figure 1C).

3.3.3 Hierarchical cluster analysis
HCA allows to classify the products studied according to

their similarities in chemical composition. It was performed

using Ward’s method with squared Euclidean distances to

examine station similarities. Ward’s method uses ANOVA to

calculate the distance between groups to minimize the sum of

squares of two possible groups at each step. Figure 2A shows the

dendrogram of the products based on the analysis of

polysaccharide’s composition. Three well-defined main clusters

were observed. Cluster 1 was clearly discernible and constituted

by low algae percentage products mainly obtained through cold

extraction and acid media. Clusters 2 and 3 were explained

by algae percentage of products (100%) and the type of

formulation; all solid products were grouped in these clusters

and represented the products with the high polysaccharide

content, between 8% and 12%. HCA results for the mineral

profile is shown in Figure 2B. Two clusters with great similarities

were observed, which is in good agreement with the previously

described results. Most of the products follow the same trend in

the mineral profile with the exception of products 6 and 16.

These products showed large Euclidean distance, which

indicated dissimilarity between the other products. Figure 2C

represents the dendrogram of the sugar content. Clusters 1 and 2

are established by the products with the highest sugar content.

They correspond to AN products, and most of them are in solid

formulation. Clusters 3 and 4 are formed by the samples that

have 3%–5% sugar content. The products with the highest

sucrose content were grouped in cluster 3, while cluster 4 was

formed by those with the highest glucose content. All the

products of EM under the study were in cluster 4. Sample

numbers 11 and 14 were the most different and had more

than 15% sugar content. Figure 2D shows 3 main clusters for

bioactive compounds and antioxidant activity. Cluster 1 grouped

13 products with the highest DPPH percentage (products 7, 8,

10, 11). This cluster was defined by high percentage SWE

products, both AN and EM, and all solid products were in this
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FIGURE 1

(A) Principal components plot in rotated space of variances of seaweed extracts based on chemical composition; (B) PCA based on algae
species (AN and EM); (C) PCA based on algae percentage in products studied (low and high).
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group. Cluster 2 was composed of the products with the highest

TPC and cluster 3 with those that had the highest TFC. Both

clusters presented similarities in terms of being formed by the

products that correspond to mixtures (low algae percentage).

This fact suggests that the products are mixed with some

components that could enhance the presence of phenolic

compounds. HCA has given a clear view of the composition

pattern of SWE of the respective species and algae percentage.

These results are in very good agreement with those observed in

MANCOVA and PCA.

On the other hand, it is well-known that antifungal activity is

related to the presence of multiple compounds, and HCA can be

a useful tool to relate it. The products that presented action

against P. digitatum (5, 8, 9, 13, and 17) were grouped in the

same polysaccharide cluster (cluster 1), and for carbohydrates,

four of them were grouped in cluster 4 and the other one in

cluster 3. The characteristics of these clusters have been

discussed previously; however, it should be noted that sucrose

was not detected in these products. Sucrose is used by pathogens

as a carbon source; possibly, its absence has inhibited their

growth. In the case of tomato, the products of interest were

grouped in cluster 1 (4, 6, 8, 10–13, 17–20) and cluster 3 (9, 14,
Frontiers in Plant Science 11
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16) for bioactive components. The products that presented

action on strawberry (6,10–13) were grouped in cluster 1 of

bioactive components and that on blueberry were grouped in

cluster 1 (4, 6, 8, 17, 20) and cluster 3 (9, 16). As can be seen, the

fungicidal effect on B. cinerea was associated with polyphenolic

compounds as described in other works (Table 4), while for P.

digatum , it was associated with polysaccharide and

carbohydrate content.

3.3.4 Artificial neural network analysis
ANN have gained popularity in recent years for modeling

methodologies for food quality and food processing (Bhagya Raj

and Kshirod, 2022). This methodology has numerous

advantages such as flexibility, mapping ability, and high-speed

information processing ability, and the ability to solve non-

linear complex analysis even if the exact nature of the non-linear

relationship between the input and output neurons is unknown

(Abiodun et al., 2018). A multilayer perceptron (MLP) based on

back propagation (BP) was applied for modeling the

composition of the seaweed products. The best model analysis

conditions were as follows: the activation function and the

number of hidden layers were hyperbolic tangent and four
B

C D

A

FIGURE 2

Dendrogram of hierarchical cluster analysis of seaweed extracts based on: (A) polysaccharides composition, (B) metal profile, (C) sugar content,
and (D) bioactive compounds.
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layers, respectively. The output layer activation function was

Softmax, and the training type was batch training. Under this

condition, the correct rate of model training and testing was

97.3% and 91.7%, respectively. The results showed that the SWE

can be distinguished according to the components analyzed.

Under this model, the components that made the greatest

contribution to classification and their normalized importance

were Zn (100%), EC (95%), K (91%), glucuronic acid (86%),

TCC (77%), and Mn (72%).
4 Conclusions

This study has contributed to the knowledge about

commercial SWEs used in agriculture. The composition of 20

commercial products with relevant characteristics and their

antifungal potential against the usual fungi of certain fruits

were analyzed. These results revealed important information

about them and can contribute to improved labeling, whose

problem is latent. Chemometric techniques were applied using

linear and non-linear models in order to establish how the

variables related to the production of the extracts influence the

chemical composition of the products. MANCOVA allowed to

determine the variable species and algae percentage in products

as the most influential (p-value and Wilk’s lambda test).

Principal component analysis and hierarchical cluster

analysis discriminated the dependent variables according to

species and algae percentage. PCA revealed that rhamnose was

a characteristic in E. maxima with 100% seaweed in its

composition; this parameter could be used to control fraud

in these products. In addition, a characteristic composition was

observed in the solid products, defined by low concentrations

of Ca, Mg, and Al and high concentrations of mannitol, total

antioxidant content, and high pH values. HCA showed that the

highest concentration of bioactive components was grouped in

the same cluster corresponding to low algae percentage. This

fact suggests that some component has been added to the

products. In addition, HCA was used to relate the antifungal

capacity of SWE to their composition. These results revealed

that the fungal capacity against B. cinerea was related to the

bioactive components, while that against P. digitatum was

related to the polysaccharides and carbohydrates content.

Moreover, ANN allowed to establish the influence of other

variables (K, glucuronic acid, laminarin, and total carotenoid

content) that were not revealed by the linear methods. The

overall results could help to better understand the mode of

action of these products through their composition and the

importance of chemometric techniques to discern the most

significant variables in the production process and their

relationship with their fungal capacity. Future research on

other products available on the market is recommended to

deepen the investigation related to postharvest treatments due

to their action against common pathogens in fruits.
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Kocira, A., Świeca, M., Kocira, S., Złotek, U., and Jakubczykb, A. (2018).
Enhancement of yield, nutritional and nutraceutical properties of two common
bean cultivars following the application of seaweed extract (Ecklonia maxima).
Saudi J. Biol. Sci. 25, 563–571. doi: 10.1016/j.sjbs.2016.01.039

Kumar, J. I. N., Kumar, R. N., Bora, A., Amb, M. K., and Chakraborthy, (2009).
An evaluation of the pigment composition of eighteen marine macroalgae collected
from okha cost, gulf of kutch, India. Our Nat. 7, 48–55. doi: 10.3126/on.v7i1.2553

Kumar, M. S., and Sharma, S. A. (2021). Toxicological effects of marine
seaweeds: a cautions insight for human consumption. Crit. Rev. Food Sci. Nutr.
61, 500–521. doi: 10.1080/10408398.2020.1738334

Lahbib, F., Askarne, L., Boufous, E. H., Cherifi, O., and Cherifi, K. (2022). Antioxidant
and antifungal activity of some Moroccan seaweeds against three postharvest fungal
pathogens. Asian J. Plant Sci. 21, 328–338. doi: 10.3923/ajps.2022.328.338

Leelavathi, M. S., and Prasad, M. P. (2014). Evaluation of antioxidant properties
of marine seaweed samples by DPPH method. Int. J. Pure Appl. Biosci. 2, 132–137.

Lutz, M. C., Colodner, A., Tudela, M. A., Carmona, M. A., and Sosa, M. C.
(2022). Antifungal effects of low environmental risk compounds on development of
pear postharvest diseases: Orchard and postharvest applications. Sci. Hortic. 295,
110862. doi: 10.1016/j.scienta.2021.110862

Manns, D., Deutschle, A. L., Saake, B., and Meyer, A. S. (2014). Methodology for
quantitative determination of the carbohydrate composition of brown seaweeds.
RSC Adv. 4, 25736–25746. doi: 10.1039/C4RA03537B

Meng, C., Gu, X., Liang, H., Wu, M., Wu, Q., Yang, L., et al. (2022). Optimized
preparation and high-efficient application of seaweed fertilizer on peanut. J. Agric.
Res. 7, 100275. doi: 10.1016/j.jafr.2022.100275

Morrison, L., Baumman, H. A., and Stengel, D. B. (2008). An assessment of
metal contamination along the Irish coast using the seaweed ascophyllum
nodosum (Fucales, phaeophyceae). Environ. pollut. 152, 293–303. doi: 10.1016/
j.envpol.2007.06.052

Mukherjee, A., and Patel, J. S. (2019). Seaweed extract: bioestimulator of plant
defense and plant productivity. IJEST 17, 553–558. doi: 10.1007/s13762-019-02442-z

Pereira, L., Morrison, L., Shukla, P. S., and Critchley, A. T. (2020). A concise
review of the brown macroalga acophyllum nodosum (Linnaeous) le jolis. J. Appl.
Phycol. 32, 3561–3584. doi: 10.1007/s10811-020-02246-6

Pourakbar, L., Moghaddam, S. S., Enshasy, H. A. E., and Sayyed, R. Z. (2021).
Antifungal activity of the extract of a macroalgae, gracilariopsis persica, against
four plant pathogenic fungi. Plants 26, 1781. doi: 10.3390/plants10091781

Povero, G., Mejia, J. F., Di Tommaso, D., Piaggesi, A., and Warrior, P. (2016). A
systematic approach to discover and characterize natural plant biostimulants.
Front. Plant Sci. 7, 435. doi: 10.3389/fpls.2016.00435

Righini, H., Somma, A., Cetrullo, S., D’Adamo, S., Flamigni, F., Quintana, A. M.,
et al. (2020). Inhibitory activity of aqueous extracts from anabaena minutissima,
ecklonia maxima and jania adhaerens on the cucumber powdery mildew pathogen
in vitro and in vivo. J. Appl. Phycol. 32, 3363–3375. doi: 10.1007/s10811-020-02160-x

Sluiter, A., Hames, B., Ruiz, R., Scarlata, C., Sluiter, J., Templeton, D., et al.
(2012). Determination of structural carbohydrates and lignin in biomass (Colorado:
Laboratory Analytical Procedure). Available at: http://www.nrel.gov/biomass/
analytical_procedures.html.

Tabbara, L. I., Abdel-Hameid, N., and Bondok, A. (2018). Using of some
environmentally safe treatments to improve the storability of navel orange
(Citrus sinensis l.) fruits. J. Agric. Sci. 26, 519–526. doi: 10.21608/ajs.2018.15705

Trivedi, K., Vijay Anand, K. G., Pradip, V., and Ghosh, A. (2018). Differential
growth, yield and biochemical responses of maize to the exogenous application of
kappaphycus alvarezii seaweed extract, at grain filling stage under normal and
drought conditions. Algal Res. 35, 236–244. doi: 10.1016/j.algal.2018.08.027

Valverde, S., Hernández-Apaolaza, L., and Lucena, J. J. (2022). A simple analytical
method to determine alginic acid, laminarin and mannitol in seaweed extracts fertilisers.
J. Chromatogr. Sep. Tech. 13, 470. doi: 10.35248/2329-9096-22.13.470

Yang, J., Guo, J., and Yuan, J. (2008). In vitro antioxidant properties of rutin.
LWT-Food Sci. Technol. 41, 1060–1066. doi: 10.1016/j.lwt.2007.06.010

Zhang, H. C., Dong, J., Ren, X., and Qin, J. (2008). Antioxidant activities of
ethanol extracts from ten kinds of bee pollens. Food Sci. 10, 75–79.
frontiersin.org

https://doi.org/10.1016/j.heliyon.2018.e00938
https://doi.org/10.1016/j.foodres.2017.03.043
https://doi.org/10.1016/j.foodres.2017.03.043
https://doi.org/10.1007/s10811-019-01846-1
https://doi.org/10.1080/10408398.2020.1858398
https://doi.org/10.1016/j.ejsobi.2012.08.008
https://doi.org/10.1016/j.ejsobi.2012.08.008
https://doi.org/10.1007/s11104-014-2131-8
https://doi.org/10.38212/2224-6614.2748
https://doi.org/10.1016/j.ejbt.2014.04.005
https://doi.org/10.3390/md9060952
https://doi.org/10.1021/ie102297d
https://doi.org/10.1016/j.postharvbio.2017.04.011
https://doi.org/10.1016/S1995-7645(11)60070-9
https://doi.org/10.1016/j.foodchem.2004.12.015
https://doi.org/10.1016/j.jchromb.2017.04.048
https://doi.org/10.1016/j.algal.2021.102292
https://doi.org/10.1016/j.algal.2021.102292
https://doi.org/10.1007/s10811-010-9547-1
https://doi.org/10.1016/j.cropro.2008.05.005
https://doi.org/10.1016/j.cropro.2008.05.005
https://doi.org/10.2116/analsci.22.811
https://doi.org/10.2116/analsci.22.811
https://doi.org/10.1007/s00344-009-9103-x
https://doi.org/10.1016/j.sjbs.2016.01.039
https://doi.org/10.3126/on.v7i1.2553
https://doi.org/10.1080/10408398.2020.1738334
https://doi.org/10.3923/ajps.2022.328.338
https://doi.org/10.1016/j.scienta.2021.110862
https://doi.org/10.1039/C4RA03537B
https://doi.org/10.1016/j.jafr.2022.100275
https://doi.org/10.1016/j.envpol.2007.06.052
https://doi.org/10.1016/j.envpol.2007.06.052
https://doi.org/10.1007/s13762-019-02442-z
https://doi.org/10.1007/s10811-020-02246-6
https://doi.org/10.3390/plants10091781
https://doi.org/10.3389/fpls.2016.00435
https://doi.org/10.1007/s10811-020-02160-x
http://www.nrel.gov/biomass/analytical_procedures.html
http://www.nrel.gov/biomass/analytical_procedures.html
https://doi.org/10.21608/ajs.2018.15705
https://doi.org/10.1016/j.algal.2018.08.027
https://doi.org/10.35248/2329-9096-22.13.470
https://doi.org/10.1016/j.lwt.2007.06.010
https://doi.org/10.3389/fpls.2022.1017925
https://www.frontiersin.org/journals/plant-science
https://www.frontiersin.org


Frontiers in Plant Science

OPEN ACCESS

EDITED BY

Maurizio Ruzzi,
University of Tuscia, Italy

REVIEWED BY

Marcin Debowski,
University of Warmia and Mazury in
Olsztyn, Poland
Georg Carlsson,
Swedish University of Agricultural
Sciences, Sweden

*CORRESPONDENCE

Adnan Mustafa
adnanmustafa780@gmail.com
Martin Brtnicky
martin.brtnicky@seznam.cz

SPECIALTY SECTION

This article was submitted to
Plant Nutrition,
a section of the journal
Frontiers in Plant Science

RECEIVED 11 August 2022
ACCEPTED 31 October 2022

PUBLISHED 13 December 2022

CITATION

Hammerschmiedt T, Kintl A, Holatko J,
Mustafa A, Vitez T, Malicek O,
Baltazar T, Elbl J and Brtnicky M (2022)
Assessment of digestates prepared
from maize, legumes, and their mixed
culture as soil amendments: Effects on
plant biomass and soil properties.
Front. Plant Sci. 13:1017191.
doi: 10.3389/fpls.2022.1017191

COPYRIGHT

© 2022 Hammerschmiedt, Kintl,
Holatko, Mustafa, Vitez, Malicek,
Baltazar, Elbl and Brtnicky. This is an
open-access article distributed under
the terms of the Creative Commons
Attribution License (CC BY). The use,
distribution or reproduction in other
forums is permitted, provided the
original author(s) and the copyright
owner(s) are credited and that the
original publication in this journal is
cited, in accordance with accepted
academic practice. No use,
distribution or reproduction is
permitted which does not comply with
these terms.

TYPE Original Research
PUBLISHED 13 December 2022

DOI 10.3389/fpls.2022.1017191
Assessment of digestates
prepared from maize, legumes,
and their mixed culture as soil
amendments: Effects on plant
biomass and soil properties

Tereza Hammerschmiedt1, Antonı́n Kintl1,2, Jiri Holatko1,3,
Adnan Mustafa1,4,5*, Tomas Vitez6,7, Ondrej Malicek1,
Tivadar Baltazar1, Jakub Elbl2,8 and Martin Brtnicky1,4*

1Department of Agrochemistry, Soil Science, Microbiology and Plant Nutrition, Faculty of
AgriSciences, Mendel University in Brno, Brno, Czechia, 2Agricultural Research, Ltd.,
Troubsko, Czechia, 3Agrovyzkum Rapotin, Ltd., Rapotin, Czechia, 4Institute of Chemistry and
Technology of Environmental Protection, Faculty of Chemistry, Brno University of Technology,
Brno, Czechia, 5Institute for Environmental Studies, Faculty of Science, Charles University in Prague,
Praha, Czechia, 6Department of Agricultural, Food and Environmental Engineering, Faculty of
AgriSciences, Mendel University in Brno, Brno, Czechia, 7Department of Experimental Biology,
Section of Microbiology, Faculty of Science, Masaryk University, Brno, Czechia, 8Department of
Agrosystems and Bioclimatology, Faculty of AgriSciences, Mendel University in Brno, Brno, Czechia
Digestate prepared from anaerobic digestion can be used as a fertilizer, as it

contains ample amounts of plant nutrients, mainly nitrogen, phosphorous, and

potassium. In this regard, digestates produced from mixed intercropped cereal

and legume biomass have the potential to enrich soil and plants with nutrients

more efficiently than monoculture-based digestates. The objective of this

study was to determine the impact of different types of digestates applied at

a rate of 40 t·ha-1 of fresh matter on soil properties and crop yield in a pot

experiment with lettuce (Lactuca sativa) as a test crop. Anaerobic digestion of

silages was prepared from the following monocultures and mixed cultures:

broad bean, maize, maize and broad bean, maize and white sweet clover, and

white sweet clover. Anaerobic digestion was performed in an automatic

custom-made system and applied to the soil. Results revealed that fresh and

dry aboveground biomass as well as the amount of nitrogen in plants

significantly increased in all digestate-amended variants in comparison to

control. The highest content of soil total nitrogen (+11% compared to the

control) and urease (+3% compared to control) were observed for maize

digestate amendment. Broad bean digestate mediated the highest oxidizable

carbon (+48%), basal respiration (+46%), and N-acetyl-b-D-glucosamine-, L-

alanine-, and L-lysine-induced respiration (+22%, +35%, +22%) compared to

control. Moreover, maize and broad bean digestate resulted in the highest

values of N-acetyl-b-D-glucosaminidase and b -glucosidase (+35% and +39%),

and maize and white sweet clover digestate revealed the highest value of

arylsulfatase (+32%). The observed differences in results suggest different

effects of applied digestates. We thus concluded that legume-containing

digestates possibly stimulate microbial activity (as found in increased
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respiration rates), and might lead to increased nitrogen losses if the more

quickly mineralized nitrogen is not taken up by the plants.
KEYWORDS

waste management, agriculture, organic fertilizer, microbial activity, nutrient cycling
Introduction

Anaerobic digestion (AD) is a microbially-controlled

process of biomethanization. Originally it was used for

processing of biodegradable waste from agriculture, industry,

or households (Angelidaki et al., 2003). Due to increasing threat

of climate change and limited fossil energy sources, the

bioenergy obtained from biogas has become essential in

climate change mitigation, energy security, resourcing, and

sustainable agriculture development (Shakoor et al., 2020).

Research on the processing of liquid animal manure and plant

raw material by AD has been promoted and expanded across the

world (Aravani et al., 2022). Especially in Europe, biogas

production from energy crops has developed considerably, and

maize (Zea mays L.) used to be the most common and preferred

source crop (Weiland, 2010) until recently. The advantages of

maize biomass as substrate are high yield performance and

established crop management technology (Gissén et al., 2014;

Purdy et al., 2017; Theuerl et al., 2019). However, scientists have

recently been looking for possible new substrates (Dębowski

et al., 2022), mainly because of the negative environmental

impacts and economic balance associated with maize

cultivation (von Cossel et al., 2021; Herman et al., 2022).

Apart from the main product’s renewable energy (biogas),

AD converts plant biomass to the second useful by-product—

digestate. The resultant digestate has been characterized as

having high amounts of plant-available nutrients and can act

as a soil conditioner (Liedl et al., 2004; Arthurson, 2009; Brtnicky

et al., 2022) or can be used as substrate for microalgae cultivation

(Bauer et al., 2021; Kisielewska et al., 2021). Compared to the

raw feedstock, the digestate obtains beneficial properties during

AD, e.g., the increased availability of nitrogen mainly in NH4
+

form (Gutser et al., 2005), potassium (Slepetiene et al., 2020) and

phosphorus (Barłóg et al., 2020) for plants. The composition of

digestate also depends on the raw materials being used as AD

feedstock; for example, pig slurry contains more potassium

(Zhan et al., 2020), whereas co-digested cattle slurry increased

the content of phosphorus (Bachmann et al., 2011). Therefore,

digestate (as an organo-mineral fertilizer) can provide

comparably or almost as rich a nutrient supply as either

mineral (Riva et al., 2016; Šimon et al., 2016) or organic
02
1124
fertilizers such as manure (Alburquerque et al., 2012;

Bougnom et al., 2012).

So far, only a few studies have been focused on the quality of

final digestate that are further governed by the type of feedstock

(Risberg et al., 2017; Ehmann et al., 2018; Szymanska et al.,

2018). However, substitutional crops are promising alternatives

to biogas and digestate production from maize monocultures

(Lebuhn et al., 2008; Oslaj et al., 2010; Sigurnjak et al., 2017;

Gissén et al., 2014). Substitutional crops can be used either as co-

substrates only (Meyer et al., 2015; Nurk et al., 2016; Fahlbusch

et al., 2018; von Cossel et al., 2020) or blended biomass harvested

from mixed cultures, such as maize and intercropped sunflower

(Karpenstein-Machan 2005; Nassab et al., 2011), sorghum

(Schittenhelm 2010; Samarappuli and Berti 2018), or legume

(Gatta et al., 2013; Kintl et al., 2019). Alternatively, maize could

be fully replaced by another bioenergy crop of a common type

(e.g. sugar beet, wheat, hemp) (Nges et al., 2012; González-

Garcı ́a et al., 2013; Gissén et al., 2014). Moreover, the

intercropping of energy crops with legumes represents a

promising approach. The main advantage is the contribution

of leguminous species to the nitrogen nutrition of non-

leguminous species (Råberg et al., 2017). Legume biomass

itself tends to have higher nitrogen content and lower C:N

ratio than non-leguminous material (Peoples et al., 1995). A

low C:N ratio changes the stability and consumption of available

N nutrients, leading to slower nitrogen utilization, followed by

higher alkalinity, via ammonia metabolism (Muhayodin et al.,

2021). The higher content of ammonium from legumes in the

intercrop biomass could inhibit the production of methane in

biogas during AD (Wahid et al., 2018, Kintl et al., 2022).

According to Hutnan et al. (2010), the process of anaerobic

digestion is unstable at low N content in maize silage, and they

recommend the addition of a substrate with higher nitrogen

content for stabilization. Nevertheless, down-shifted AD

performance and efficiency is compensated by higher residual

nitrogen in the final digestate. The significantly negative

correlation between cumulative nitrogen mineralization and

the C:N ratio in digestate (Tambone and Adani 2017) is

indicative of improved digestate-derived nitrogen availability

for plants in the amended soil (Barłóg et al., 2020), which is

expected to further increase with increasing nitrogen content in
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the digestate (Andruschkewitsch et al., 2013). Another study

indicated that reallocation of processed plant biomass (crop

residues and cover crops) in the form of digestate can increase

the crop dry matter yield, as well as nitrogen content in soil over

a long term (Stinner et al., 2008). We assume that the use of

digestate from cereal-legume mixed substrate as fertilizer could

keep the subsequent crop biomass productivity consistently

enhanced, as discussed by Råberg et al. (2017). Such an agro-

system could become the future direction of sustainable

agriculture and management of renewable sources (Kettl et al.,

2010; Lamei Hervani 2013).

The main objective of this study was thus to determine the

impact of different types of digestates on soil properties and crop

yield in a pot experiment with lettuce (Lactuca sativa). The

feedstock used for digestate preparation was the biomass of either

mixed crop (cereal-legume) cultures or monocultures (legumes,

maize) varying in their chemical composition. We hypothesized

that the soil amended with different digestates would contrast in: (I)

final nutrient content (nitrogen, organic carbon) in soil, (II) the

biomass yield of tested crop, and (III) soil microbial activities in

relation to nutrient content in the digestates.
Materials and methods

Experimental field, plant biomass, and
preparation of silages

The plants used for preparing digestates were grown at the

Experimental Station for Fodder Crops in Vatin, Czech Republic

(49°31’6”N 15°58’10”E). The station is located in a moderately

warm area of the Bohemian-Moravian Highlands with a long-

term average annual temperature of 7°C and a year-round long-

term average rainfall of 658.6 mm; the values correspond to

climate standards between 1981 and 2010 (Kintl et al., 2022).

The soil of this site is characterized as sandy loam cambisol. The
Frontiers in Plant Science 03
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following variants were grown: a) monoculture of maize (Zea

mays L.; BAYER, Ltd, Czech Republic); b) monoculture of broad

bean (Vicia faba L. Amiga variety; Selgen a.s., Czech Republic);

c) monoculture of white sweet clover (Melilotus albus MED.,

Meba variety - Research Institute for Fodder Crops, Ltd, Czech

Republic); d) mixed culture of maize and broad bean; and e)

mixed culture of maize and white sweet clover. The single crops

as well as combination of maize and legume plants were sown by

using the Kinze 3500 (Kinze Manufacturing, Williamsburg, IA,

USA) “interplant system” seeding machine in a single operation

(Kintl et al., 2019). Sowing was performed by alternating two

rows of maize with two rows of legumes (Figure 1) to achieve a

mixed culture system. The combination of maize and legume

plants was sown at a rate of 150 thousand seeds per hectare, with

maize and legume at the same rate of 75 thousand each. The

monocultures were planted in half this sowing density at 75

thousand seeds per hectare with same row spacing (37.5 cm) as

shown in Figure 1.

DASA fertilizer (300 kg·ha-1; DASA® 26/13 Fertilizer CE,

produced by Duslo corp., Slovakia; 18.5% w/w N-NH4, 7.5% w/

w N-NO3, 13% w/w soluble S) was applied to all variants before

sowing, in a dose that was sufficient to cover the nutritional

requirements of maize and not limit the growth of legumes at the

same time. The plant biomass was harvested at DM 35% (BBCH

stage 77 – 83), determined on maize crop.

Sampling of plant biomass was performed manually at a height

of 18 cm above the ground. Subsequently, a 15-20 mm cut was

carried out using the Deutz-Fahr MH 6505 cutter (Deutz-Fahr,

Lauingen, Germany). The cut was used to prepare model micro-

silages in triplicate; see Table 1. The preparation of micro-silages

was the same for all variants. Cut biomass (8 kg) was placed in a

micro-silage container (Ø150 mm x 1000 mm) with inoculant (Silo

Solve EF, CHr. Hansen, Denmark; Lactococcus lactis, L. plantarum,

Enterococcus faecium - dose 6.25·105 CFU per g of plant biomass),

which equalled a dosage of 5 g·t-1 (of inoculant matter) + 3.5 L·t-1

H2O. The prepared inoculated cut biomass was compacted in
FIGURE 1

Scheme of sowing mixed culture of maize and selected legumes (Kintl et al., 2022).
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micro-silage containers using a pneumatic press with a force of 6

N·m-2. Subsequently, the micro-silage container was sealed and

placed in an incubation room without access to light at a constant

temperature of 28°C ± 1°C for 90 days. At the end of the incubation

period, the micro-silage containers were opened, silage was

extracted and homogenized. Frozen samples of silages were

transported to the laboratory to perform chemical analysis and

fermentation tests.
Production of digestate

Anaerobic digestion of prepared silages was performed using

fermentation batch tests in an automatic custom-made system

consisting of 5 L glass fermenters placed in a heated water bath

with adjustable temperature of 42°C ± 0.1°C. Each sample was

fermented in triplicate. On the first day of the experiment, the

fermenters were filled with 3 L of filtered (3 mm) inoculum

obtained from agricultural biogas plant-processing maize silage

and slurry (80/20, w/w%), operated at mesophilic conditions,

with a hydraulic retention time of 80–90 days. The basic

parameters of inoculum were as follows: total solids content

3.8%, volatile solids content 73%, pH 7.2, FOS 1452 mg∙L-1, TAC

4330 mg∙L-1, and FOS : TAC 0.34.

Initial organic loading rate was 5.5 g volatile solids of

introduced substrate per L. The fermentation test was carried out

until the daily biogas production in three consecutive days was <

1% of the total biogas production as stated in VDI 4630 (2016).

This led to a retention time of 21 days. The digestate produced
Frontiers in Plant Science 04
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was subsequently analyzed to determine the following

parameters. The dry matter was determined gravimetrically by

desiccation at a temperature of 105°C ± 3.5°C to constant weight

according to standard CSN EN 15934. TN (total nitrogen) and

TC (total carbon) were measured using the Vario Macro Cube

(Elementar Analysensysteme GmbH, Langenselbold, Germany).

The content of total organic (TOC) and total inorganic (TIC)

carbon was measured using Soli TOC® Cube (Elementar

Analysensysteme GmbH, Langenselbold, Germany). Basic

nutrients (P, K) were extracted using the Mehlich III reagent

and then analyzed using atomic emission spectroscopy (The

Agilant55B AA, Agilent, CA, USA).
Pot experiment

The following pot experiment investigated the effect of prepared

digestates (Table 2) amendment on the soil properties and the

growth of lettuce (Lactuca sativa). The experimental pots of volume

1 L were filled with 1 kg of experimental soil, which was prepared

from silty clay loam (Haplic Luvisol) collected from a depth of 0-10

cm, sieved through a grid size of 2.0 mm to remove all roots and

coarse particles, and mixed with fine quartz sand 0.1–1.0 mm (1:1

each, w/w). The content of nutrients in the topsoil used was as

follows: total carbon (TC) 7.0 g·kg−1, total nitrogen (TN) 800

mg·kg−1, available phosphorus (P) 485 mg·kg−1, and available

potassium (K) 0.115 mg·kg−1. The detailed properties of the soil

used can be found elsewhere (Holatko et al., 2020; Brtnicky

et al., 2021).
TABLE 2 Properties of digestates, dosage of nitrogen in 40 tons of the digestates per hectare.

Variant Dry matter [%] N [g∙kg-1 d.m.] P [g∙kg-1 d.m.] K [g∙kg-1 d.m.] TOC [% d.m.] TIC [% d.m.] N dose [kg·ha-1]

M* 2.76 ± 0.06 ab 152.17 ± 7.54 b 22.01 ± 0.56 c 6.52 ± 0.21 bc 29.25 ± 0.01 d 0.08 ± 0.00 c 168.0 ± 11.8

BB* 2.49 ± 0.06 bc 180.72 ± 8.36 ab 23.29 ± 0.61 c 8.83 ± 0.40 a 28.80 ± 0.06 e 0.10 ± 0.00 b 180.0 ± 11.8

WSC 2.98 ± 0.14 a 146.60 ± 9.10 b 21.76 ± 0.65 c 6.32 ± 0.26 c 29.93 ± 0.05 b 0.10 ± 0.00 b 176.0 ± 11.8

M+BB* 2.94 ± 0.08 a 159.86 ± 5.89 b 31.63 ± 0.86 a 7.82 ± 0.34 ab 29.54 ± 0.05 c 0.10 ± 0.01 b 188.0 ± 9.8

M+WSC 2.23 ± 0.07 c 205.70 ± 12.66 a 28.18 ± 1.23 b 8.50 ± 0.32 a 30.21 ± 0.04 a 0.13 ± 0.00 a 184.0 ± 11.8
DM., dry matter; N, P, K, total nutrient (nitrogen, phosphorus, potassium) content; TOC, total organic carbon; TIC, total inorganic carbon. Different superscript letters indicate statistically
significant differences between displayed values at the significance level p ≤ 0.05.
*, that the respective variants were presented in our previous paper Brtnicky et al. (2022).
TABLE 1 Prepared model silages.

Abbrev. Variant Weight content ofmaize
fresh matter (%)

Weight content ofbroad bean
fresh matter (%)

Weight content ofwhite sweet clover
fresh matter (%)

Ratio

M Maize 100 0 0 1

BB Broad bean 0 100 0 1

WSC White sweet
clover

0 0 100 1

M+BB M+BB 78.9 21.1 0 3.75:1

M+WSC M+WSC 92.6 0 7.4 12.50:1
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The control variant was unamended, whereas digestates

were applied to the other variants at a dose corresponding to

40 t∙ha-1; see Table 2. A total of 6 variants (control and 5

digestate variants) were made in 3 repetitions each.

Five sprouted seeds of lettuce (Lactuca sativa) were planted

into each of the filled pots. Seedlings were reduced to one in each

pot after 14 days. The pot experiment was conducted for 6 weeks

under controlled conditions in a growth chamber Climacell Evo

(BMT, Czech Republic) under the following conditions: 12-hour

photoperiod, white illumination, light intensity 20,000 lx, day/

night temperature 22/18°C, and relative atmospheric humidity

70%. Soil moisture was maintained at 65% water-holding

capacity throughout the experiment. Pots were placed in the

growth chamber using a randomized scheme and rotated weekly

to ensure homogeneity of growing conditions.
Plant and soil measurements and
data collection

At the end of the experiment, the aboveground biomass

(AGB) of individual seedlings was harvested, and the weight of

fresh and subsequently dry (drying at 60°C) biomass was

determined. Nitrogen content in harvested lettuce (Plant N)

was measured using the Vario Macro Cube (Elementar

Analysensysteme GmbH, Langenselbold, Germany). Nitrogen

uptake by plants (N uptake) was calculated from dry weight of

the plant and the nitrogen content in biomass. After harvest, a

mixed soil sample from each pot was taken, homogenized, sieved

(≤ 2mm), and air-dried for measuring pH, total nitrogen (TN),

and oxidizable carbon (Cox); cooled to 4°C for respiration

measurement; and freeze-dried for enzyme activity estimation.

The TN was determined according to ISO_13878 1998 and Cox

according to ISO_14235 1998. Basal respiration (BR) and

substrate-induced respirations (SIRs) were measured using a

MicroResp (The James Hutton Institute, Scotland) device

according to the method (Campbell et al., 2003). Substrate-

induced respiration was measured after adding specific energy

sources to the substrate: N-acetyl-b-D-glucosamine (NAG-SIR),

L-alanine (Ala-SIR), L-lysine (Lys-SIR), and L-arginine (Arg-

SIR). Enzymatic activities of b-glucosidase (GLU), N-acetyl-b-
D-glucosaminidase (NAG), arylsulfatase (ARS), phosphatase

(Phos), and urease (Ure) were measured according to

ISO_20130 2018.
Statistical analysis

Data processing and statistical analysis were carried out with

the help of the statistical program R version 3.6.3.

(R_CORE_TEAM 2020) together with the additional packages

“ggplot2” (Wickham, 2016). Multivariate analysis of variance

(MANOVA) and principal component analysis (PCA) with
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dependence of different treatments were used for modelling

the relation between the soil properties and selected treatments

with help of the additional packages “factoextra” (Kassambara

and Mundt 2017) and “FactoMineR” (Lê et al., 2008). One-way

analysis of variance (ANOVA) and Tukey’s Honest Significant

Difference (HSD) from package “agricolae” (Mendiburu 2020) at

the significance level of 0.05 were used to detect the difference

among the treatments. The factor level means calculation (with

95% confidence interval – CI) was carried out by using

“treatment contrast”. Partial eta-squared (hp2) from package

“BaylorEdPsych” (Beaujean, 2012) was used to measure the

effect size, and the Pearson correlation coefficient was applied

to determine the linear dependence among soil properties.
Results

Soil chemical properties and
aboveground biomass

All the digestate-amended soils showed insignificantly

different pH values compared to each other; the lowest average

value of M+BB was 7.09; see Figure 2A. Also M, WSC, and M

+BB digestates reduced soil pH significantly in comparison to

the control. An antagonism was apparent between pH and Arg-

SIR as well as NAG; see Figure 3. Further, pH was synergistic

with Ure activity. The pH demonstrated significant (p ≤ 0.01)

but low negative correlation with Cox (r = - 0.44); see Figure 4A.

The highest soil TN (0.089%, in average) was detected in the

M variant. On the other hand, BB variant showed the lowest TN

value (0.07%). M, M+WSC, and WSC showed insignificantly

different TN values (Figure 2B); all were significantly more TN

abundant compared to the BB variant. TN correlated negatively

and significantly (p ≤ 0.001) with Ala-SIR (r = - 0.53, Figure 4A)

and showed an antagonism with other amino acid-induced

respirations (Ala-SIR, Lys-SIR, NAG-SIR); see Figure 3.

The highest average Cox was calculated in the WSC variant,

but no statistical differences in values were found in any digestate-

amended variants, which were significantly increased compared to

the control; see Figure 2C. Cox correlated positively and

significantly with fresh AGB (p ≤ 0.001, r = 0.73) and with dry

AGB (p ≤ 0.01, r = 0.70); see Figure 4A. Moreover, a significant (p

≤ 0.01) positive correlation was found with BR (r = 0.51) and Arg-

SIR (r = 0.52). Cox showed synergism with all mentioned traits and

Phos, and an antagonism with pH and Ure.

Both fresh and dry AGB were significantly increased in all

digestate-amended variants compared to the control. However,

the differences between the amended variants were insignificant;

see Figures 2D, E. The highest average fresh and dry AGB were

achieved by fertilization with BB digestate, despite having the

lowest value of TN and only the third highest Cox content in the

respective soil. Concurrently with lowest TN, nitrogen uptake by

plant (N uptake) was on average (insignificantly) the highest in
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the BB variant (Figure 2F). Nevertheless, neither N uptake nor

nitrogen content in dry AGB (Plant N) showed any significant

differences between the digestate-amended variants; only the

unamended control significantly had the lowest values of both

properties; see Figures 2F, G. Fresh and dry AGB correlated
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significantly (p ≤ 0.001) positively and highly (r were 0.99 and

0.98) with N uptake; see Figure 4B. Both fresh and dry AGB

correlated significantly (p ≤ 0.05) positively with enzyme

activities, namely ARS (r was 0.59 and 0.58, respectively), Phos

(r was 0.53 and 0.47, respectively), and GLU (r was 0.57 and 0.54,
A B D

E F G

C

FIGURE 2

(A) Soil pH (n=6); (B) total nitrogen, TN (n=6); (C) total oxidizable carbon, Cox (n=6); (D) fresh aboveground plant biomass, AGB fresh (n=3); (E)
dry aboveground plant biomass, AGB dry (n=3); (F) nitrogen uptake by plant (n=3); (G) nitrogen content in plant biomass (n=9) of the control
(no digestate) and all variants amended with digestates made from single crop and mixed cultures. Mean ± standard error of mean (error bars);
different letters indicate statistically significant differences at the significance level p≤ 0.05.
FIGURE 3

PCA biplot of relationships between soil and plant properties of all variants. Fresh (AGB_fresh) and dry (AGB_dry) aboveground plant biomass,
soil pH, total nitrogen (TN), total oxidizable carbon (Cox), basal (BR), and substrate-induced respirations - N-acetyl-b-D-glucosamine (NAG_SIR),
L-alanine (Ala_SIR), L-lysine (Lys_SIR), and L-arginine (Arg_SIR); enzyme activities - urease (Ure), arylsulfatase (ARS), N-acetyl-b-D-
glucosaminidase (NAG), b-glucosidase (GLU), and phosphatase (Phos).
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respectively); see Figure 3. Both fresh and dry AGB showed a

strong synergism with these mentioned traits; see Figure 3.
Soil respiration and enzymatic activities

Soil BR was significantly increased (compared to the control)

only in two variants: BB (the highest average value, 219 µg

CO2·g
-1·h-1) and M+WSC; see Figure 5A. On the other hand, the

soil fertilized with M+BB digestate and control exerted the

significantly lowest BR. BR showed significant (p ≤ 0.001)

positive correlation with NAG-SIR, Ala-SIR, and Lys-SIR (r

was 0.41, 0.60, and 0.61, respectively); see Figure 4A. We

revealed apparent synergism for four soil-respiration traits
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(BR, NAG-SIR, Ala-SIR, Lys-SIR); see Figure 3. NAG-SIR

correlated significantly (p ≤ 0.001) and positively with Ala-SIR

and Lys-SIR (r was 0.55 and 0.52, respectively); see Figure 4A.

BBwas only variantwhich exerted significantly increasedNAG-,

Ala-, and Lys-SIR in comparison to the control; see Figures 5B–D.

We detected comparable values of these SIR for all other variants.

Mutual correlation betweenNAG- andAla-SIR, NAG- and Lys-SIR,

and Ala- and Lys-SIR was significant (p ≤ 0.001) and positive (r was

0.55, 0.52, and0.69, respectively); seeFigure4A.Contrary to theother

respiration traits, Arg-SIR was increased in all digestate-amended

variants compared to the control; see Figure 5E. The amendment of

M+WSC digestate showed the highest Arg-SIR. Arg-SIR correlated

significantly (p ≤ 0.001) and positively with ARS (r = 0.41) and Phos

(r = 0.44); see Figure 4A.
A

B

FIGURE 4

Pearson’s correlation analysis – values of correlation coefficient (r) between (A) soil and plant properties, (B) digestate (N, P, K content) and plant
properties of all variants. Displayed correlation coefficients (r) were calculated on the statistical level of significance: * p ≤ 0.05, ** p ≤ 0.01, ***
p ≤ 0.001. Fresh (AGB_fresh) and dry (AGB_dry) aboveground plant biomass, soil pH, total nitrogen (TN), total oxidizable carbon (Cox), basal (BR)
and substrate-induced respirations - N-acetyl-b-D-glucosamine (NAG_SIR), L-alanine (Ala_SIR), L-lysine (Lys_SIR) and L-arginine (Arg_SIR),
enzyme activities - urease (Ure), arylsulfatase (ARS), N-acetyl-b-D-glucosaminidase (NAG), b-glucosidase (GLU), phosphatase (Phos).
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We detected the unaltered Ure activity (compared to the

control) only in two variants amended with digestate: BB and M;

see Figure 6A. The M variant showed significantly increased Ure

activity in comparison to WSC, M+WSC, and M+BB (the lowest

Ure value). A significant (p ≤ 0.001) negative correlation was

found between Ure and GLU activity (r = - 0.43); see Figure 4A.

PCA biplot showed antagonism with GLU, ARS, NAG activity,

and Arg-SIR; see Figure 3.

Soil amended with M+WSC digestate exerted the significantly

highest ARS activity, whereas amendment of WSC digestate

resulted in comparably low ARS as detected in the control; see

Figure 6B. ARS correlated highly significantly (p ≤ 0.001) and

positively with GLU, Phos, and NAG activity (r was 0.59, 0.58, and

0.42, respectively); less significant (p ≤ 0.05) was the correlation of

ARS and fresh AGB and dry AGB (r was 0.59 and 0.58,

respectively); see Figure 4A. PCA biplot showed antagonism with

GLU, ARS, NAG activity, and Arg-SIR; see Figure 3. The WSC

variant revealed both the lowest ARS and lowest NAG from all

digestate-amended variants; its NAG was significantly lower

compared to the control; see Figure 6C. All other variants showed

significantly increased NAG compared to the control, and M+BB

variant had the significantly highest NAG.

The GLU and Phos activities of the control were significantly

lowest compared to all other variants. GLU values of M and

WSC variants were significantly lower in comparison to the

highest M+BB variant; see Figure 6D. The highest Phos was
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revealed in the BB variant, which was significantly increased

compared to the M+BB and WSC variants; see Figure 6E. GLU

correlated significantly positively (p ≤ 0.001) with Phos (r =

0.45) and less significantly (p ≤ 0.05) with fresh AGB, dry AGB,

and Cox (r was 0.57, 0.54, and 0.40, respectively). Phos correlated

significantly (p ≤ 0.05) with fresh AGB and dry AGB (r was 0.53

and 0.47, respectively) and (p ≤ 0.01) with Cox (r = 0.47);

see Figure 4A.
Discussion

Soil chemical properties and
aboveground biomass

We discovered that adjustment of all digestates prepared

from M, WSC, and M+BB decreased the average values of soil

pH compared to the control’s unamended soil; see Figure 2. The

respective digestates (M, WSC, and M+BB) exerted lower

nitrogen content (on average 152.17, 146.60, and 159.86 g·kg-1

d.m., respectively) and potassium content compared to other

two digestate types (Table 2). These digestate properties might

have contributed to the observed differences in soil pH values.

The highest TN (0.09%) content in soil was detected under

treatment with M-derived digestate, which was the only

significantly increased value in comparison to the control. This
A B

D E

C

FIGURE 5

(A) Soil basal, BR and substrate-induced respirations - (B) N-acetyl- b -D-glucosamine, NAG-SIR; (C) L-alanine, Ala-SIR; (D) L-lysine, Lys-SIR;
and (E) L-arginine, Arg-SIR; of the control (no digestate) and all variants amended with digestates made from single crop and mixed cultures,
n=12. Mean ± standard error of mean (error bars); different letters indicate statistically significant differences at the significance level p ≤ 0.05.
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finding did not correspond to the nitrogen doses applied to the

soil with digestates. The M variant received a lower nitrogen

dose compared to the nitrogen in BB and M+BB variants; see

Table 2; however, these variants showed decreased TN in soil

compared to the M digestate-amended soil. Because the nitrogen

input did not correlate with N uptake by plants (Figure 4B), a

possible explanation for this could be the lowered losses of

nitrogen: lower pH putatively mediated reduction of ammonium

to non-volatile cation form, and its volatilization was further

mitigated due to enhanced nitrogen transformation and

mineralization activities. A study done with slurry digestate

showed that NH3 emissions were lower when it was acidified

(Covali et al., 2021). Decreased TN content in the M+BB variant

could have been coupled with decreased nitrogen

mineralization, determined by urease (Ure) activity (compared

to other legume-based digestate variants); see Figure 6A. Ure was

comparable to the control only in M variant, in which the Ure

value was significantly increased compared to WSC, M+BB, and

M+WSC. A ratio of soil C:N (Cox : TN) was also slightly different

from the most favorable value, 20:1, which presented an

assimilation:mineralization equilibrium value as 14.6:1 in M

variant, which was lower in comparison to 17.6:1 in BB and

16.2:1 in WSC variants, indicating an M digestate-mediated

higher nitrogen mineralization, as discussed by Brust (2019). We

ascertained from these findings a higher nitrification rate in soil
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treated with M digestate, which was evidenced by high Ure value

and significantly increased Arg-SIR compared to control; see

Figure 5E. These assumptions were further corroborated by

negative correlation between TN content and Ala-SIR (r = -

0.53, Figure 4A) and antagonism with Ala-SIR, Lys-SIR, and

NAG-SIR, as displayed in PCA biplot; see Figure 3.

N-acetyl-b-D-glucosaminidase (NAG) was significantly

increased in soil treated with M+BB variant compared to all

other digestate variants; see Figure 6C. High NAG together with

the (average) highest b-glucosidase (GLU) activity indicated

enhanced turnover of soil fungal necromass and coupled

nitrogen transformation, which could be also ascertained from

the second lowest Cox : TN ratio (14.3:1) of M+BB variant (Hu

et al., 2015). With the enhanced turnover of putatively more

abundant fungal biomass in the soil amended with the most

phosphorus-rich digestate M+BB (31.63 ± 1.21 g·kg-1, Table 2),

it was assumed that increment in fungal biomass was coupled

with the respective digestate-derived improvement of

phosphorus content in soil, as referred to by Du et al. (2019).

On the other hand, a similar contributing effect to fungal

biomass via higher access of phosphorus in soil could also be

achieved by its mineral source, due to the fungal-derived

improvement of phosphorus solubilization (Ceci et al., 2018).

All digestate-amended variants exerted significantly

increased soil Cox in comparison to the control variant. As Cox
A B

D E

C

FIGURE 6

Soil enzyme activities - (A) urease, Ure; (B) arylsulfatase, ARS; (C) N-acetyl-b-D-glucosaminidase, NAG; (D) b-glucosidase, GLU; (E) phosphatase,
Phos; of the control (no digestate) and all variants amended with digestates made from single crop and mixed cultures, n=27. Mean ± standard
error of mean (error bars); different letters indicate statistically significant differences at the significance level p ≤ 0.05.
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represents a sub-pool of labile SOC, we expected that Cox could

correspond to a dose of TOC applied in the digestate to the

respective variants. However, disproportions between Cox and

the applied dose of TOC were detected; see Table 2 and

Figure 2C. Although WSC showed the highest soil Cox and the

second highest TOC content in digestate, M+WSC reached the

second lowest soil Cox and concurrently the highest content of

TOC in the respective digestate. The significant differences

might have been caused by varied assimilation rate of carbon

and nitrogen among the tested variants and could also be

attributed to the digestibility of the organic carbon in the

respective digestates, with higher lability of organic carbon in

the fertilizer obtained from mono-substrate BB and WSC, M

digestion. This assumption was based on the observed

significantly longer lag in biogas production of the mixed

culture feedstock compared to the monoculture corn feedstock

(Kintl et al., 2022). We assumed vastly pre-digested, partially

consumed (and therefore decreased to lower TOC values), and

more easily available recalcitrant compounds in TOC of

monoculture digestate, whereas the mixed culture digestate

likely preserved a higher portion of moderately recalcitrant

carbon. This might cause Cox values to affect the respiratory

and enzymatic activities in soil differently and incoherently with

the carbon inputs derived by the various digestate variants. The

efficiency of utilizing the digestate-derived external organic

matter in the form of oxidizable carbon could be expressed as

a ratio between TOC values of all digestate variants and Cox

values of respective amended variants used to treat soil. These

ratios, calculated from Table 2 and the values in Figure 2C, were

also the lowest for WSC (22.5:1), M (22.6:1), and BB (23.4:1),

compared to values of M+WSC (24.7:1) and M+BB (26.2:1). The

microbial community amended with mixed culture digestate

putatively oxidized such partially digested recalcitrant carbon

more slowly and likely led to the significantly lowered

respiration (BR, NAG-SIR, Ala-SIR, Lys-SIR) values in M+BB

compared to BB variant; see Figure 5. The observed higher soil

catabolic activity (BR, SIRs, GLU, NAG) in the respective

monoculture digestate variants, namely BB, corroborates this

presumption of higher organic matter decomposition in the

monoculture digestate-amended variants. A contradictory

significant positive correlation between Cox and both fresh and

dry AGB (r was 0.73 and 0.70, respectively) could also be

explained by this hypothesis and the mutual synergy of these

properties on the PCA biplot; Figures 3, 4. An active pool of

TOC could be also affected by the land use systems (Sahoo et al.,

2019), but in this experiment the carbon sources in soil were

much more affected by the addition of external organic matter of

variable quality than by the changes in complexity of intrinsic

SOM. Because Cox correlated significantly and positively with

BR (r = 0.51, p ≤ 0.01), we presumed that higher digestibility of

digestate amendment enhanced organic matter aerobic

decomposition. Moreover, TN content was coupled with

increased respiration, evidenced by the significant negative
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correlation of TN and Ala-SIR and Lys-SIR (r were - 0.53 and

– 0.47, p ≤ 0.001 and ≤ 0.01, respectively), and antagonism on

PCA biplot; Figures 3, 4. Therefore, a strong dependence

between a decrease in nitrogen content in soil and the co-

decomposition of nitrogen sources together with carbon

sources and their mineralization was ascertained from these

relations. Nevertheless, all digestate-amended variants

significantly increased fresh and dry AGB in comparison to

the control, and their effects remained similar to each other

(Figures 2D, E). The highest average fresh and dry AGB value

was achieved in BB digestate-treated variant despite the lowest

value of TN and the third highest Cox content in soil. It was

reported that digestates have a higher potential over a short- to

mid-term use period to positively affect plant biomass yield in

comparison to synthetic nitrogen fertilizer under favorable

climatic conditions (Doyeni et al., 2021). However, we

discovered that plant nitrogen content (%) in plant dry

biomass did not correspond to the amount of nitrogen

amended with the respective digestate doses to the

experimental variants. Nevertheless, we found a very high

significant correlation of N uptake and fresh and dry AGB

(Figure 4B), despite the differences between variants not being

significant. Thus, soil nitrogen losses and N uptake at the end of

the experiment are balanced through nitrogen access (provided

by amended digestate) and acquisition by the plant. However, we

can ascribe the rate of nitrogen efflux from soil to higher

incorporation of nitrogen into plant biomass, as revealed in

the BB variant, which showed the lowest soil TN and the highest

average N uptake by plants.
Soil respiration and enzymatic activities

Tested digestates consisting of M, M+BB, and WSC did not

enhance the soil BR compared to the control; see Figure 5.

Nevertheless, BR values of M,WSC, and M+WSC were

comparable. We ascribed this finding to observation that the

remaining organic fraction after AD was more recalcitrant than

the feedstocks (Möller 2015), thus the readily available carbon

for aerobic catabolism was limited. The highest BR in BB-treated

soil corresponded to the significantly lower content of stable (left

intact after AD decomposition) carbonaceous compounds

(hemicellulose, neutral detergent fiber) in legume-based

digestate than in Poales-based digestate (Slepetiene et al.,

2016). This was putatively caused by the reported higher (by

+62%) inhibition of plant cell wall digestion by lignin in grasses

than in legumes (Buxton and Russell, 1988). The significantly

highest NAG-SIR in the BB variant was thought to be caused by

higher degradable organic matter (fungal necromass) and other

labile SOM-associated organic nitrogen supplied via respective

legume-digestate amendment. Nitrogen scarcity anticipated the

level of Ure activity as well, which was significantly increased in

the variant BB (with the lowest TN) compared to all other
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legume-based variants (except WSC); see Figures 2B, 6A. The soil

treated with variants M+BB, M+WSC, and WSC with TN was

comparable to the control value, and the Cox : TN ratio was

significantly lower (from 14.5:1 to 16.2:1) compared to the BB

(17.6:1) soil; significantly decreased Ure compared to the control

andM was also found. Retarded organic matter deamination inM

+BB variant was again putatively caused by higher recalcitrance of

external organic matter of digestate and indicated by low Cox:N

ratio. Positive correlation between Ure activity and C:N ratio value

was already reported (Gao et al., 2019; Pan et al., 2021).

It is generally known that fodder legumes are relatively less

abundant in sulfur amino acids (Witten et al., 2015) compared to

cereals such as maize. Thus, it was expected that the digestate

made of single cropped BB andWSCmight be deficient in sulfur.

This assumption explained lower ARS (the enzyme involved in

mineralization of organo-sulphates) in the WSC variant; see

Figure 6B. The low ARS value in the M digestate-treated variant

was less expected and comparable to the effect of BB digestate.

NAGisanenzyme involved indecompositionoffungal cellwall

polysaccharide (chitin). Mycorrhizal fungi in the tested soil might

have significantly affected the final fungal biomass and its turnover.

Increment in fungal biomass was presumably coupled with the

respective digestate-derived improvement of phosphorus content

in soil, as discussed Du et al. (2019). The study by Yu et al. (2020)

evidenced a negative correlation between N:P ratio and arbuscular

mycorrhizal abundance and vesicle formation after root infection.

This means that phosphorus supplementation by M+BB digestate

with significantly lower N:P ratio (5.1:1) compared to other

digestates (with N:P ratios demonstrably higher - from 6.7:1 to

7.8:1)maycausean increment inNAGvalues; see Figure6C.On the

other hand,WSC digestate dose exerted a higher N:P ratio of 6.7:1,

which might partially explain the revealed lowest NAG although it

was in contrast with the result of NAG-SIR determination. Our

findings thatNAGandARS activitywas related to the availability of

nutrients in soil are further supported by the positive correlation of

both enzyme activities with fresh and dry AGB.

The GLU enzyme catalyzes the hydrolysis of b-1!4-bonds in

the cellulose and oligosaccharide molecules of soil organic matter

(SOM) or digestate, especially its organic carbon fraction.

Therefore, the significantly highest level of GLU in the M+BB

variant corresponded to the highest dose of TOC in the respective

applied digestate (372 kg·ha-1). Moreover, we assumed that

digestates made of mixed cultures and monocultures of legumes

contained more decomposition products of cellulose

(hemicellulose) compounds due to the already mentioned

digestion inhibition of cell wall compounds by lignin in grasses

(BuxtonandRussell, 1988) and thus inducedhigherGLUactivity in

comparison to the M digestate-amended variant.

We revealed the highest Phos activity in the BB variant, which

was supplied with the lowest amount of available phosphorus (23

kg∙ha-1) within the amended digestate dose in comparison to all

other digestate variants; see Table 2. We assume that the increased

demand for phosphorus of lettuce seedlings exerting the highest
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fresh and dry AGB in the BB variant induced the enhanced

phosphate-solubilizing activity in soil, catalyzed by the Phos

enzyme. We discovered that the enhanced Phos activity was

related to the increase in GLU values, and this was in the line

with coupled carbon- and phosphorus-cycling enzyme activities

(Loeppmann et al., 2020). On the other hand, the significantly

lowest Phos in WSC was indirectly related to the highest TOC:P

ratio (13.8:1) in the respective amended digestate calculated from

Table 2. This finding agreed with a negative correlation of C:P ratio

to phosphate solubilization efficiency as reported by Zhan

et al. (2021).
Conclusions

This study verified an apparently variable effect of digestates

made from different feedstocks on soil properties. Fresh and dry

aboveground biomass was significantly increased in the

digestate-amended variants in comparison to the control but

comparable after application of all five digestate types. The

demonstrably highest content of total nitrogen and urease, and

very high content of oxidizable carbon were observed for maize

digestate amendment. However, the highest induction of

respiration and enzyme activities occurred with the addition of

digestates made of either legume monoculture or mixed cultures.

We ascribe these observed differences to the effect of presumably

increased soil degradability of legume-derived digestate organic

matter and joint increased availability of nutrients after

application, which might also lead to increased risks of

nitrogen loss. Therefore, further investigation in this area

could focus on the different ratios between maize and legume

biomass in feedstock to achieve a better balance between the

availability and recalcitrance of the digestate organic matter.
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The stimulatory effect of
Thuricin 17, a PGPR-produced
bacteriocin, on canola (Brassica,
napus L.) germination and
vegetative growth under
stressful temperatures

Mahtab Nazari , Iraj Yaghoubian and Donald L. Smith*

Department of Plant Science, McGill University, Montreal, QC, Canada
Exposure to unfavorable conditions is becoming more frequent for plants due

to climate change, posing a threat to global food security. Stressful

temperature, as a major environmental factor, adversely affects plant growth

and development, and consequently agricultural production. Hence,

development of sustainable approaches to assist plants in dealing with

environmental challenges is of great importance. Compatible plant-microbe

interactions and signal molecules produced within these interactions, such as

bacteriocins, could be promising approaches to managing the impacts of

abiotic stresses on crops. Although the use of bacteriocins in food

preservation is widespread, only a small number of studies have examined

their potential in agriculture. Therefore, we studied the effect of three

concentrations of Thuricin17 (Th17), a plant growth-promoting rhizobacterial

signal molecule produced by Bacillus thuringiensis, on germination and

vegetative growth of canola (Brassica napus L.) under stressful temperatures.

Canola responded positively to treatment with the bacterial signal molecule

under stressful temperatures. Treatment with 10 -9 M Th17 (Thu2) was found to

significantly enhance germination rate, seed vigor index, radical and shoot

length and seedling fresh weight under low temperature, and this treatment

reduced germination time which would be an asset for higher latitude, short

growing season climates. Likewise, Thu2 was able to alleviate the adverse

effects of high temperature on germination and seed vigor. Regarding

vegetative growth, interestingly, moderate high temperature with the

assistance of the compound caused more growth and development than the

control conditions. Conversely, low temperature negatively affected plant

growth, and Th17 did not help overcome this effect. Specifically, the

application of 10 -9 (Thu2) and 10 -11 M (Thu3) Th17 had a stimulatory effect

on height, leaf area and biomass accumulation under above-optimal

conditions, which could be attributed to modifications of below-ground

structures, including root length, root surface, root volume and root

diameter, as well as photosynthetic rate. However, no significant effects were

observed under optimal conditions for almost all measured variables.
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Therefore, the signal compound tends to have a stimulatory impact at stressful

temperatures but not under optimal conditions. Hence, supplementation with

Th17 would have the potential as a plant growth promoter under

stressed circumstances.
KEYWORDS

Brassica napus, bacteriocin, stressful temperatures, germination, vegetative growth
Introduction

Germination and vegetative growth are fundamentals of crop

production. Rapid, uniform germination and emergence under

various climatic conditions play a pivotal role in global food

security. Abiotic and biotic factors including extreme temperature,

moisture, light, nutrient availability, soil-borne pests and non-

pathogen organisms, influence seed germination and

establishment (Wang et al., 2016; Lamichhane et al., 2017).

Among these, temperature is one of the major environmental

factors influencing various plant functions, including seed

dormancy and germination. Previous studies have emphasized

the role of temperature in the regulatory network of seed

germination (Xia et al., 2018; Zhou et al., 2018; Suriyasak et al.,

2020; Xue et al., 2021). Temperature controls metabolic and

cellular mechanisms, including phytohormone contents, mostly

gibberellins and abscisic acid, and determines germination

capability and rate (Oracz and Karpiński, 2016; Urbanova and

Leubner-Metzger, 2016; Wang et al., 2018b). Some plant seeds

germinate across a wide range of temperatures, while others

germinate only at a narrow range of temperatures. Canola

(Brassica napus [L.]) has been widely cultivated and is one of

the most important oilseeds and biodiesel fuel crops. However,

cool spring temperatures slow germination and emergence of

spring-sown B. napus, which delays flowering in mid-summer.

Hence, strategies that improve early germination impact canola

yield in cooler (higher latitude and altitude) climates. After seed

germination, sufficient vegetative growth is required for the

development of roots to uptake water and nutrients, shoots to

support aboveground stems, and leaves for photosynthesis and

biomass accumulation. However, climate change significantly

increases the occurrence of abiotic stresses that adversely affect

vegetative growth and development, and ultimately crop

production. In such cases, sustainable practices and adopting

environmentally friendly approaches can enhance resource

efficiency and crop production under stressful conditions.

Application of plant-associated microbes, or signal compounds

produced by them, such as bacteriocins, can increase plant

resistance through direct and indirect mechanisms, including

nutrient acquisition, phytohormone production, siderophore
02
1138
production, biocontrol and induced systematic resistance to

biotic stressful conditions (Khan et al., 2019; Xia et al., 2020;

Antar et al., 2021; Lyu et al., 2021; Shah et al., 2021). Often, plant-

microbe interaction signals positively influence plant growth at

nearly all stages, from germination to seedling establishment,

flowering, seed development and maturity (Gautam et al., 2016;

Schwinghamer et al., 2016; Arunachalam et al., 2018). One of the

well-known signal molecules is lipo-chitooligosaccharide (LCO)

which specifies host-symbiont crosstalk communication and

mediates rhizobia-legume associations (Oldroyd et al., 2011;

Zipfel and Oldroyd, 2017). In addition, bacteriocins, a specific

type of signal molecule with potential positive impacts on

agriculture, are yet less known. They can control microbial

population dynamics by excretion of versatile compounds

known as bacteriocins acting as either a “a never ending arms

race” (Riley, 1998) against competitors or, in some cases,

signalling compounds are involved in plant colonization and

plant growth stimulation. Bacteriocins are antimicrobial

peptides produced by bacterial ribosomes and secreted by the

bacteria (Arnison et al., 2013). They differ from antibiotics in that

they hinder organisms that are closely related to the producer

strains, and are active at extremely low concentrations (Mak,

2018). Bacteriocins can sometimes be efficient biocontrol agents in

the food and pharmaceutical industries while less attention has

been paid to their potential in agriculture. The capacity for

bacteriocin production by plant growth-promoting rhizobacteria

(PGPR) has been reported in some limited studies, such as

bacteriocin exertion by Pseudomonas fluorescens SF39a, isolated

from the wheat rhizosphere, which suppresses the growth of the

phytopathogenic Pseudomonas and Xanthomonas strains

(Godino et al., 2016). Bacteriocins synthesized by rhizobia have

been named “Rhizobiocins” (Schwinghamer, 1975). For instance

bacteriocin-substances have been isolated by Bradyrhizobium

japonicum (Gross and Vidaver, 1978; Mojgani, 2017) and

Rhizobium leguminosarum related strains (Hirsch, 1979; Hafeez

et al., 2005). Among rhizosphere microbiome, Bacillus species

were one of the first groups studied for production of diverse

bacteriocins. So far, there have been reports of the synthesis of 18

bacteriocins from B. thuringiensis (Mojgani, 2017). Yet,

bacteriocin excretion by Bacillus PGPR is poorly understood,
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and none have been examined as thoroughly as Th17 for plant

growth promotion; Th17 was discovered in our laboratory and is

produced by B. thuringiensis non-Bradyrhizobium Endophytic

Bacterium 17 (BtNEB17), an endophytic bacterium isolated from

soybean root nodules [patent by Smith et al. (2008)]. Th17 is

highly resistant to heat, stable across a pH range of 1.0–9.25 and is

a low molecular weight peptide of 3.162 kDa with anti-microbial

activity and plant growth promotion ability, particularly under

stressful conditions (Jung et al., 2011; Prudent et al., 2015;

Schwinghamer et al., 2015; Subramanian et al., 2016;

Schwinghamer et al., 2016; Nazari and Smith, 2020).

Interestingly, this bacteriocin could alter physiological and

biochemical attributes of plants including increases in

photosynthetic rate and antioxidant enzymes contents of plants

under normal and stressed conditions (He, 2009; Jung et al., 2011)

We should note that more recent characterization of Th17 has

shown sufficient differences from our original understanding of its

composition that we are considering renaming it to Bacillin 20.

Although studies on the efficacy of plant-microbe interactions are

abundant, there is a lack of studies around the agricultural

potential of bacteriocins. We, therefore, conducted a series of

experiments to examine the stimulatory effect of Th17, a plant

growth promoting rhizobacteria signal molecule, on germination

and vegetative growth of canola under contrasting temperature

conditions. The aim is to develop an environmentally friendly

approach to stimulation of plant growth and development in a

constantly changing environment.
Materials and methods

Isolation and purification of Th17

BtNEB17 was grown in King’s medium B as previously

described (Gray et al., 2006). Cells for the initial broth

inoculum were taken from plated material and cultivated in

250 mL flasks with 50 mL medium. For 48 h, the bacterium was

cultivated at 28 ± 2 °C on an orbital shaker rotating at 150 rev

min -1. For the initial culture, 5 mL of subculture was inoculated

into 2000 mL of broth, and the culture was grown under the

same conditions. Bacterial populations were assessed by an

Ultrospec 4050 Pro UV/Visible Spectrophotometer at 600 nm

96 h after initiation. A cell-free supernatant (CFS) containing

BtNEB17 was obtained through centrifuging the bacterial

culture at 13,000 g for 10 min, followed by analytical-HPLC

identification. For partial purification, 800 mL of butanol was

added to 2000 mL of bacterial culture for 12 h then the collected

upper layer was extracted under vacuum in rotary evaporator.

The viscose extract was collected with 12 mL of 30% Acetonitrile

and centrifuged at 13,000 g for 13 min, and the supernatant was

collected for chromatography (Gray et al., 2006). Th17 was

selected based on peaks and retention times. After being

lyophilized, the samples were kept at 20 °C for dilution to the
Frontiers in Plant Science 03
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required concentrations. For all experiments, 10-7 (Thu1), 10-9

(Thu2) and 10-11 (Thu3) M of Th17 were prepared based on the

molecular weight of Th17.
Germination experiments

Canola seeds (cultivar L233P) were disinfected with 20%

sodium hypochlorite and rinsed with distilled water before

applying treatments. Twenty-five sterilized seeds were placed

on petri plates (100 x 15 mm) lined with filter paper

(QualitativeP8). The plates were randomly treated with 10 mL

of Thu1, Thu2, Thu3 solution and distilled water. Petri dishes

were then sealed with parafilm to prevent water loss and

arranged in a completely randomized design, with four

replications for each treatment, in growth chambers. Growth

chambers were set to low (5 °C), optimal (20 °C), high (30 °C)

temperatures, 70% humidity, and zero illumination. The total

number of germinated seeds were counted at 24 h intervals, for

72 h at optimum and high temperature and 7 days for low

temperature. Radical and shoot length were measured for all

experiments after 7 days, and seedlings were weighted. Each

experiment was repeated twice, and the data was pooled

for analysis.
Plant growth experiments

Th17 was applied as a pre-planting seed treatment, seeds were

soaked in 10mL Thu1, Thu2, Thu3 solution and distilled water, and

root irrigation after the stress induction time. Canola seeds (5 seeds

per pot) were placed in 10 cm pots filled with AGRO MIX® G10

media, which was a mix of peat, limestone, balanced nutrient

materials, with micronutrients, gypsum and wetting agent. This

growth medium was chosen based on root application of Th17 and

the ability of peat to gradually release water and/or the compound.

The pots were placed in a growth chamber (Conviron R, Canada) at

22/18 °C day/night, with a photoperiod of 14/10 h light/darkness

cycle, 60-70% relative humidity and photosynthetic irradiance of

350–400 µmol m−2 s −1 (Figure 1A). After a week, the seedlings were

counted, and the plants were thinned to one seedling per pot. Plants

were regularly watered with half strength Hoagland’s solution and

grown in the growth chamber until the end of the third week

(Figure 1B). Then, 3-week-old seedlings (Figure 2) were randomly

selected to transfer to the low (10/5 °C), optimum (22/18 °C) and

high temperature (30/25 °C) chambers to determine the effect of

stressful temperatures on the vegetative growth of canola. Plants

were watered semi-weekly with 250 mL of either water (for

controls) or Th17 (for Th17-treated plants). Following the start of

the temperature treatment, the plants in each case were allowed to

develop for 4 weeks before being sampled for data collection. A LI-

COR 6400 portable photosynthesis metre (LI-COR Lincoln, NE),

was used to measure the photosynthetic rate, transpiration rate,
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stomatal conductance and CO2 concentration inside the leaves.

Readings were taken on a weekly basis (4, 5, 6, 7 weeks) after the 3-

week-old seedling stage. An upper-most fully expanded leaf was

used for determination of physiological variables between 10:00 and

14:00 h (Figure 1C). Plants were sampled at the end of the
Frontiers in Plant Science 04
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experiment for the following variables: plant height, leaf area,

fresh weight, dry weight and root variables. After harvesting

plants and measuring morphological traits, roots were coarsely

shaken off to remove soil (destructive methods). Roots were then

washed with water and adhering soil particles removed with
FIGURE 2

3-week-old canola plants grown under optimal conditions. Ctrl: seeds treated with distilled water, Th1: seeds treated with 10 -7 M Th17, Th2:
seeds treated with 10 -9 M Th17, Th3: seeds treated with 10 -11 M Th17.
B

C

D

A

FIGURE 1

(A) Canola pots after seeding in the growth chamber (22/18 °C), (B) 3-week-old canola plants grown under optimal conditions (before starting temperature
stress), (C) Physiological measurements with Licor from 7-week-old canola plants, (D) 7-week-old canola roots after removing soil particles.
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brushes (Figure 1D). Total roots were scanned using

EPSON-Expression 11000XL then root length, root volume, total

root surface and root diameter were analyzed byWinRHIZOTM Pro

software. Each experiment described above was repeated twice with

four replicates, and data were pooled for analysis.
Data analysis

Data from the experiments were analyzed, based on a

completely randomized factorial design, using the SAS

Statistical Package 9.3 (SAS Institute Inc., Cary, NC, USA).

For germination data, observed values were analysed similarly

to other variables and a non-linear regression model was fitted to

predict the probability of germination, in Figure 3 (Piegorsch

and Bailer, 2005; Schwinghamer et al., 2015). Duncan’s multiple

comparison test was used when there was a significant difference

at the 95% confidence level.
Results

Germination

There were no significant differences in germination rate

under optimal conditions (20 °C) (Figure 3B). The control had

the highest germination rate, which did not differ significantly

from Th17-treated seeds. The lowest germination rate under

optimal conditions was for seeds treated with the lowest

concentration, Thu3. With increasing temperature to 30 °C

Figure 3C, germination decreased although applying Th17

helped alleviate the negative effect of high temperature on

germination; in particular Thu2 treatment increased
Frontiers in Plant Science 05
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germination significantly. Cold stress strongly affected

germination (Figure 3A); about 100 h were required to start

germination, and it increased slowly after that. In marked

contrast, the first germination was recorded approximately 12 h

after onset of the experiment at 20 °C. Under cold stress

conditions, the interaction of temperature and the compound

application was significant (p < 0.002), and application of Th17

significantly influenced germination, mainly mid-range

concentration (Thu2) maximized germination rate.
Germination time
Germination time, one of the main indicators of germination

process, was altered by Th17 application and temperature

(Figure 4). In general, temperature caused a decrease or

increase in germination time whereas the application of

different Th17 levels minimized germination time under low

temperature, except for Thu1, which showed a maximum time

of 7.54 days. Thu2 treatment caused the shortest germination

time at 5 °C, at 7.23 days while this time was 1.84 and 1.66 days

for control and Thu1 at 20 and 30 °C, respectively.
Length of radical and shoot
It is clear from data that radical and shoot length significantly

responded to the interaction of Th17 and temperatures (p < 0.001

and p < 0.002, respectively) (Figure 5). The greatest radical length

was for Thu1 treatment, 9.38 cm, at optimal temperature; however,

it was not significantly different from the control. Although

increasing the temperature reduced the radical length, using Th17

at low concentrations (Thu3) increased length and reduced the

harmful effects of high temperature. Under low temperature, the

longest and shortest radical were observed for Thu2 treated

seedlings (7.6 cm) and the control (4.5 cm), respectively
B CA

FIGURE 3

Effects of temperature and Th17 concentrations on germination rate at 5 °C (A), 20 °C (B), 30 °C (C). thu1: 10 -7 M Th17, thu2: 10 -9 M Th17,
thu3: 10-11 M Th17. Points and lines represent observed and predicted values, respectively.
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(Figure 5A). For shoot length, the tallest shoots (3.6 cm) were from

Thu2 treated plants at 30 °C, which were about 0.5 cm longer than

the control (Figure 5B). Likewise, shoot length increased at low

temperature from 1.84 for the control (the shortest across all

temperatures) to 2.9 cm for Thu2 seedlings. Surprisingly, Th17
Frontiers in Plant Science 06
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application could not significantly affect shoot length compared to

untreated seeds under optimal temperature conditions.
Seedling weight and length
The interaction of temperature and Th17 concentrations on

radical (p < 0.001), shoot (p < 0.001) and seedling weight (p < 0.001)

was significant. Cold stress caused a sharp decrease in the fresh

weight of radicals, shoots and seedlings; however, Th17 enhanced

seedling fresh weight, from 0.54mg for control to 0.66 mg for Thu2.

Conversely, under optimal conditions, radical, shoot and seedlings

of untreated seeds were heavier, 0.38, 0.64 and 1.02 g, respectively,

than Th17 treatments. At high temperature, similar to the optimum

temperature, the highest fresh weight of radical and shoot was for

control seeds. In addition, there were no significant effects of

treatment on seedling length at 20 °C; however, the greatest level

was for Thu1 treated seedlings (12.58 cm); the shortest seedling was

that of the control under low temperature conditions (Table 1).

Seed vigor
Data in Figure 6 reveals the adverse effects of high and low

temperatures on seed vigor; Th17 application significantly mitigated

detrimental impacts of stressful temperatures (p < 0.001) while seed

vigor decreased significantly by 33.99 and 56.18% for control seeds

in response to high and low temperatures, respectively.
Plant growth and development

Plant height
Treating seeds with Th17 increased plant height, specifically Thu2

(Figure 7); the compound enhanced height by 25, 22.75 and 8.25%over

control, at low, optimal and high temperatures, respectively.
BA

FIGURE 5

Effects of temperature and Th17 concentrations on radical (A) and shoot length (B). Thu1: 10 -7 M Th17, Thu2: 10 -9 M Th17, Thu3: 10-11 M Th17.
Each bar represents mean ± standard error (n=8). Means with the same letters are not significantly different (p < 0.05).
FIGURE 4

Effects of temperature and Th17 concentrations on mean
germination time. Thu1: 10 -7 M Th17, Thu2: 10 -9 M Th17, Thu3: 10-

11 M Th17. Each bar represents mean ± standard error (n=8). Means
with the same letters are not significantly different (p < 0.05).
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Leaf area
Leaf area responded strongly to Th17 at stressful temperatures

(Figure 8). It decreased by 6.19 and 43.11% for the controls at high

and low temperatures, respectively. Under optimal conditions, no
Frontiers in Plant Science 07
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stimulatory effect of Th17 was observed, except for Thu3, whereas

positive responses occurred at stressful temperatures, particularly

for Thu2 plants where leaf area increased by 39 and 30%, at 10 and

30 °C temperatures, respectively, compared to the control.
FIGURE 6

Effects of temperature and Th17 concentrations on seed vigor
index. Thu1: 10 -7 M Th17, Thu2: 10 -9 M Th17, Thu3: 10-11 M
Th17. Each bar represents mean ± standard error (n=8). Means
with the same letters are not significantly different (p < 0.05).
FIGURE 7

Effects of temperature and Th17 concentrations on canola
height. Thu1: 10 -7 M Th17, Thu2: 10 -9 M Th17, Thu3: 10-11 M
Th17. Each bar represents mean ± standard error (n=8). Means
with the same letters are not significantly different (p < 0.05).
TABLE 1 Effects of temperature and Th17 concentrations on radicle, shoot and seedling fresh weight and length.

Temperature (°C) Th17
Treatments

Radicle fresh weight
(g)

Shoot fresh weight
(g)

Seedling fresh weight
(g)

Seedling length
(cm)

5 Control 0.17 ± 0.03 e 0.36 ± 0.02 e 0.54 ± 0.04 d 6.33 ± 0.57 g

Thu1 0.19 ± 0.05 de 0.40 ± 0.04 e 0.60 ± 0.8 cd 8.85 ± 1.15 f

Thu2 0.21 ± 0.04 de 0.45 ± 0.02 de 0.66 ± 0.05 c 10.5 ± 1.34 cd

Thu3 0.18 ± 0.02 e 0.38 ± 0.04 e 0.57 ± 0.05 cd 9.56 ± 1.11 ef

20 Control 0.38 ± 0.09 a 0.64 ± 0.11 ab 1.02 ± 0.12 a 12.37 ± 0.97 a

Thu1 0.28 ± 0.06 b 0.53 ± 0.06 cd 0.81 ± 0.08 b 12.58 ± 0.85 a

Thu2 0.28 ± 0.05 b 0.50 ± 0.06 cd 0.78 ± 0.06 b 12.47 ± 1.12 a

Thu3 0.24 ± 0.03 bcd 0.51 ± 0.05 cd 0.75 ± 0.06 b 12.47 ± 0.85 a

30 Control 0.27 ± 0.06 bc 0.69 ± 0.2 a 0.63 ± 0.18 cd 9.82 ± 1.12 de

Thu1 0.23 ± 0.05 cde 0.57 ± 0.11 bc 0.79 ± 0.14 b 10.99 ± 0.53 bc

Thu2 0.24 ± 0.05 bcd 0.56 ± 0.06 c 0.80 ± 0.08 b 11.65 ± 0.49 ab

Thu3 0.22 ± 0.03 cde 0.57 ± 0.09 bc 0.79 ± 0.11 b 12.06 ± 0.96 a

Thu1: 10 -7 M Th17, Thu2: 10 -9 M Th17, Thu3: 10-11 M Th17. Each value represents mean ± standard error (n=8). Means with the same letters are not significantly different (p < 0.05).
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Biomass
Plants grown at 30 °C had the highest fresh biomass

accumulation (Figures 9, 10), particularly those treated with

Thu2, with 38.33 g. Conversely, much less biomass accumulated

under low temperature conditions although it increased by 25%

when plants treated with Thu2 (Figure 9A). Our data clearly
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demonstrated that dry biomass significantly declined under

stressful temperatures; however, Th17 application showed

positive effects, with dry biomass increasing by 20.16 and

43.49% for Thu2 compared to the control at 30 and 10 °C,

respectively. Similarly, dry biomass accumulation increased

from 5.24 g for control to 5.56 g for Thu3 under optimal

conditions (Figure 9B).

Root variables
Table 2 presents the root dry weight, length and root surface

data and shows that they were negatively affected by stressful

temperatures. Root dry weight ranged from 0.31 g for the control

at 10 °C to 0.74 g for Thu3 under optimal conditions. Watering

plants with Thu3 enhanced root length and surface across all

temperatures (Figure 11). Conversely, the highest values for root

diameter and volume were detected from Thu2 and Thu3 plants,

respectively, at 30 °C.

Physiological variables
Photosynthetic rate was affected by temperature and Th17 as

indicated in Figure 12; changes either below or above optimal

temperature led to photosynthesis decline. As we expected,

plants grown in a cold growth chamber manifested a steady

decrease over time, and maximum photosynthesis was observed

from Thu2-treated plants in the first week of measurement.

Conversely, all treatments had an upward trend under optimal

conditions during measurement times, and followed the same

general pattern. The trend for 30 °C was increasing until the

third measurement then control and Thu1 showed a decrease

whereas Thu2 and Thu3 continued to increase; photosynthesis

of Thu2 plants was approximately 40% higher than the control

in the final measurement.
FIGURE 8

Effects of temperature and Th17 concentrations on canola leaf
area. Thu1: 10 -7 M Th17, Thu2: 10 -9 M Th17, Thu3: 10-11 M Th17.
Each bar represents mean ± standard error (n=8). Means with
the same letters are not significantly different (p < 0.05).
BA

FIGURE 9

Effects of temperature and Th17 concentrations on canola fresh (A) and dry (B) biomass. Thu1: 10 -7 M Th17, Thu2: 10 -9 M Th17, Thu3: 10-11 M
Th17. Each bar represents mean ± standard error (n=8). Means with the same letters are not significantly different (p < 0.05).
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FIGURE 10

The effect of different temperatures and two of the best Th17 concentrations on canola growth and development. 7-week-old canola plants
grown under high (30/25 °C, the first column of plants), optimal (22/18 °C, the second column of plants) and low (10/5 °C, the third column of
plants) temperatures. C: seeds treated with distilled water and plants watered with water during temperature stress, T1: 10-9 M Th17 applied as
seed treatment before sowing and root irrigation during temperature stress induction, T2: 10-11 M Th17 applied as seed treatment before sowing
and root irrigation during temperature stress induction.
TABLE 2 Effects of temperature and Th17 concentrations on canola root variables.

Temperature °C Treatment Root length
(cm)

Root surface
(cm2)

Root diameter
(mm)

Root volume
(cm3)

Root dry weight
(g)

10 Control 2077.1 ± 193.2 de 220.9± 46.2 c 0.21 ± 0.01 de 1.17 ± 0.12 c 0.31 ± 0.06 g

Thu1 1841.1 ± 447.2 e 228.5 ± 32.7 bc 0.20 ± 0.02 e 1.01 ± 0.16 c 0.30 ± 0.08 g

Thu2 2352.8 ± 99.8 de 258.5 ± 09.8 abc 0.25 ± 0.01 abc 1.27 ± 0.19 c 0.42 ± 0.04 f

Thu3 3139.3 ± 67.2 bc 278.2 ± 27.6 abc 0.24 ± 0.01 cde 1.77 ± 0.36 ab 0.46 ± 0.04 ef

20 Control 3640.2 ± 563.8 abc 307.7 ± 62.8 ab 0.26 ± 0.02 abc 2.06 ± 0.30 a 0.66 ± 0.13 abc

Thu1 3304.8 ± 213.7 abc 278.0 ± 60.6 abc 0.24 ± 0.04 cde 1.84 ± 0.21 ab 0.64 ± 0.03 bcd

Thu2 3945.4 ± 861.2 ab 303.5 ± 37.1 abc 0.25 ± 0.02 bcd 1.89 ± 0.32 ab 0.70 ± 0.07 a

Thu3 4178.5 ± 688.2 a 329.3 ± 22.3 a 0.25 ± 0.03 bcd 2.06 ± 0.17 a 0.74 ± 0.04 a

30 Control 2875.8 ± 543.7 cd 247.9 ± 42.5 abc 0.27 ± 0.01 ab 2.08 ± 0.11 a 0.55 ± 0.06 cde

Thu1 2781.6 ± 618.7 cd 251.4 ± 52.6 abc 0.28 ± 0.01 abc 1.92 ± 0.19 ab 0.56 ± 0.06 cde

Thu2 3552.8 ± 99.7 abc 254.9 ± 54.1 abc 0.29 ± 0.01 a 1.95 ± 0.18 ab 0.53 ± 0.02 def

Thu3 3620.2 ± 456.7 abc 306.7 ± 34.4 ab 0.28 ± 0.02 ab 2.10 ± 0.14 a 0.68 ± 0.01 ab

Thu1: 10 -7 M Th17, Thu2: 10 -9 M Th17, Thu3: 10-11 M Th17. Each value represents mean ± standard error (n=8). Means with the same letters are not significantly different (p < 0.05).
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FIGURE 11

7-week-old canola root images for 10, 20 and 30 °C, respectively. (A) Control, (B) Thu1 (10 -7 M Th17), (C) Thu2 (10 -9 M Th17), (D): Thu3 (10-11 M Th17).
B CA

FIGURE 12

Changes in the photosynthetic rate under application of Th17 at low (A), optimum (B) and high (C) temperature at 4, 5, 6 and 7 weeks after
sowing. Thu1: 10 -7 M Th17, Thu2: 10 -9 M Th17, Thu3: 10-11 M Th17. Each point represents mean ± standard error (n=8).
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Stomatal conductance
As indicated in Figure 13, stomatal conductance responded

strongly to temperature and concentration of Th17. With rising

temperature, conductivity increased; Thu2 treated plants indicated a

sharp increase and had the highest conductivity, at 0.345 mol m-2 s-

1, as opposed to control with a gradual downward trend at 30 °C.

Under cold temperature, conductivity drastically dropped for all

plants; Thu2 plants could maintain their highest capacity for gas

transport through the stomata. In clear contrast, a consistent

enhancement occurred under optimal conditions, and this

upward trend was similar for all treatments.

Intercellular CO2

There were significant changes in intercellular CO2 in

response to temperature and Th17 levels (Figure 14). Our
Frontiers in Plant Science 11
1147
measurements indicated that the highest levels of intercellular

CO2 occurred at 20 °C, ranging from 225 µmol mol-1 for the

control at the first measurement, to 380 µmol mol-1 for Thu2 at

the last reading. Stressful temperatures both had a downward

trend in which control plants absorbed more CO2 than

treated ones.

Transpiration
Transpiration rate was enhanced by increasing temperature;

control plants grown at 10 °C had the lowest transpiration (1.21

mol m-2 s-1) whereas the highest level was for Thu2 treatment

(4.95 mol m-2 s-1) at 30 °C. Interestingly, plants under high stress

conditions showed an increase until 6 weeks after sowing, after

which transpiration changed only slightly and/or decreased.

Conversely, plants maintained a constant upward transpiration
B CA

FIGURE 13

Changes in stomatal conductivity under application of Th17 at low (A), optimum (B) and high (C) temperature at 4, 5, 6 and 7 weeks after
sowing. Thu1: 10 -7 M Th17, Thu2: 10 -9 M Th17, Thu3: 10-11 M Th17. Each point represents mean ± standard error (n=8).
B CA

FIGURE 14

Changes in the intercellular CO2 under application of Th17 at low (A), optimum (B) and high (C) temperature at 4, 5, 6 and 7 weeks after sowing.
Thu1: 10 -7 M Th17, Thu2: 10 -9 M Th17, Thu3: 10-11 M Th17. Each point represents mean ± standard error (n=8).
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over time at optimal temperature. Predictably, at 10 °C, the

transpiration rate was very low and slightly changed; Thu2 and

Thu3 caused a marginal increase while transpiration for Thu1 and

the control treatments showed a negligible decrease Figure 15).
Discussion

Germination

Seed germination is a very important stage in the life cycle of

a plant and one that is very sensitive to both the intrinsic and

extrinsic factors (Rifna et al., 2019). Among them, temperature is

a major environmental factor determining seed germination

(Finch‐Savage and Leubner‐Metzger, 2006). Early germination

is an essential element that impacts the production of canola (B.

napus [L.]). The optimal temperature for canola germination is

22°C (Nykiforuk and Johnson‐Flanagan, 1994; Tasseva et al.,

2004). Any temperature either below or above optimal induces

uneven germination and, in the field, poor stand establishment,

restricting the crop potential to produce yield. In this study, we

found that germination and seedling growth indices were

negatively affected by both low and high temperatures.

Germination was delayed under low temperature conditions,

which could have arisen from slowed water uptake, slower

enzyme kinetics, higher levels of late embryogenesis-abundant

proteins, induction of nuclear stress-responsive proteins and

imbalanced amount of inhibitor and promoter phytohormones

(Achard et al., 2008; Copeland and McDonald, 2012; Abdul Aziz

et al., 2021). However, faster germination occurred at a higher

temperature than optimal conditions, which could be due to a

thermal effect, related to number of heat units required for

germination. These results are consistent with previous studies

that found stressfully high and low temperatures hindered final
Frontiers in Plant Science 12
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germination percentage of five cultivars of canola between 10 to

20 percent (Schwinghamer et al., 2015). Seedling growth was also

impeded by both high and low temperatures, resulting in lower

fresh weight and seedling vigor indices than optimum conditions

(Zhang et al., 2015). Hence, discovery of technologies that

improve seed germination and seedling establishment are of

importance in agriculture. Here, the application of a bacteriocin

could enhance canola germination percentage, radical and shoot

length, seedling fresh weight and seed vigor compared to the

controls under both low and high temperature stress conditions.

To be more precise, among three levels of the compound, Thu2

considerably ameliorated negative effects of stress and showed

high stimulatory impacts on both seeds and seedlings. This

result is in line with findings of Gautam et al. (2016), which

highlighted the response of soybean to 10-9 M and 10-11 M Th17

during germination and seedling development under low

temperature. A similar conclusion was reached by He (2009)

for Th17 treated corn seeds under a combination of stresses,

including low temperature, salinity and drought stress under

both controlled environment conditions and a cool spring

climate in the field. In another study, the effect of LCO, a

compound produced by B. japonicum 532C, Th17 and

chitopentaose were tested on high oil content cultivars of

canola. Treatment with 10 -6 M LCO accelerated germination

at 10 °C while seeds treated with 10-9 M Th17 had more even

and uniform germination (Schwinghamer et al., 2015). LCO has

been shown to be a stimulant for seed germination and seedling

establishment as illustrated in a large body of published research,

whereas Th17 has not been well studied (Kidaj et al., 2012;

Suganya et al., 2016; Nandhini et al., 2018). The underlying

mechanism of LCO and Th17 in soybean germination under

stressful conditions was studied through proteomic approaches.

The results indicated that energy, carbon and nitrogen metabolic

pathways were influenced by signal compounds under stressful
B CA

FIGURE 15

Changes in the transpiration rate under application of Th17 at low (A), optimum (B) and high (C) temperature at 4, 5, 6 and 7 weeks after
sowing. Thu1: 10 -7 M Th17, Thu2: 10 -9 M Th17, Thu3: 10-11 M Th17. Each point represents mean ± standard error (n=8).
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environments. Some notable stress-related proteins, including

PEP carboxylase, rubisco oxygenase large subunit, pyruvate

kinase and other proteins are up regulated in response to LCO

and Th17 treatments under stressful conditions (Subramanian

et al., 2016). Similar results were observed where over 600 genes,

mostly related to stress and defense, were up regulated in LCO

treated soybean leaf tissue under stressful conditions (Wang

et al., 2012). These findings highlight that signal molecules can

alter metabolism and physiology to assist in alleviating sub-

optimal conditions and improve germination and early growth.
Th17 effects on canola
aboveground growth

Unfavourable temperature, as a major environmental factor,

considerably affects plant growth and development. Some plants

adapt themselves by altering their morphology, while others

adjust their physiology or exhibit changes in gene expression,

which modifies how they grow, survive and tolerate stresses

(Raza et al., 2020; Gupta et al., 2020). However, susceptibility or

tolerance is directly associated with plant lifecycle stage. We

hypothesized that during vegetative growth of canola, different

levels of Th17 would assist in tolerating stressful temperatures

and enhance growth variables. The exposure of canola to cold

conditions in northern climates like western Canada is

unavoidable in early spring because early spring sowing is

required to ensure that the crop matures without suffering

yield losses due to summer heat stress. Canola, as a cold-

acclimated crop, has the capacity to develop cold stress

tolerance, known as cold acclimation, once exposed to chilling

but not freezing temperature, although its growth might be

slowed. Furthermore, the likelihood of high temperature

occurrence during mid to end of canola vegetative growth is

relatively high, as we experienced during May-June of the 2020

and 2021 canola field seasons in eastern Canada (unpublished

data). In this study, plant height, leaf area and biomass

accumulations were negatively altered, in contrast to optimal

temperature, after 3 weeks of growing in the 10/5°C temperature

range, but surprisingly application of the signal molecule

efficiently acted as an alleviator and effective plant growth

regulator. In contrast, canola showed positive responses to 30/

25 °C temperature, suggesting acclimation ability to moderately

high temperature. This could arise from thermomorphogensis, a

group of morphological and architectural alterations caused by

higher ambient temperatures, below the heat-stress level (Quint

et al., 2016; Casal and Balasubramanian, 2019; Ludwig et al.,

2021). Based on this, canola height was significantly enhanced

across all treatments at moderately high temperature, which may

indicate that the plant shifted from vegetative stage to flowering

by stem elongation; leaf area and fresh biomass were also

increased while irrigation with Thu2 and Thu3 resulted in

higher levels of these variables than the control and Thu1
Frontiers in Plant Science 13
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treatments. In contrast to many previous studies, which

indicated heat as a growth inhibitor, in our experiment canola

growth and development continued well at higher temperature,

implying that heat acclimation ability, with assistance of the

signal compound, could be quite high. However, stress-

induction stage, duration of stress and combination with other

stressors play a significant role in response to heat. A body of

research has taken shaped around the effects of high temperature

on crops, but only a few studies have examined the interaction of

microbial signal molecules and high temperature on plants

(Kilasi et al., 2018; Hussain et al., 2019; Anwar and Kim, 2020;

Ayub et al., 2021; Lohani et al., 2021; Ahmad et al., 2021). Our

findings fit well with previous studies that reported the

interaction of 10-6 M LCO irrigation with relatively high

temperature (30/30 °C), resulting in 1 more leaf per canola

plant, as apposed to the 25/20 °C water-treated controls, which

were unifoliate. Similarly, Th17 treatment increased the dry

biomass of canola cultivar 04C111, by approximately 70 mg

under saline (0.1 M NaCl) and moderately high (30/30 °C)

temperature conditions (Schwinghamer et al., 2016). In this

study, we observed that two concentrations, Thu2 and Thu3,

had considerable positive impacts whereas the higher

concentration level, Thu1, showed no significant stimulatory

effect compared to the control. It is not surprising that such

results were reported because most of the microbially produced

substances are signalling molecules which are similar to

phytohormones in that their presence, at very low

concentrations, has long been recognised to either promote or

inhibit plant growth (Backer et al., 2018; Antar et al., 2021).

More than this, there are some other factors that highlight the

effect of concentrations, including plant species, stage of life,

growth conditions, method of application and so on. While

certain chemicals can significantly improve plant growth at

extremely low concentrations, others must be used at relatively

high levels to have a positive impact.
Effects of Th17 on root architecture

Root growth relies on cell production within the root

meristem, cell expansion and differentiation in which

environmental factors play a vital role as stimuli. The root

system possesses spatial architecture by which it can

dynamically adapt itself to changes in the environment, such

as shifts in temperature (Bardgett et al., 2014; Onwuka and

Mang, 2018). It is worth noting that unlike the broad optimum

temperature ranges for the development of aerial parts of various

species, optimum root temperature (12-20 °C) is quite similar

for almost all species except for tundra plants (Bell and Bliss,

1978). When plants are exposed to low and high temperatures,

changes in the root system occur (Alsajri et al., 2019; Fonseca de

Lima et al., 2021). In this study, root system growth was

inhibited by low temperature, which is in line with previous
frontiersin.org

https://doi.org/10.3389/fpls.2022.1079180
https://www.frontiersin.org/journals/plant-science
https://www.frontiersin.org


Nazari et al. 10.3389/fpls.2022.1079180
studies (Rymen et al., 2007; Shibasaki et al., 2009; Zhou et al.,

2021). This could be explained by the fact that low temperature

hinders cell cycle progression and cell division in root

meristems. In addition, lower carbohydrate assimilation under

chilling conditions impedes nutrient allocation to the

underground system. Interestingly, the interaction of

temperature and Th17 was significant; root system

architecture was positively modified by irrigation with the

compound, particularly Thu3-treated roots, which produced

the highest length, surface area, volume, and dry weight across

all temperatures. This might be associated with the role of Th17

in phytohormones modifications. In this regard, Prudent et al.

(2015) reported that abscisic acid (ABA) was the first plant

hormone to be considerably increased in soybean leaves and

roots after the application of Th17. This phytohormone

facilitates root elongation by restricting ethylene production,

suggesting that a reason for changes in root architecture could be

a shift in the balance of plant hormones (originating at the

roots). As such, Th17 treatment could cause plants to modify

their ABA content, which may have resulted in maximal root

growth. However, to ascertain the mode of action of Th17 in

canola roots, precise phytohormone measurements would be

required in future studies.
Th17 and physiology characteristics

Most physiological functions of plants, including

photosynthesis and transpiration are impacted by temperature.

Stomatal conductance controls both carbon assimilation, and

transpiration, and they mutually influence one another. Hence,

temperature affects stomata indirectly by alterations in plant

water status and vapor pressure deficit. We determined that

photosynthesis increased linearly with time and was maximum

under optimal temperature conditions whereas a considerable

decline was seen across all physiology variables at low

temperature. In accordance with our results, many studies

have demonstrated a significant reduction of carbon

assimilation rate and stomatal conductance at low

temperatures, which is partly explained by disruption of

chloroplast structure, thylakoid membrane damage, reductions

in enzyme activities, decreased chlorophyll levels, reductions in

expression and resulting concentrations of photosynthesis

proteins, and reduced electron transport (Liu et al., 2012;

Paredes and Quiles, 2015; Li et al., 2018; Khan et al., 2019;

Zhao et al., 2020). Regarding high temperature, in line with

many studies, carbon assimilation rate decreased with increasing

temperature although in our study, the Th17 application could

mitigate the reduction. In this regard, Thu2 and Thu3 enhanced

photosynthesis rate compared to the control. Increasing

conductivity with time under optimal conditions, coupled with
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more diffusion of CO2, resulting in greater assimilation rates,

whereas it caused higher transpiration rates which could lead to

reduced leaf water potential at high temperatures. These results

agree with those studies that reported stomata opening and

increased transpiration at higher temperatures (Lu et al., 2000;

Mott and Peak, 2010; Xu et al., 2016; Urban et al., 2017), while

our findings are in contrast with some experiments that observed

no significant changes of conductivity and/or closure of stomata

(von Caemmerer and Evans, 2015; Abdulmajeed et al., 2017;

Hlaváčová et al., 2018). It is worth noting that higher leaf

temperature causes reduction in protein translation,

chlorophyll breakdown, rubisco inactivation, photosystem II

activity, electron transport chain activity and increased

damage to photosynthetic apparatus (Kang et al., 2017; Wang

et al., 2018a; Balfagón et al., 2019; Hu et al., 2020). As such,

lowering leaf temperature by transpiration would be an

approach to compensate for assimilation reduction which

could be beneficial, even if, to some extent, water loss was not

constrained. We observed greater transpiration rates in Th2 and

Th3 treated plants which meant enhanced photosynthesis came

at the cost of losing more water; however, it would assist in

cooling leaves when water is not a limiting factor; therefore,

photosynthesis systems could function more efficiently. This

might be one of the explanations for continued increase of

photosynthesis in Thu2 and Thu3 plants despite lower

intercellular CO2 amounts than the control. Lee et al. (2009)

demonstrated that application of 10-9 and 10-11 M Th17, either

through root irrigation or leaf spray enhanced soybean

photosynthetic rate and leaf greenness. Our finding partly ties

with a conclusion reached by Prudent et al. (2015); they

demonstrated the positive effects of Th17 treatment on

improving carbon assimilation in water-stressed soybean

plants, but this was associated with an increased level of ABA,

resulting in stomatal closure and reduced transpiration which is

opposite to our findings.
Conclusions

Our results demonstrated that the Thu2 solution interacted

with stressful temperatures to affect canola germination and

seedling development. Notably, germination time was

significantly reduced when seeds were treated with Thu2

under low temperature conditions, which would be a solution

for slow germination of spring-sown canola. The moderately

high temperature along with Thu2 and Thu3 treatments could

produce taller plants with more leaf area and fresh biomass

accumulation than control plants grown under optimal

conditions. Watering plants with the bacterial compound

promoted root growth and development, including root

length, root volume and root diameter, which could facilitate
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the uptake of water and nutrients. Interestingly, two levels of

Th17 had stimulatory effects on photosynthetic rate although the

mechanism underlying this is not yet clear. Considering these

findings, it seems likely that this signal molecule had stimulatory

effects, particularly under stressful temperatures, but we remain

inconclusive regarding its mode of action.
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Lactobacillus helveticus 
EL2006H cell-free supernatant 
enhances growth variables in 
Zea mays (maize), Glycine max L. 
Merill (soybean) and Solanum 
tuberosum (potato) exposed to 
NaCl stress
Judith Naamala , Levini A. Msimbira ,  
Sowmyalakshmi Subramanian  and Donald L. Smith *

Department of Plant Science, McGill University, Montreal, QC, Canada

Plant growth promoting microorganisms and their derived compounds, such 

as cell-free supernatant (CFS), enhance plant growth under stressed and non 

stressed conditions. Such technology is sustainable and environmentally 

friendly, which is desirable amidst the climate change threat. The current study 

evaluated the effect of CFS obtained from Lactobacillus helveticus EL2006H on 

its ability to enhance mean percentage germination and mean radicle length 

of corn and soybean, as well as growth parameters of potato, using treatment 

formulations that consisted of 0.2 and 1.0% [v/v] L. helveticus EL2006H CFS 

concentrations and 100 mM NaCl and 150 mM NaCl levels. Results show that 

treatment with 100 mM NaCl lowered percentage germination of corn by 

52.63%, at 72 h, and soybean by 50%, at 48 h. Treatment with 100 NaCl +0.2% 

EL2006H enhanced percentage germination of soybean by 44.37%, at 48 h, 

in comparison to that of the 100 mM NaCl control. One hundred mM NaCl 

lowered radicle length of corn and soybean by 38.58 and 36.43%, respectively. 

Treatment with 100 Mm NaCl +1.0% EL2006H significantly increased radicle 

length of corn by 23.04%. Treatment with 100 mM NaCl +0.2% EL2006H 

significantly increased photosynthetic rate, leaf greenness and fresh weight of 

potato. Increasing NaCl concentration to 150 NaCl lowered the effectiveness 

of the 0.2% EL2006H CFS on the same growth variables of potato. In general, 

the lower CFS concentration of 0.2% was more efficient at enhancing 

germination in soybean while the higher concentration of 1.0% was more 

efficient at enhancing radicle length of corn. There was an observed variation 

in the effectiveness of L. helveticus EL2006H CFS across the different CFS 

concentrations, NaCl levels and crop species studied. In conclusion, based 

on findings of this study, CFS obtained from L. helveticus can be used as a bio 

stimulant to enhance growth of corn, soybean and potato. However, further 

studies need to be conducted, for validation, especially under field conditions, 

for commercial application.
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1. Introduction

Plant growth promoting microorganisms (PGPM) live in 
close association with their host plants, forming a holobiont 
(Hartmann et al., 2014; Lyu et al., 2021); these relationships have 
existed for at least half a billion years (Knack et al., 2015). A plant’s 
exudates into its surroundings are a major determinant of the 
phytomicrobiome composition in its rhizosphere (Zhang et al., 
2017). The association between PGPM and their host plants can 
enhance the latter’s growth and development, through 
mechanisms such as biostimulation, mitigation of abiotic stress 
effects, bioremediation and biocontrol (Glick, 2012; Ahemad and 
Kibret, 2014; Backer et al., 2018; Naamala and Smith, 2020), in a 
sustainable and environmentally friendly manner (Naamala and 
Smith, 2021a,b). PGPM and their derived compounds can 
be utilised in singular or consortium forms, results varying in such 
a way that some strains may be more effective when applied as 
single cells while others, in a consortium (Giassi et  al., 2016; 
Subramanian et  al., 2016a,b; Shah et  al., 2022). Lactobacillus 
helveticus is a gram positive facultative anaerobic lactic acid 
bacterium (LAB) that is mostly known for its role in the food 
processing industry. Use of L. helveticus in plant agriculture, 
especially as biostimulants is not widely documented although the 
use of members of the genera Lactobacillus in crop production, as 
biostimulants and biocontrol agents, among other uses, has been 
practiced (Hamed et al., 2011). Members of the genus Lactobacillus 
are endophytic to a variety of plants species (Baffoni et al., 2015; 
Minervini et al., 2015; Lamont et al., 2017) while others have been 
isolated from the rhizosphere of plants. Examples of LAB species 
that have been used in plant agriculture include Lactobacillus 
acidophilus, Lactobacillus plantarum, Lactobacillus rhamnosus and 
L. helveticus (Hamed et al., 2011; Caballero et al., 2020; Msimbira 
et  al., 2022). LAB play an important role in fermentation of 
organic matter to form organic fertilisers used in crop production 
(Lamont et  al., 2017; Caballero et  al., 2020). Lactic acid, a 
by-product of LAB has been reported to enhance plant growth 
(Rodríguez-Morgado et al., 2017). LAB strains have been reported 
to solubilise phosphate, produce siderophores (Shrestha et al., 
2014; Giassi et  al., 2016), produce antimicrobial compounds 
(Stoyanova et al., 2012), produce phytohormones such as indole 
−3- acetic acid [IAA] (Shrestha et al., 2014; Giassi et al., 2016) and 
enhance systemic acquired resistance (Hamed et al., 2011), all of 
which are desirable characteristics of PGPM.

Microbes, such as bacteria and fungi, exude into their growth 
environment, secondary metabolites such as hormones, enzymes, 
organic acids, bacteriocins, oligopolysaccharides and 
siderophores, among others (Piechulla et al., 2017; Schulz-Bohm 

et al., 2017; Lemfack et al., 2018). In laboratory-based experiments, 
such metabolites are exuded into the microbe’s growth medium. 
Recent studies have focused on the possibility that such metabolite 
rich media, also known as cell-free supernatant (CFS) can enhance 
plant growth without the presence of microbial cells. 
Experimentation with CFSs has previously yielded interesting 
results, showing that such CFSs can enhance the growth of 
different crop species, such as corn, soybean, canola and tomato, 
at germination and seedling stages (Msimbira et  al., 2022; 
Naamala et  al., 2022, Shah et  al., 2022). Earlier studies went 
further and extracted bioactive compounds from the CFS, 
resulting in the discovery of compounds such as lipo-
chitooligosaccharide (LCO) from Bradyrhizobium japonicum CFS 
and thuricin17 from Bacillus thuringiensis NEB17 CFS (Prithiviraj 
et al., 2003; Gray et al., 2006a,b; Lee et al., 2009), which are already 
on the market as plant growth promoting biostimulants. Both 
compounds have shown efficacy in enhancing plant growth under 
growth chamber and field conditions (Subramanian et al., 2016a,b; 
Arunachalam et al., 2018). They were reported to enhance plant 
growth under normal and salt-stress conditions (Subramanian 
et al., 2016a,b). It has been reported that the nature of metabolites 
exuded vary with varying conditions of growth media in which 
the microbe is growing (Subramanian et al., 2021). For instance, 
the metabolic profile of CFS of a microbe grown under ideal 
conditions may significantly vary from that of the same microbe 
exposed to some level of stress, such as low pH or high salinity 
levels. Not all metabolites exuded in growth media enhance plant 
growth, although some are the bioactive ingredients that do so. 
The effectiveness of a bioactive metabolite/CFS also varies across 
plant species, concentration of the compound, level of stress to 
which a plant is exposed and growth stage of the plant (Msimbira 
et al., 2022; Naamala et al., 2022; Shah et al., 2022). This, in a sense, 
complicates the process of discovering novel microbe derived 
plant growth promoting compounds as it may require trials on 
several crop species under different growth conditions, at different 
concentrations, before bioactivity may be detected. The seemingly 
long and possibly complicated process is however potentially 
worth the effort since microbial derived compounds can overcome 
some issues associated with using microbial cells as inoculants if 
they are produced in fairly large quantities and are economical to 
isolate for application. For instance, compounds are less prone to 
diminished effects under harsh field conditions, are generally 
required in low concentrations and are easier to store compared 
to live microbial cells (Naamala and Smith, 2021a).

Salinity stress is a major abiotic stress of agricultural crops, 
resulting in decreased yield quantity and quality which 
subsequently causes economic losses estimated at US$ 12 billion 
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per year (FAO, 2020). It affects leaf area, chlorophyll content, 
plant vigour, plant height, rootlength, plant dry matter, nutrient, 
metabolite and protein contents, can delay plant development 
and at severe stress levels may lead to plant death (Bistgani et al., 
2019; Garcia et al., 2019). Unfortunately, with current climate 
change projections, reduced rainfall, excess and improper 
application of inorganic fertilisers and other chemicals, arable 
land affected by salinity stress is projected to increase by 50% by 
2050 (Jamil et al., 2011). PGPM and their derived compounds 
can mitigate the effect of salt stress on plants, hence, allowing 
better growth, yield quality and yield quantity, in salt affected 
fields (Naamala and Smith, 2021b). The aim of this study 
therefore was to elucidate the ability of L. helveticus EL2006H 
CFS to enhance germination and radicle length of corn and 
soybean, and growth parameters of potato, under saline 
conditions. Results of the study will be a baseline for further 
studies, with a possibility of isolating and identifying bioactive 
compounds. This study is part of a broader study that is studying 
CFSs of the EVL Inc., consortium strains, which comprises 
L. helveticus EL2006H and four other microbial species, in an 
effort to improve the product and or come up with new 
product combinations.

2. Materials and methods

2.1. Obtaining microbial CFS

L. helveticus EL2006H was cultured in De man, Rogosa and 
Sharpe (MRS) medium at pH 7.0, and incubated for 48 h, at 
120 rpm and 37°C. At 48 h, the microbial culture was centrifuged 
for 10 min, at 10,000 rpm and 4°C, to pellet the microbial cells and 
separate them from the CFS (Gray et al., 2006a,b; Subramanian 
et al., 2021). The CFS was further filtered using 0.22 μm nylon 
filters to remove any microbial cells that could have remained after 
centrifugation. The obtained CFS was then used in the formulation 
of treatments used in the study.

2.2. Formulation of treatments

Treatments were formulated by mixing known quantities of 
distilled water, NaCl and CFS. Two NaCl levels, (100 mM NaCl 
and 150 mM NaCl) and two CFS levels (1.0 and 0.20% [v/v]) were 
used in the mixtures to formulate treatments. The two CFS 
concentrations were chosen because they exhibited positive results 
with Bacillus amyloliquefaciens EB2003 CFS, in our previous study 
(Naamala et al., 2022). 0, 100 and 150 mM NaCl, with no addition 
of CFS were used as negative controls. In addition, for each 
microbial CFS concentration, a similar concentration of microbial 
growth medium (not inoculated with microbe), was used to 
formulate positive controls. A treatment name ending in MRS or 
EL2006H implies that MRS medium and L. helveticus EL2006H 
CFSs were used, respectively.

2.3. Set up of germination and radicle 
length experiments

The germination experiments were carried out in a 
phytorium located at the Macdonald Campus of McGill 
University, Sainte Anne de Bellevue, Quebec, Canada. Soybean 
(cultivar P0962X) and corn (Hybrid 25 M75) were used for the 
study. The two crop species were chosen because they are 
widely consumed in Canada and the world over. In our 
previous study, the two species’ germination and radicle lengths 
were stimulated by B. amyloliquefaciens CFS. The following 
treatments were used for the study: 0 mM NaCl (control), 
100 mM NaCl (control), 100 mM NaCl +0.2% MRS (control), 
100 mM NaCl +0.2% EL2006H, 100 mM NaCl +1.0% MRS 
(control) and 100 mM NaCl +1.0% EL2006H. Treatments with 
0.2% EL2006H and 1.0% EL2006H, with their corresponding 
controls, were studied separately. It should also be noted that 
each crop was studied separately. Therefore, because each 
treatment, within each crop species, was studied in a separate 
experiment and the data obtained analysed separately, a 
completely randomised design (CRD) was used for each 
experiment, to randomly apply experimental units to 
treatments. For each experiment, ten seeds of the crop species 
under study were surface sterilized using 2% sodium 
hypochlorite, for 2 min, rinsed with 5 changes of sterilized 
distilled water and placed on petri-plates (Cat. no. 431760, 
sterile 100 × 15 mm polystyrene Petri dish, Fisher Scientific Co., 
Whitby, ON, Canada), lined with filter paper (09-795D, 
QualitativeP8, porosity coarse, Fisher Scientific Co., Pittsburg, 
PA, United  States). Petri plates with seeds then randomly 
received the treatments with ten replicates per treatment, 
hence, 40 samples per experiment. The Petri plates were then 
sealed with parafilm and incubated for 7 days in the dark, at 
25°C. Total number of germinated seeds per plate was recorded 
at 24 h intervals, for 72 h, as a percentage of the total number 
of seeds in the plate. i.e., (x/10)∗100, where X is the total 
number of germinated seeds per petri plate. After 7 days, 
radicle length was measured, in centimeters (cm). For each 
replicate, radicle length for all the germinated seeds, was 
summed, to obtain total radicle length of germinated seeds per 
plate. Each experiment was repeated twice. Percentage 
germination data for each time interval (24, 48, and 72 h) were 
analyzed separately.

2.4. Set up of greenhouse experiment

Potato cultivar goldrush was used for the study. Potato is 
grown and widely consumed in Canada, with a sizable fresh 
market area of production in Quebec. EVL Inc., the source of the 
bacterial strains in collaboration with SynAgri, focus on 
cultivation of potato cultivars. Hence this part of the study was 
focused on potato’s response to treatment with the CFS, under 
greenhouse conditions. Treatments used for this experiment 
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were: 0 mM NaCl (control), 100 mM NaCl (control), 100 mM 
NaCl +0.2% MRS (control), 100 mM NaCl +0.2% EL2006H, 
150 mM NaCl (control), 150 mM NaCl +0.2% MRS (control) and 
150 mM NaCl +0.2% EL2006H. Twelve L pots were filled with G7 
growth medium were used for plant growth. The rooting medium 
in each pot was fully saturated with water before sowing one 
potato seed per pot. At emergence, pots were allocated to 
treatments following a CRD, with four replicates per treatment, 
hence, a total of 28 samples. The experiment was repeated twice. 
A number of excess pots were sown with seed so that on the day 
of treatment application, only pots with seeds that emerged on 
the same day were applied to treatments, to minimize initial 
variation. Two L of treatment were applied twice a week, per pot, 
for 4 weeks after emergence, at which time harvesting was 
conducted. Data on variables: greenness, photosynthetic rate, leaf 
area, plant height and plant fresh weight were taken. Leaf 
greenness was measured in SPAD units, using a SPAD-502 
chlorophyll meter at 3 weeks after treatment application. 
Greenness of ten leaves was randomly measured and average 
greenness recorded. Photosynthetic rate was measured in μmol 
CO2 m−2 S−1 using a LI-COR 6400 portable photosynthesis meter 
(Lincoln, NE, United  States), and recorded, 3 weeks after 
treatment application. Plant height was measured using a meter 
ruler, first, at emergence, just before the first application of 
treatments and 3 weeks after emergence. The difference in height 
was then recorded. Fresh weight was measured in grams, using a 
weighing scale balance (ME4001E, CH), 4 weeks after emergence. 
Leaf area was measured in cm2, using a leaf area meter (LI-3100 
C, Lincoln, NE, United States), 4 weeks after emergence.

2.5. Data analysis

Data obtained from all samples were analyzed using PROC 
GLM (SAS 9.4 software). Type III tests were used to determine 
effects of treatments on seed germination while differences 
between the treatments were assessed using a student t-test with 
the least square means (LSMEANS) statement, with Tukey’s 
adjustment for multiple comparisons. Differences were considered 
significant at p ≤ 0.05.

3. Results

3.1. Mean radicle length

3.1.1. Corn

3.1.1.1. 100 mM NaCl +1.0% EL2006H

There was a significant effect of L. helveticus CFS on radicle 
length of corn, as shown in Figure 1. One hundred mM NaCl 
significantly lowered radicle length of corn by 38.58% (p < 0.0001) 
in comparison to the 0 mM NaCl control. Treatment with 100 mM 
NaCl +1.0% EL2006H significantly increased mean radicle length 
of corn by 23.04% (p < 0.0001). The greatest radicle length was for 

the 0 mM control (55.38 cm) while the smallest was for the 100 mM 
NaCl control (35.205 cm), which was also not significantly different 
from the 100 mM NaCl +1.0% MRS control (36.735 cm).

There was no significant effect of the 0.2% L. helveticus CFS on 
radicle length of corn.

3.1.2. Soybean
There was no significant effect of L. helveticus CFS on radicle 

length of soybean at both 0.2 and 1.0% concentrations, as shown 
in Table 1. Figure 2 shows the effect of treatments on radicle length 
of corn (1) and soybean (2).

3.2. Mean percentage germination

3.2.1. Soybean

3.2.1.1. 100 mM NaCl +0.2% EL2006

At 24 h, there was a significant effect of L. helveticus EL2006H 
CFS on soybean germination. At 48 h, CFS significantly 

FIGURE 1

Effect of treatments on radicle length of corn at 1.0% [v/v]. Data 
represents the mean ± SE (n = 80); different letters indicate values 
determined by Tukey’s multiple mean comparison significantly 
different at p < 0.05. Values with the same letters are not 
significantly different at p < 0.05.

TABLE 1  Effect of treatments on mean radicle length of soybean and 
corn.

Treatment Mean radicle 
length of 

soybean (cm)

Mean radicle 
length of 
corn (cm)

0 mM NaCl 57.98 ± 2.636a 49.81 ± 1.879a

100 mM NaCl 37.43 ± 1.766b 35.15 ± 1.232b

100 Mm NaCl +0.2% EL2006 38.05 ± 1.773b 38.76 ± 1.193b

100 Mm NaCl +0.2% MRS 37.12 ± 2.088b 40.26 ± 1.705b

0 mM NaCl 63.355 ± 4. 230a 55.38 ± 2.084a

100 mM NaCl 38.910 ± 2.213b 35.205 ± 2.491c

100 Mm NaCl +1.0% EL2006 41.195 ± 2.393b 45.745 ± 2.233b

100 Mm NaCl +1.0% MRS 44.445 ± 3.600b 36.735 ± 2.66c

Data represents the mean ± SE (n = 80); in a column, different letters indicate values 
determined by Tukey’s multiple mean comparison significantly different at p < 0.05. 
Values with the same letters are not significantly different at p < 0.05.
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enhanced percentage germination of soybean. Treatment with 
100 mM NaCl lowered percentage germination by 50% in 
comparison to the 0 mM NaCl control. The highest percentage 
germination was observed in the 0 mM NaCl control (84%) 
while the lowest was observed in soybean treated with 100 mM 
NaCl (42%). Percentage germination of soybean treated with 
100 mM NaCl +0.2% EL2006H and 100 mM NaCl +0.2% MRS 
were 75.5 and 67.5%, respectively. The two were significantly 
higher than that observed for the 100 Mm NaCl control 
(p < 0.0001). In fact, the percentage germination of soybean 
treated with 100 mM NaCl +0.2% EL2006H CFS was significantly 
higher than that of the 100 mM NaCl control, by 44.37% 
(p < 0.0001) when treated with CFS and not different from that 
of the 0 mM NaCl control.

At 72 h, treatment with microbial CFS did not result in 
significant differences in the germination of soybean, when 
compared to the 100 mM NaCl control. However, treatments 
100 mM NaCl +0.2% EL2006H increased percentage germination 
by 16.1, to a percentage not significantly different from the 0 mM 
NaCl control. Table 2 show the effect of treatments on percentage 
germination of soybean (Figure 3).

3.2.1.2. 100 mM NaCl +1.0% EL2006

At 24 h, microbial CFS has not significant effect on 
germination of soybean. At 48 h, soybean treated with 100 mM 
NaCl +1.0% EL2006H and 100 mM NaCl +1.0% MRS exhibited 
percentages of 70.5 and 74%, respectively; both values were not 
significantly different from that of the 0 mM control, and higher, 

though not significantly different from the percentage germination 
observed for the 100 mM NaCl control. At 72 h there was no 
observed significant difference among the percentage germination 
of the different treatments.

3.2.2. Corn
There was no significant effect of L. helveticus CFS on 

germination percentage of corn at both 0.2 and 1.0% 
concentrations, as shown in Tables 3, 4.

3.2.3. Greenhouse experiment
While the above germination experiments were to establish 

the effects of L. helveticus CFS on seed/tuber germination as a 
possible positive plant growth promoter, the greenhouse 
experiment with potato was to add more value to the commercial 
application of the CFS, which is one of the goals of SynAgri/EVL’s 
mandate and the crop of importance. Hence, experiments were 
carried out using potato variety goldrush (as per company’s 
recommendation), to elucidate the effect of L. helveticus EL2006H 
CFS on the growth variables of potato. Results regarding variables 
varied between treatments.

3.2.3.1. Mean leaf greenness

The effect of treatments on mean leaf greenness was 
significantly different among treatments. Treatment with 100 mM 
and 150 mM NaCl resulted in 27.014 and 19.88% decreases in 
mean leaf greenness, respectively, in comparison to the 0 mM 
NaCl control, the two becoming significantly lower than the later 

A

A

B C D

B C D

FIGURE 2

Effect of treatments on germination and radicle length of corn (1) and soybean (2). From left to right: 0 mM NaCl (A), 100 mM NaCl (B), 100 mM 
NaCl +0.2% EL2006H (C) and 100 mM NaCl +0.2% MRS (D).
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FIGURE 3

Effect of treatments on mean percentage germination of 
soybean. Data represents mean ± SE (n = 80); different letters 
indicate values determined by Tukey’s multiple mean comparison 
significantly different at p < 0.05. Values with the same letters are 
not significantly different at p < 0.05.

(p < 0.0001). Treatment with 100 mM NaCl +0.2% EL2006 
resulted in leaf greenness significantly higher than the 100 mM 
NaCl control by 13.56% (p < 0.0001) and not significantly 
different from the 0 mM NaCl control, as shown in Figure 4. 
Although not significantly different, it was also higher than the 
100 mM NaCl +0.2% MRS control. There was no significant 
difference between treatment 150 mM NaCl +0.2% EL2006 and 
its corresponding controls 150 mM NaCl and 150 mM NaCl 
+0.2% MRS. L. helveticus EL2006H CFS enhanced leaf greenness 
in potato treated with 100 mM NaCl but not 150 mM NaCl.

3.2.3.2. Mean photosynthetic rate

There was a significant effect of L. helveticus CFS on mean 
photosynthetic rate. as shown in Figure 4. Treatment with 100 and 

150 mM NaCl resulted in 13.76 and 26.6% decreases in 
photosynthetic rate, respectively, in comparison to the 0 mM NaCl 
control. Treatment with 100 mM NaCl +0.2% EL2006 resulted in 
the highest photosynthetic rate (21.00 μmol CO2 m−2  S−1), 
significantly higher than that of the 100 mM NaCl control, by 
17.97% (p < 0.0001), and higher but not significantly different 
from the 0 mM NaCl control, as shown in Figure 4. The lowest 
photosynthetic rate was observed in potato treated with 150 mM 
NaCl (14.863 μmol CO2 m−2 S−1).

3.2.3.3. Mean fresh weight

There was a significant effect of L. helveticus CFS on fresh 
weight of potato. One hundred mM NaCl and 150 mM NaCl 
lowered fresh weight of potato by 19.62 and 23.61%, respectively, 
in comparison to the fresh weight observed for the 0 mM NaCl 
control. Treatment with 100 mM NaCl +0.2% EL2006 resulted in 
potato with fresh weight higher but not significantly different from 
the 0 mM control. It was also significantly higher than the fresh 
weight of potato treated with 100 mM NaCl +0.2% MRS control 
(Figure 5).

There was no significant effect of L. helveticus CFS on leaf area 
and plant height of potato, as shown in Table 5.

4. Discussion

There is a continuous need to increase food production to 
quantities sufficient to feed the growing human population, 
without compromising quality, using sustainable and 
environmentally friendly approaches such as plant growth 
promoting microorganisms (PGPM) and their derived 
compounds (Lyu et al., 2020; Shah et al., 2021). NaCl stress is a 

TABLE 2  Effect of treatments on mean percentage germination of soybean, at 72, 48 and 24 h, respectively.

Treatment Mean percentage 
germination at 72 h

Mean percentage 
germination at 48 h

Mean percentage 
germination at 24 h

0 mM NaCl 89.5 ± 1.697a 86.0 ± 1.835a 34.5 ± 2.563b

100 mM NaCl 82.5 ± 3.898a 66.0 ± 4.834b 1.00 ± 0.688a

100 mM NaCl +1.0% EL2006 88.5 ± 3.647a 70.5 ± 5.452ab 0.50 ± 0.500a

100 mM NaCl +1.0% MRS 85.0 ± 3.591a 74 ± 4.995ab 1.00 ± 0.688a

Data represents the mean ± SE (n = 80); in a column, different letters indicate values determined by Tukey’s multiple mean comparison significantly different at p < 0.05. Values with the 
same letters are not significantly different at p < 0.05.

TABLE 3  Effect of treatments on mean percentage germination of corn at 72, 48 and 24 h, respectively.

Treatment Mean percentage 
germination at 72 h ± SEM

Mean percentage 
germination at 48 h ± SEM

Mean percentage 
germination at 24 h ± SEM

0 mM NaCl 57.0 ± 3.332a 16.0 ± 2.938a 0.00 ± 0.000a

100 mM NaCl 27.0 ± 4.110b 3.5 ± 1.817b 0.00 ± 0.000a

100 mM NaCl +0.2% EL2006 28.5 ± 3.789b 4.0 ± 1.338b 0.00 ± 0.000a

100 mM NaCl +0.2% MRS 32.0 ± 3.742b 0.00 ± 0b 0.00 ± 0.000a

Data represents the mean ± SE (n = 80); in a column, different letters indicate values determined by Tukey’s multiple mean comparison significantly different at p < 0.05. Values with the 
same letters are not significantly different at p < 0.05.

1159

https://doi.org/10.3389/fmicb.2022.1075633
https://www.frontiersin.org/journals/microbiology
https://www.frontiersin.org


Naamala et al.� 10.3389/fmicb.2022.1075633

Frontiers in Microbiology 07 frontiersin.org

major global constraint to food production (Naamala and Smith, 
2021b). Plant growth promoting microorganisms (PGPM), or 
their derived compounds have been reported to enhance plant 
growth under saline conditions (Schwinghamer et  al., 2016; 

Subramanian et al., 2016a,b; Ilangumaran et al., 2021; Naamala 
et  al., 2022). However, use of microbial CFS as plant growth 
biostimulants is less explored, with just a handful of publications 
available (Tewari et al., 2020; Naamala et al., 2022; Shah et al., 
2022). It is possibile that CFS could enhance plant growth because 
microbes exude metabolites into their growth media in response 
to various signals, such as those related to biotic or abiotic stress 
(Subramanian et al., 2021). Among the exuded metabolites are 
some that possess phyto-stimulation properties, such as IAA, LCO 
and thuricin17 (Prithiviraj et al., 2003; Mohite, 2013; Subramanian 
et al., 2016a,b; Antar et al., 2021). In the laboratory setting, such 
signals/metabolites are exuded into the microbe’s growth medium, 
which when filtered of microbial cells, will still contain the 
metabolites that can then enhance plant growth (Gray et  al., 
2006a). Consequently, the possible modes of action through CFS 
could enhance plant growth include presence of phytohormones 
such as jasmonic acid; presence of enzymes such as ACC 
deaminase; presence of osmoprotectants such as proline and 
presence of volatile organic compounds and exopolysaccharides, 
all of which may function to mitigate osmotic, oxidative and ionic 
stress associated with salinity (Forni et al., 2017; Khan et al., 2019; 
Cappellari and Banchio, 2020; Kumar et al., 2020; Fincheira et al., 
2021; Lopes et al., 2021). There is limited publication on the role 
of members of the genus Lactobacillus and/or their CFS as plant 
growth biostimulants (Hamed et al., 2011; Lamont et al., 2017; 
Msimbira et  al., 2022). The modes of action through which 
members of the genus Lactobacillus and their CFSs enhance plant 
growth are not fully understood (Lamont et al., 2017). However, 
plant growth promotion by LAB species has been attributed to 
production of metabolites such as IAA and siderophores (Omer 
et  al., 2010; Mohite, 2013; Shrestha et  al., 2014; Limanska 
N.V. et al., 2015; Limanska N. et al., 2015), and solubilisation of 
phosphorus (Shrestha et al., 2014), among other mechanisms. In 
general, PGPM and or their derived compounds can mitigate 
salinity stress by employing one or more of the following 
mechanisms: Production of antioxidants, production of enzymes 
such as ACC deaminase, production of exopolysaccharides, 
inducing systemic resistance in plants (Shrivastava and Kumar, 
2015; Amna et  al., 2019) and production of microbe-to-plant 
signal compounds (Backer et al., 2018).

The current study focused on the ability of CFS obtained from 
L. helveticus EL2006H to enhance growth of three crop species: 
corn, soybean and potato, exposed to NaCl stress, under 

TABLE 4  Effect of treatments on mean percentage germination of corn at 72, 48 and 24 h, respectively.

Treatment Mean percentage 
germination at 72 h ± SEM

Mean percentage 
germination at 48 h ± SEM

Mean percentage 
germination at 24 h ± SEM

0 mM NaCl 71.5 ± 5.144a 15.5 ± 1.846a 0.00 ± 0.000a

100 mM NaCl 30.0 ± 3.770b 1.0 ± 0.688b 0.00 ± 0.000a

100 mM NaCl +1.0% EL2006 34.5 ± 3.515b 1.5 ± 0.819b 0.00 ± 0.000a

100 mM NaCl +1.0% MRS 26.5 ± 3.185b 2.0 ± 0.918b 0.00 ± 0.000a

Data represents the mean ± SE (n = 80); in a column, different letters indicate values determined by Tukey’s multiple mean comparison significantly different at p < 0.05. Values with the 
same letters are not significantly different at p < 0.05.

A

B

C

FIGURE 4

Effect of treatments on leaf greenness (A), photosynthetic rate 
(B) and fresh weight (C) of potato. Data represents the mean ± SE 
(n = 48); different letters indicate values determined by Tukey’s 
multiple mean comparison significantly different at p < 0.05. 
Values with the same letters are not significantly different at 
p < 0.05.
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A B C D

FIGURE 5

Potato treated with 0 mM NaCl (A), 100 mM NaCl (B), 100 mM NaCl +0.2% MRS (C) and 100 mM NaCl +0.2% EL2006H (D).

TABLE 5  Effect of treatments on selected growth variables of potato.

Treatment Height gain 
(cm)

Leaf area 
(cm2)

0 mM NaCl 37.275 ± 7.531a 2851.261 ± 158.736a

100 mM NaCl 32.263 ± 5.739a 2951.652 ± 180.931a

100 mM NaCl +0.2% EL2006 34.838 ± 6.937a 3358.082 ± 156.557a

100 mM NaCl +0.2% MRS 33.113 ± 6.129a 2943.797 ± 234.763a

150 mM NaCl 38.9 ± 2.282a 3045.75 ± 157.209a

150 mM NaCl +0.2% EL2006 40.825 ± 1.723a 2960.841 ± 87.894a

150 mM NaCl +0.2% MRS 40.063 ± 2.233a 3076.615 ± 211.951a

Data represents the mean ± SE (n = 48); in a column, different letters indicate values 
determined by Tukey’s multiple mean comparison significantly different at p < 0.05. 
Values with the same letters are not significantly different at p < 0.05.

controlled conditions. Results of the study highlight the role CFS 
concentration, NaCl level, crop species and growth level play in 
the effectiveness and efficacy of CFS as plant growth biostimulants.

The effect of CFS on mean radicle length varied among crop 
species, concentration of the CFS, and level of NaCl in the 
treatment. For instance, treatment with 100 mM NaCl +1.0% 
EL2006H resulted in a significant increase in corn radicle length 
but not soybean, suggesting crop specific responses. Although 
some PGPM, such as some Rhizobium species, can 
be  promiscuous, enhancing growth in a wide range of crop 
species, others are host specific, enhancing growth of just one or 
two crop species (Lyu et al., 2020). PGPM and their host plants 
communicate through signals, which vary depending on the host 
plant needs (Antar et al., 2021). Sometimes, such signals will limit 
the host range of a particular PGPM. However, such PGPM can 
produce metabolites that enhance growth in a wide range of crops. 
For instance, LCO, can enhance growth of non-legumes although 
it is produced by B. japonicum, and plays a major role in 
nodulation of soybean. It is such advantages that make CFS and 
plant derived compounds relevant in PGPM technology (Naamala 

and Smith, 2020). Even then, there is not yet a single microbial 
derived compound or PGPM that enhances growth of all crop 
species. It is possible that the varied responses to CFS observed in 
corn, soybean and potato are in part due to variation in ways 
through which the three crops perceive and respond to the 
bioactive signals in the CFS. In another study, we also observed 
variation in soybean and corn responses to B. amyloliquefaciens 
CFS (Naamala et al., 2022). The B. japonicum derived LCO also 
exhibited variation in its effect on corn and soybean (Souleimanov 
et al., 2002). At a lower concentration, variations were observed in 
the response of canola varieties treated with LCO (Schwinghamer 
et al., 2015).

Lowering CFS concentration from 1.0% (v/v) to 0.2% 
EL2006H CFS resulted in no significant effect on both corn and 
soybean mean radicle length. This seems to suggest that the 
concentration and quantity of CFS applied to a plant is vital in 
determining efficacy and effectiveness of the applied CFS in 
enhancing plant growth. In this case, especially for corn, higher 
concentrations resulting in more effective results than lesser 
concentrations. The same cannot be  said about soybean. Its 
possible that in soybean, perhaps minute quantities of the 
supernatant were enough to enhance growth. For example, 
Msimbira et al. (2022) observed variation in germination of corn, 
in response to Bacillus subtilis CFS, where a concentration of 0.1% 
(v/v) yielded better results than higher concentrations of 0.2, 0.4 
and 1.0%. It should also be noted that high concentrations may 
sometimes inhibit growth of the crop in question (Naamala et al., 
2021b), although there is no universal description of how much is 
sufficient and this could vary among crop species. Published 
studies on L. helveticus CFS as a plant biostimulant are currently 
limited to a study by Msimbira et al. (2022). In our previous study 
on B. amyloliquefaciens EB2003 CFS, we observed the effect of 
CFS concentration on its effectiveness in enhancing germination 
and radicle length of corn and soybean (Naamala et al., 2022). 
Studies on other members of the genus Lactobacillus have also 

1161

https://doi.org/10.3389/fmicb.2022.1075633
https://www.frontiersin.org/journals/microbiology
https://www.frontiersin.org


Naamala et al.� 10.3389/fmicb.2022.1075633

Frontiers in Microbiology 09 frontiersin.org

reported concentration as a major determinant of effectiveness 
and efficacy in plant growth promotion. For instance, radish 
plants responded differently to varying concentrations of 
L. plantarum (Higa and Kinjo, 1991).

Results on mean percentage germination varied between corn 
and soybean at the two CFS concentrations and three different 
time frames studied. For instance, in soybean, following treatment 
with 100 mM NaCl +0.2% EL2006H, greatest significance was 
observed at 48 h, where percentage germination of soybean was 
not only significantly higher than that of the 100 mM NaCl 
control, but was also not significantly different from that of the 
unstressed 0 mM NaCl control. At 24 h, there was no observed 
difference among the effects of treatments for percentage 
germination. It is however possible that the CFS was already 
working on the physio-chemical properties of the seed to mitigate 
the effect of NaCl on the plant, hence the higher percentage 
germination observed at 48 h. The plant also naturally attempts to 
put in place a defence against stress, but can be slower, which 
could explain why at 72 h, there was no significant difference in 
the percentage germination of all the treatments on soybean. 
Therefore, it seems likely that at 48 h, CFS mitigated delays in 
germination due to 100 mM stress, resulting in percentage 
germination levels higher than the stressed control and not 
significantly different from the unstressed control, which is 
desirable because slow germination exposes seed to attack by 
pathogens in the soil, among other disadvantages. Similar results 
were obtained by Msimbira et al. (2022) who observed variation 
in the effect of EL2006H CFS on germination of corn and tomato 
across time. Naamala et al. (2022) also observed variation in effect 
of B. amyloliquefaciens CFS among 24, 48 and 72 h sampling times. 
In corn however, there was no significant effect of the EL2006H 
CFS on mean percentage germination at all time intervals. The 
mean percentage germination of corn was significantly lower than 
the unstressed control at both 48 and 72 h. This again takes us back 
to the effect of crop species on effectiveness of the CFS. The effect 
of PGPM CFS and other PGPM derived compounds on seed 
germination has been reported by other researchers (Tallapragada 
et al., 2015; Subramanian et al., 2016a,b; Shah et al., 2022). Devosia 
sp. CFS enhanced germination of canola and soybean under NaCl 
stressed and optimal conditions (Shah et al., 2022).

Increasing concentration from 0.2 to 1.0% of CFS yielded less 
desirable results in soybean as there was no significant difference 
between mean percentage germination of soybean treated with 
100 mM NaCl +0.2% EL2006H and 100 mM NaCl, at all 
measurement times, although the percentage germination of the 
latter was not significantly different from that observed in the 
0 mM control at 48 h. Results seem to suggest that when it comes 
to mean percentage germination, lesser quantities of the CFS are 
required to mitigate the effect of NaCl stress on germination of 
soybean. In corn, CFS had no significant effect on mean 
percentage germination, with the unstressed control still 
significantly higher at both 48 and 72 h. Shah et al. also observed 
variations in the germination of canola and soybean treated with 
a range of concentrations of Devosia sp. CFS (Shah et al., 2022).

In the potato experiment, results exhibited effects of stress 
level on effectiveness of EL2006H CFS. The supernatant enhanced 
some growth variables but not all. Specifically, CFS enhanced fresh 
weight, photosynthetic rate and leaf greenness but not leaf area 
and plant height. Among the variables enhanced, levels varied 
across NaCl levels. Better results of the CFS were observed in 
potato treated with 100 mM NaCl than 150 mM NaCl. This implies 
that increasing NaCl level by 50 mM reduced effectiveness of the 
CFS. This is not surprising as its possible that the potential 
bioactive substance was less effective at 150 mM NaCl so that it/
they could not function as efficiently as they would at lower 
concentrations, or, at 150 mM NaCl, potato plant cell components 
could have been damaged (Ilangumaran et al., 2021) to a point 
where even the CFS could not fully mitigate these effects on 
growth. The effect of NaCl level on the effectiveness of CFS was 
also observed by Naamala et al., (2022) on percentage germination 
and radicle length of soybean and corn treated with different 
concentrations of NaCl. The CFS enhanced radicle length in 
soybean not stressed with NaCl but not in soybean exposed to 
NaCl while the reverse was true for corn (Naamala et al., 2022). 
Subramanian et al. (2016a) also observed that LCO enhanced 
germination of soybean exposed to 100 mM NaCl but not higher 
NaCl concentrations of 150 mM NaCl and 175 mM NaCl. Shah 
et al. observed significant increases in germination of canola and 
soybean treated with Devosia sp. CFS (Shah et al., 2022).

The ability of PGPM, LAB included, to enhance plant growth 
can be affected by plant growth stage and growth variables, in 
which case a microbial strain or its CFS can enhance plant growth 
at a certain plant growth stage and not at another or enhance 
growth of one variable but not the other. For instance, under field 
conditions, Shrestha et al. (2014) observed an increase in growth 
of pepper plants treated with each of the three LAB they were 
studying, 1 week after transplanting. However, after that stage, 
only one strain of the three was able to enhance plant height. This, 
in a way, points out the complexity of depending on the plant-
microbe interactions for plant growth stimulation.

Published research on L. helveticus as a plant growth 
biostimulant remains minimal. However, other members of the 
genus have been reported to enhance plant growth. For example, 
L. plantarum exhibited antimicrobial activity against Fusarium 
spp. in agar plate assays and a consortium consisting of the same 
and B. amyloliquefaciens reduced severity of Fusarium spp. in 
wheat (Baffoni et  al., 2015). L. plantarum ONU 12 expressed 
antimicrobial properties in carrot, kalanchoe and grapes exposed 
to Agrobacterium tumefaciens, protection ranging from 72.7 to 
100% of wounded kalanchoe tissues, depending on mode of 
application (Limanska N. et al., 2015). LAB species KLF01, KLC02 
and KPD03 had antagonistic effects against Xanthomonas 
campestris pv. vesicatoria (Shrestha et al., 2014) while strains LB-1, 
LB-2 and LB-3 increased total fresh weight of tomato plants by 
348, 260, and 390%, respectively (Hamed et al., 2011). LAB species 
identified as KLF01, KLC02 and KPD03 were reported to enhance 
chlorophyll content in pepper (Shrestha et al., 2014). The same 
strains, except KLC02, were reported to enhance shoot length in 
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pepper (Shrestha et al., 2014). Recently, research on PGPM has 
extended to their CFSs, attempting to elucidate whether it can 
enhance plant growth in the absence of the microbial cell. The 
ability of L. helveticus CFS at varying pH levels to enhance plant 
growth was recently reported (Msimbira et  al., 2022). The 
effectiveness and efficacy of PGPM or their CFS, including LAB is 
dependent on several soil, plant and microbe factors, such soil 
conditions and plant species. A PGPM can enhance growth of one 
crop species but not another or enhance growth under certain soil 
conditions, such as under stressed conditions but not under 
optimal conditions.

At this stage we do not know whether the effect of CFS on the 
different variables is from a single bioactive compound or more 
than one; both scenarios are possible. As mentioned earlier, 
knowledge on the mechanisms employed by members of the 
genus Lactobacillus and or their CFSs to enhance plant growth 
remain poorly understood.

5. Conclusion

Based on the results of this study, it seems likely that 
L. helveticus EL2006H exudes into its growth media substances 
which enhance radicle length in corn, mean percentage 
germination in soybean and photosynthetic rate, greenness and 
mean fresh weight in potato. However, the effect varies depending 
on crop species, concentration of CFS and level of NaCl stress. 
L. helveticus CFS concentration of 0.2 and 1.0% were more 
effective at enhancing radicle length in corn and percentage 
germination in soybean, respectively. One hundred and fifty mM 
NaCl lowered the effectiveness of the 0.2% concentration in 
enhancing leaf greenness, mean photosynthetic rate and mean 
fresh weight of potato. Findings of this study can be used as a basis 
to further study of Lactobacillus CFSs and possibly identify the 
bioactive substances therein. Findings of this study are promising 
in the field of microbial inoculants where new ways of improving 
efficacy and effectiveness of the technology, especially under field 
conditions, are constantly sought. However, further studies need 
to be  done, especially under field conditions, with trials on 
different crop species and varying soil conditions.
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Different vegetal protein
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alleviate salinity stress in
vegetable crops: A case
study on tomato and lettuce
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Plants have evolved diverse plant-species specific tolerance mechanisms to cope

with salt stress. However, these adaptive strategies often inefficiently mitigate the

stress related to increasing salinity. In this respect, plant-based biostimulants have

gained increasing popularity since they can alleviate deleterious effects of salinity.

Hence, this study aimed to evaluate the sensitivity of tomato and lettuce plants

grown under high salinity and the possible protective effects of four biostimulants

based on vegetal protein hydrolysates. Plants were set in a 2 × 5 factorial

experimental design completely randomized with two salt conditions, no salt

(0 mM) and high salt (120 mM for tomato or 80 mM for lettuce), and five

biostimulant treatments (C: Malvaceae-derived, P: Poaceae-derived, D: Legume-

derived commercial ‘Trainer®’, H: Legume-derived commercial ‘Vegamin®’, and

Control: distilled water). Our results showed that both salinity and biostimulant

treatments affected the biomass accumulation in the two plant species, albeit to

different extents. The salinity stress induced a higher activity of antioxidant

enzymes (e.g., catalase, ascorbate peroxidase, guaiacol peroxidase and

superoxide dismutase) and the overaccumulation of osmolyte proline in both

lettuce and tomato plants. Interestingly, salt-stressed lettuce plants showed a

higher accumulation of proline as compared to tomato plants. On the other hand,

the treatment with biostimulants in salt-stressed plants caused a differential

induction of enzymatic activity depending on the plant and the biostimulant

considered. Overall, our results suggest that tomato plants were constitutively

more tolerant to salinity than lettuce plants. As a consequence, the effectiveness of

biostimulants in alleviating high salt concentrations was more evident in lettuce.

Among the four biostimulants tested, P and D showed to be themost promising for

the amelioration of salt stress in both the plant species, thereby suggesting their

possible application in the agricultural practice.
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Introduction

It is well known that plants, being sessile organisms, must exhibit

a certain adaptive plasticity to survive when unfavorable or stressful

factors are present in their growing environment (Zhu, 2016).

Therefore, to efficiently express the adaptive responses to specific

abiotic stresses, the quick reaction to environmental changes appears

to be crucial (Nguyen et al., 2016). Among these stresses, salinity is

certainly one of the most devastating, causing severe damage to plant

growth and productivity and threatening food security. Around 20%

of the world’s cultivable lands (about 300 Mha) are impaired by high

salinity, with an estimated annual global loss of 12 billion USD

(Behera et al., 2022).

Vegetable crops are particularly susceptible to salinity stress

compared to other agricultural crops (Machado and Serralheiro,

2017). In fact, the majority of vegetable crops have a low salinity

threshold (ECt) that ranges from 1.0 to 2.5 dS m−1 in saturated soil.

However, it should be noted that the severity of salinity effects is

variable among different plant species (Abiala et al., 2018). For

instance, onion and carrot are considered salt-sensitive vegetable

crops (ECt < 1.2), potato, tomato and lettuce are moderately

sensitive (1.7 < ECt < 2.5), while asparagus has been classified as

the most salt-tolerant vegetable crop (ECt > 4.0) (Machado and

Serralheiro, 2017). As concerns the plant effects, salinity can

negatively alter morpho-physiological and biochemical functions at

extents that are plant species-specific, thus resulting in nutritional and

ion imbalance, oxidative and osmotic stress, damage to the cell

membranes, proteins and photosynthetic machinery, and a decrease

in plant growth and yield (Hasanuzzaman and Fujita, 2022).

To face salt stress and its effects, plants have developed different

adaptive mechanisms, including the production of enzymes (e.g.,

ascorbate peroxidase - APX, catalase - CAT, superoxide dismutase -

SOD, monodehydroascorbate reductase - MDHAR) and molecules

(e.g., ascorbic acid, phenolic compounds, alkaloids, a-tocopherols)
with antioxidant activity, and compatible osmolytes (e.g., proline,

glycine, betaine) (Ismail et al., 2014; Zaid and Wani, 2019; Behera

et al., 2022). In addition, the modulation of the levels of endogenous

phytohormones (e.g., auxins, abscisic acid, salicylic acid, jasmonic

acid, brassinosteroids) and the downstream changes in roots, leaves

and cellular structures are also important response mechanisms

(Fariduddin et al., 2019; Sadiq et al., 2020; Zaid et al., 2021; Behera

et al., 2022). However, these adaptive strategies might not be enough

to efficiently overcome the limitations imposed by salt stress.

Therefore, the acquisition of new knowledge appears crucial for the

development of agronomic approaches/practices that can strengthen

the adaptive response of plants to salt stress. In this respect and in a

framework of increasingly sustainable agriculture, different

approaches based on the use of natural products have been developed.

Among these products, the class of plant biostimulants (PBs)

encompasses a wide variety of effectors, including organic or

inorganic substances and/or microorganisms, and they have

recently emerged as potential and eco-friendly tools to improve

plant growth, productivity and alleviate the negative effects of

abiotic stresses (Bulgari et al., 2019). Vegetal-derived protein

hydrolysates (PHs) are a particular category of PBs, formed by a

mixture of soluble peptides and free amino acids with potential
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bioactive effects aimed at enhancing plant growth and nutrition as

well as at improving tolerance to salt stress following leaves or roots

application (Colla et al., 2017). The mechanisms underlying the

protective action of PHs in the salinity stress mitigation may

include: i) regulation of key enzymes involved in the TCA-cycle

and N-assimilation pathway (Colla et al., 2017); ii) increased

photosynthetic metabolism by the elicitation of hormone-like

activities (Di Mola et al., 2021); iii) modulation of the

phenylpropanoids metabolism (Bavaresco et al., 2020); iv) changes

in the gene expression of certain stress-inducible proteins (Vaseva

et al., 2022).

Considering the potential role of PHs in mitigating the harmful

effects of abiotic stresses, their use in vegetable species, which are

more prone to salinity stress, represents a feasible strategy to

encounter the negative impact of high salt concentrations. Among

vegetable crops, tomato constitutes one of the most important fruiting

vegetable crop in the world (Behera et al., 2022), whereas lettuce is one

of the most consumed leafy vegetables (Shin et al., 2020). However,

for both the negative effect of salt stress on the growth, biomass

accumulation and yield are well described (Rouphael et al., 2017;

Alam et al., 2021).

Based on the premises previously reported, and also considering

the increasing global concerns about salinity as well as the economic

and nutritional importance of vegetable crops, this work aims at

investigating i) the different sensitivity of tomato and lettuce plants to

salinity stress, ii) the constitutive biochemical mechanisms (i.e.,

activation of antioxidant enzymes, osmolyte accumulation)

underpinning the different plant response to salinity in the short-

term and iii) the effects of four PHs, obtained from different vegetal

sources, in eliciting protective mechanisms (i.e., osmolyte

accumulation, antioxidant defense system, modulation of key genes

and ion homeostasis) in tomato and lettuce grown under optimal and

salt-stress conditions. Considering that PHs have been described as

plant species-specific and origin-specific (Parađiković et al., 2019), we

hypothesize that the effects observed on one particular PH-plant

species combination could not be directly generalized to other PHs or

other vegetable crops. For these reasons, we adopted a fully

randomized experimental design based on two plant species, two

salinity levels and five different treatments (four biostimulants and a

negative control), focusing our investigations on biochemical and

molecular parameters in a short-term experiment.
Materials and methods

Vegetal-derived biostimulants

Four protein hydrolysates (PHs) plus a control (consisting only of

distilled water) were used in this experiment. Two of the

biostimulants were commercial products resulting from enzymatic

hydrolysis of legume-derived proteins: Trainer® (D) and Vegamin®

(H) commercialized by Hello Nature USA Inc. (Anderson, IN 46016,

US). The other two were provided by the Department of Agriculture

and Forest Sciences (University of Tuscia, Italy) which were obtained

by enzymatic hydrolysis of Malvaceae (C) and Poaceae (P) biomass,

as previously described (Ceccarelli et al., 2021; Sorrentino et al., 2021).
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The biostimulants were prepared at a concentration of 3 mL L−1

of water solution and then evaluated through foliar application.

Plants were exposed to the biostimulants once a week until the

harvest (Figure 1A).
Plant growth conditions
and experimental design

Tomato (Solanum. lycopersicum L. cv MicroTom) and lettuce

(Lactuca. sativa L. cv Aquino) plants were grown in 200 mL pots filled

with 150 g of a substrate obtained by mixing sand and sieved peat

(Substrate 2, Klasmann-Deilmann GmbH, Germany) in a proportion

of 1:1 (w/w) ratio. Two hours before sowing, pots were irrigated with

40 mL of distilled water and afterwards two seeds were sown at a

depth of 1 cm into each pot and placed into a climatic chamber

(conditions: 14/10-h light/dark period, 24/19 °C, 250 mmol m−2 s−1

light intensity, and 70% relative humidity). After germination,

seedlings were thinned to one plant per pot and irrigated twice a

week with 40 mL of a modified Hoagland’s solution (NS) composed as

follows: 0.36 g L-1 Ca (NO3)2, 0.1 g L-1 KH2PO4, 0.80 g L-1 KNO3,

0.04 g L-1 NH4NO3, 0.13 g L-1 MgSO4, and 0.01 mg L-1 of Mikron

fertilizer (Cifo Srl, Italy) (Figure 1A). At ten days after germination

(DAG), when seedlings have reached the 2-true-leaf stage, salinity

condition was imposed by irrigating plants with NS supplemented

with NaCl at the final concentration of 120 mM for tomato plants or

80 mM for lettuce plants, as described by Sorrentino et al. (2022).

Plants were subjected twice a week to salt application, resulting in a

total of five applications throughout the whole experimental period

(Figure 1A). Starting from 12 DAG, biostimulants were applied
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through foliar spraying once a week as described by (Zuluaga et al.,

2022). A total of three foliar applications of PHs were done

throughout the experiment (Figure 1A). Summarizing, plants were

set in a 2 × 5 factorial experimental design completely randomized

with two salt conditions: no salt (0 mM) and high salt (120 mM for

tomato or 80 mM for lettuce); and four biostimulant treatments with

the PHs (C, D, H and P) plus a Control treatment with distilled water

(Figure 1B). Three biological replicates with two plants per replicate

were performed for each treatment. At 28 DAG, plants were

harvested: one plant of each biological was dried to a constant

weight at 65°C following the determination of root dry weight

(RDW) and shoot dry weight (SDW), while leaves from the

remaining plant were immediately frozen in liquid nitrogen, then

stored at -80°C until use.
Sodium and potassium content

Leaf tissues dried at 65°C were ground to a fine powder using

Tissue Lyser II. Approximately 0.2–0.3 g of sample was weighed and

acid digested with 69% ultrapure HNO3 (Carlo Erba, Milano, Italy)

in a single reaction chamber microwave digestion system

(UltraWAVE, Milestone, Shelton, CT, USA). The digested

samples were diluted to 2% HNO3 with ultrapure grade water

(18.2 MW·cm at 25°C), and then the concentration of Na and K

was determined using an inductively coupled plasma–mass

spectrometer (ICP-MS, iCAP™ RQ, Thermo Scientific). Element

quantification was carried out using certified multi-element

standards (CPI International, https://cpiinternational.com). NIST

standard reference materials 1573a (tomato leaves) and 1570a
B

A

FIGURE 1

(A) Timeline of plant cultivation and treatments. Tomato and lettuce seeds were germinated for 5 days. After germination, seedlings were irrigated twice
a week with 40 mL of NS. At 10 DAG, salinity condition was imposed by irrigating plants with NS supplemented with NaCl (120 mM for tomato and 80
mM for lettuce plants). Salt treatment was repeated twice a week. Starting from 12 DAG, biostimulants were foliarly applied once a week. Sampling was
carried out at 28 DAG. (B) The experimental design of the present study. Plants were set in a 2 × 5 factorial experimental design completely randomized
with two salt conditions: no salt (0 mM) and high salt (120 mM for tomato or 80 mM for lettuce); and four biostimulant treatments with the PHs (C, D, H
and P) plus a Control (Ctrl) treatment with distilled water.
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(spinach leaves) were used as external certified references, which

were digested and analyzed the same way as the samples.
Proline content

Free proline content was determined via reaction with ninhydrin

according to the method described by Bates et al. (1973). Briefly, 0.5 g

of leaf samples frozen in liquid nitrogen were homogenized in 10 mL

of 3% sulfosalicylic acid and centrifuged at 3000 x g at 4°C for 10 min.

Two milliliters of supernatant were reacted with 2 mL of freshly

prepared acid-ninhydrin reagent for 1 h at 90°C. The reaction was

then stopped by an ice bath. The chromophore was extracted using 4

mL of toluene and the absorbance at 520 nm was recorded. The

proline concentration was estimated through a calibration curve and

data were expressed as µg proline per g fresh weight (µg g-1 FW).
Antioxidant enzyme activity

The enzymatic extract was prepared by grinding 0.5 g of frozen

leaves in 5 mL of extraction buffer (100 mM potassium phosphate

buffer, pH 7.5, containing 0.5 mM EDTA). The homogenate was

centrifuged at 10,000 x g and 4°C for 10 min. The enzymatic extract

was collected and subsequently used to determine APX, GPX, CAT,

SOD and the total protein content determined by the Lowry method

(Lowry et al., 1951) with bovine serum albumin as a standard curve.

Ascorbate peroxidase (EC 1.11.1.11) was assessed by following the

consumption of ascorbate at 290 nm (Nakano and Asada, 1981). The

APX activity was estimated based on the molar extinction coefficient

of 2.8 mM-1 cm-1 and expressed in µmol ascorbate mg-1 protein min-

1. Guaiacol peroxidase (GPX, EC 1.11.1.7) activity was estimated by

measuring the formation of tetraguaiacol at 470 nm (Castillo et al.,

1984). The activity of the enzyme was calculated using the molar

extinction coefficient of 26.6 mM-1 cm-1 and expressed in µmol

tetraguaicol mg-1 protein min-1. Catalase (CAT, EC 1.11.1.6)

activity was determined by following the consumption of H2O2 at

240 nm (Aebi, 1984). The enzyme activity was calculated based on the

molar extinction coefficient of 39.4 mM-1 cm-1 and expressed in µmol

H2O2 mg-1 protein min-1. Superoxide dismutase (SOD, EC 1.15.1.1)

activity was measured at 560 nm using the photochemical reduction

of nitroblue tetrazolium, NBT (Dhindsa et al., 1981). SOD activity was

expressed on protein basis as units mg-1 protein. All the

determinations have been performed on three independent

biological replicates, whereby each biological replicate was formed

by a pool of two plants.
Gene expression analysis

Leaf tissues frozen in liquid nitrogen were ground to a fine

powder. Total RNA was extracted from 100 mg of ground leaves

using the Spectrum Plant Total RNA Kit (Sigma- Aldrich, St. Louis,

MO, USA) according to the manufacturer’s instructions. The total

RNA (1 mg) was treated with 10U of DNAse RQ1 to degrade possible

DNA contamination, and cDNA was synthesized using the ImProm-
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II Reverse Transcription System (Promega, Madison, WI, USA)

following the manufacturer’s instructions. Gene-specific primers

were designed for the target gene, as well as for the housekeeping

gene, the elongation factor 1a (Supplementary Table 1). Quantitative

real-time reverse transcription PCR (qRT-PCR) was carried out in

triplicate with the following conditions: 5 min at 95°C, followed by 40

cycles at 95°C for 30 s and 55°C for 30 s. The housekeeping transcript

was used to calculate the mean normalized expression value (MNE;

(Simon, 2003)) for each sample and the relative expression ratio

values were calculated by the 2−DDCt method according to Livak and

Schmittgen (2001).
Statistical analysis

All the experimental data for both plant species (S. lycopersicum

and L. sativa) were statistically subjected to two-way ANOVA using R

software (version 4.0.3). The mean values were separated according to

Tukey’s HSD test with p < 0.05, and salinity levels effects were

compared using the t-test. The following R packages were used

for data visualization and statistical analyses: ggplot2, agricolae

and ggpbur.
Results

Plant biomass

The biomass accumulation of both plant species was strongly

influenced by salt stress. The results showed that dry matter

accumulation in lettuce was more affected by salinity than in

tomato plants. Moreover, the root system underwent a more

pronounced decrease than the aerial parts, in both plant species.

For instance, the root dry weight (RDW) of tomato under saline

conditions, independently of the treatment applied, was significantly

decreased by 58-65%, whilst in lettuce, the drop ranged between 47-

72% compared to the no-salt condition (Table 1). On the other hand,

the shoot dry weight (SDW) of tomato was reduced by about 28-42%

under high salinity, whilst a decrement of 17-58% was observed in

lettuce plants (Table 1). However, the application of PHs induced

differential effects in each plant species, and they were dependent on

the nature of the biostimulant applied and the salinity conditions. In

the specific case of lettuce plants, all PHs applied stimulated the

biomass accumulation in roots and shoots under high salinity

compared to the saline control. Yet, biostimulant P induced the

most remarkable effects enhancing RDW and SDW by more than

130%. Nonetheless, under no salt conditions, only biostimulant P

induced the most significant effects in increasing lettuce biomass

when compared to the untreated control (Table 1). Regarding tomato

plants growing under salinity stress, only the application of PHs D

and P significantly enhanced RDW (by 22% and 32%, respectively).

At the same time, no significant effects were induced by the PHs on

the SDW. However, under no-salt conditions, PHs D and P were also

efficient in increasing RDW of tomato plants by about 20%. In

contrast, C, H and P enhanced the accumulation of SDW by more

than 15% compared to control plants (Table 1). In addition, as high
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salt concentrations inhibited root growth more than shoot growth,

the expected reduction of root-to-shoot ratio (R/S) was also observed

in both plant species (Table 1). Nevertheless, tomato plants treated

with biostimulant D presented a higher R/S ratio under both salinity

conditions, whilst biostimulant P was notably better for lettuce plants.
Ion homeostasis

To investigate whether PHs application could mitigate salt stress in

both plant species, we measured leaves’ Na+ and K+ content. The salt

stress significantly increased Na+ content (ranging from 46% to 129%)

and decreased K+ content (ranging from 16% to 26%) in tomato under

all treatments (Figures 2A, B). However, when PHs H and P were

applied to NaCl-stressed tomato plants, there was a significant decrease

in Na+ content (by 12% and 25%, respectively) when compared to high

salt control plants (Figure 2A), yet no remarkable differences were

observed for K+ concentration (Figure 2B).

On the other hand, in control lettuce plants, salt stress induced an

increase of 246% in the Na+ concentration compared to no salt plants;

when considering the application of PHs, the most remarkable effect

was produced by P, which reduced Na+ concentration by about 21%

compared to P-treated non-stressed plants (Figure 2D). Considering

the data obtained in lettuce plants subjected to high salt stress,

differential effects were triggered by the PHs application. In fact,

PHs P and D reduced Na+ concentration by about 69%, H by 56%

and C by 34% compared to salt-stressed control plants (Figure 2D).

In addition, under high salt conditions, K+ concentration decreased

by 15% in untreated-control plants and by 11% in P-treated

plants (Figure 2E), whilst the application of C increased K+

concentration by 28%, and no significant differences were observed

for D and H, when compared to the same treatments under no-salt

conditions (Figure 2E).

As a consequence of the changes in both elements induced by the

use of different PHs, the Na+/K+ ratio of salt-stressed tomato plants

significantly decreased in tomato plants treated with PHs H and P (by

12% and 23%, respectively) (Figure 2C), whereas for salt-stressed

lettuce plants all PHs decreased the Na+/K+ ratio by 73% (D), 65% (P

and H) and 45% (C), compared to NaCl-control plants (Figure 2F).
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Osmolytes and antioxidative enzyme
activities in leaves

The concentration of the osmolyte proline increased in the leaf

tissue of both plant species when exposed to salinity stress (Figure 3). In

salt-stressed tomato plants, proline concentration increased by about

100%, compared to non-stressed plants, independently of the PH

applied (Figure 3A). On the other hand, in lettuce plants, salt stress

induced an increase in the accumulation of proline by about 25-fold in

untreated plants. However, the highest proline concentration was

detected in salt-stressed lettuce treated with PHs D and P (increased

by 200-fold and 90-fold, respectively) (Figure 3B). Interestingly, under

non-saline conditions, the constitutive accumulation of proline in

tomato plants was notably higher than in lettuce plants (by 80-fold).

Moreover, the treatment of salt-stressed tomato plants with PHs did

not induce significant effects in the accumulation of proline, while

under no-salt conditions PHs C, D and H significantly increased this

osmolyte compared to the corresponding control plants (Figure 3A). In

salt-stressed lettuce plants, all PHs induced a significant increase of this

osmolyte (ranging from 19-44%) compared to NaCl-control plants,

whilst under normal conditions, only PHs C and H enhanced proline

content (Figure 3B).

High salinity also stimulated the activity of antioxidant enzymes

(CAT, APX, GPX and SOD) in leaves of both plant species, but APX and

GPX were more enhanced in tomato, whereas CAT and APX were the

most induced in lettuce (Table 2). In addition, the use of biostimulants

promoted differential responses that were dependent on the plant

species and the nature of the PHs applied. For instance, in lettuce

plants grown under salinity stress, the use of PHs P and H significantly

increased the activity of most of the antioxidant enzymes compared to

untreated-control plants (Table 2), whereas in stressed-tomato plants

each PH was efficient in enhancing the activity of a given enzyme.
PAL gene expression in leaves

Since phenylalanine ammonia lyase (PAL; EC 4.3.1.5) is a key

upstream enzyme in synthesizing the majority of polyphenolic

compounds involved in plant response to stresses (Hoffmann et al.,
TABLE 1 Root dry weight (RDW), shoot dry weight (SDW) and root to shoot (R/S) ratio of tomato and lettuce grown under salinity stress and protein
hydrolysates application.

Parameters Salt levels

Tomato Lettuce

Biostimulant treatment Biostimulant treatment

Control C D H P Control C D H P

RDW
No salt 0.099 Ab 0.110 Aab 0.119 Aa 0.106 Aab 0.120 Aa 0.047 Acd 0.040 Ad 0.055 Ab 0.051 Abc 0.073 Aa

High salt 0.037 Bc 0.038 Bbc 0.045 Bab 0.044 Babc 0.049 Ba 0.013 Bd 0.021 Bbc 0.024 Bb 0.019 Bc 0.033 Ba

SDW
No salt 0.400 Ac 0.465 Aa 0.403 Abc 0.492 Aa 0.458 Aab 0.377 Ab 0.370 Ab 0.401 Ab 0.408 Ab 0.522 Aa

High salt 0.287 B 0.289 B 0.266 B 0.286 B 0.291 B 0.159 Bd 0.307 Bb 0.292 Bb 0.237 Bc 0.365 Ba

R/S Ratio
No salt 0.248 Abc 0.236 Abc 0.295 Aa 0.216 Ac 0.263 Aab 0.124 Aab 0.109 Ab 0.138 Aa 0.133 Aa 0.139 Aa

High salt 0.128 Bb 0.130 Bab 0.170 Ba 0.153 Bab 0.168 Bab 0.072 Bb 0.069 Bb 0.083 Bab 0.082 Bab 0.092 Ba
fron
Differences between biostimulant treatments were determined using Tukey’s HSD test, and significant differences (p < 0.05) are indicated by different lowercase letters when comparing means in rows.
Salt level effects were compared using Student’s t-test, and significant differences (p < 0.05) are indicated by different capital letters when comparing means in columns. No significant differences are
indicated by omitting notation letters.
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2021), its transcriptional modulation was studied in order to shed

light on its role in plant tolerance to high salinity conditions. The

application of PHs influenced the PAL gene expression in both plant

species subjected to either optimal or high salt conditions (Figure 4).
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In tomato plants grown under high NaCl, PHs C and D induced a

slightly higher expression of the PAL6 gene (1.3-fold) compared to

control plants, albeit not significantly. However, under non-saline

conditions, the biostimulant P was the only one to induce a higher
B

C
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A

FIGURE 2

The concentration of Na+, K+ and Na+/K+ ratio in leaves of tomato (A–C) and lettuce (D–F) grown under salinity stress and protein hydrolysates
application. Values are means ± SE. Lowercase letters compare treatments under no salt, and capital letters compare treatments under high salt. Equal
letters correspond to average values that do not differ according to Tukey’s HSD test (p < 0.05). Asterisks indicate significant differences between high
and no salt, according to Student’s t-test (*p < 0.05, **p < 0.01, ***p < 0.001).
BA

FIGURE 3

Effect of salinity and protein hydrolysates in the proline accumulation of tomato (A) and lettuce (B) plants. Values are means ± SE. Lowercase letters compare
treatments under no salt, and capital letters compare treatments under high salt. Equal letters correspond to average values that do not differ according to
Tukey’s HSD test (p < 0.05). Asterisks indicate significant differences between high and no salt, according to Student’s t-test (**p < 0.01, ***p < 0.001).
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gene expression (1.4-fold) (Figure 4A). On the other hand, the

application of P induced significant over-expression of PAL2 in

salt-stressed lettuce plants (1.7-fold), yet C and H also enhanced its

expression (by ~1.4-fold), even though not significant when

compared to the saline control. Under no salt conditions, all PHs

downregulated the PAL2 expression in lettuce leaves compared to the

untreated control (Figure 4B).
PCA of plant responses to PHs application
and salt stress

In order to better understand the influence of the single

parameters recorded on the overall performance of plants subjected

to the different treatments, a principal component analysis (PCA)

considering both the agronomical and biochemical data was

performed for each plant species. PCA confirmed that salt stress

was the prevalent factor influencing the behavior of tomato and

lettuce plants (Supplementary Figure S1). In this sense, to better
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understand the possible positive effects of PHs application, separated

PCA have been carried out for the two plant species, keeping high salt

and no salt conditions separated (Figure 5).

In tomato plants subjected to high salinity, the scatterplot

obtained by combining the two principal components (PC1 and

PC2) accounted for about 61% of the total variance and clearly

showed the separation of the plants treated with PHs P and D

along the PC1, with respect to a cluster formed by all the other

samples (Figure 5A). For biostimulant P, the main drivers of the

separation were the growth parameters and the CAT activity. At the

same time, proline, GPX, Na+/K+ ratio (PC1) and K (PC2) were

important to discriminate biostimulant D. Considering tomato grown

under no-salt conditions (Figure 5B), the two principal components

explained together about 70% of the total variance, showing that PHs

D and P presented a similar effect on tomato plants mainly

discriminated by the antioxidant enzymes, RDW, R/S ratio and K+

content along PC1 axis. On the other hand, C and H biostimulants

clustered very close to control samples, suggesting a milder effect on

plants compared to the other PHs (Figure 5B).
BA

FIGURE 4

Gene expression analysis of PAL6 in leaves of tomato (A) and PAL2 in leaves of lettuce (B) grown under salinity stress and protein hydrolysates
application. The expression levels of PAL6 and PAL2 genes were normalized to the expression levels of the elongation factor isoform 1-alpha (EF-1a) and
the adenosine phosphoribosyl transferase (APT1), respectively. The relative expression ratios were calculated using the control treatment in each salinity
condition as a calibrator sample. Values are means ± SE; n = 3. Lowercase letters compare treatments under no salt, and capital letters compare
treatments under high salt. Equal letters correspond to average values that do not differ according to Tukey’s HSD test (p < 0.05).
TABLE 2 Effects of salinity stress and protein hydrolysates application on antioxidant enzyme system in tomato and lettuce plants.

Antioxidant
enzymes

Salt
levels

Tomato Lettuce

Biostimulant treatment Biostimulant treatment

Control C D H P Control C D H P

CAT
Low salt 5.52 Bb 5.92 Bb 8.86 Ba 6.72 Bb 8.73 Ba 4.28 Be 5.57 Bd 8.49 Bb 14.45 Ba 7.57 Bc

High salt 18.35 Abc 22.17 Aa 19.77 Aab 16.53 Ac 22.05 Aa 28.52 Ab 31.48 Aab 32.30 Aa 32.69 Aa 32.13 Aa

APX
Low salt 194.67 Bb 216.95 Bab 259.11 Ba 195.55 Bb 252.89 Ba 177.33 B 176.19 B 179.51 B 198.28 B 197.06 B

High salt 719.09 A 761.05 A 790.78 A 712.90 A 720.04 A 427.01 Ab 338.28 Ad 415.85 Abc 382.55 Ac 523.44 Aa

GPX
Low salt 171.16 Bb 191.76 Bab 211.38 Ba 140.08 Bc 167.69 Bbc 3.74 Bc 3.30 Bcd 2.85 Ba 6.46 Bd 5.26 Bb

High salt 546.16 Ab 667.07 Aa 699.91 Aa 629.89 Aa 490.64 Ab 13.57 Ad 17.09 Ac 13.16 Ad 30.78 Aa 20.43 Ab

SOD
Low salt 1.31 Bb 1.36 Bb 1.63 Ba 1.05 Bc 1.70 Ba 0.71 Bb 0.64 Bb 0.66 Bb 1.10 Ba 1.13 Ba

High salt 4.87 Aabc 4.83 Abc 5.20 Aab 5.47 Aa 4.55 Ac 2.60 Ab 2.11 Ac 3.27 Aa 3.43 Aa 3.16 Aa
fron
Differences between biostimulant treatments were determined using Tukey’s HSD test, and significant differences (p < 0.05) are indicated by different lowercase letters when comparing means in rows.
Salt level effects were compared using Student’s t-test and significant differences (p < 0.05) are indicated by different capital letters when comparing means in columns. No significant differences are
indicated by omitting notation letter.
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In salt-stressed lettuce plants, the PCA produced a model in

which the first two principal components, PC1 and PC2, accounted

for about 53% and 21% of data variance, respectively (Figure 5C).

Under this salinity condition, untreated-control plants were clearly

separated along the PC1 from the PHs mainly due to Na+

concentration and Na+/K+ ratio, whereas biostimulant P presented

the most distinctive effect when compared to the other three PHs,

mainly driven by the growth parameters and proline, as well as the

antioxidant enzymes CAT and APX. Regarding the lettuce plants

grown under no-salt conditions (Figure 5D), 75% of the total variance

was explained by combining PC1 and PC2. The PHs P and H

presented similar effects on lettuce plants under no saline

conditions, strongly driven by the growth parameters and all

antioxidant enzymes along the PC1 axis.
Discussion

Results here presented show that salinity stress shrank biomass

accumulation of both vegetable species. However, this effect was

particularly pronounced in lettuce. From a general point of view, it

is well demonstrated that high salt concentrations within the plant

tissues compromise the development of roots and leaves in most

crops (Robin et al., 2016). Nevertheless, the severity of symptoms

induced by salinity stress depends upon many factors, including

species, genotype, phenological stage, salt concentration, and time

span of plant exposure to the stress (Giordano et al., 2021). It is

interesting to note that in this work the use of protein hydrolysates

(PHs) induced a differential response in the plant growth according to

the vegetable species, the salinity levels, and the origin of the PHs. In

this respect, it should be noted that the bioactive potential of PHs in
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relation to root growth and leaf biomass is often ascribed to the

stimulation of cell proliferation associated with the amino acids and

peptides composing the PHs, which work as signaling molecules

involved in the N metabolism (Caruso et al., 2019). All the four PHs

supplied in the present work efficiently enhanced the growth of both

root and shoot of salt-stressed lettuce plants, albeit the Poaceae-

derived PH (P) induced more remarkable effect. On the other hand,

none of the four tested PHs induced significant effects on leaves of

salt-stressed tomato, whilst only D (Trainer®) and P improved root

growth. Under abiotic stresses, PHs have been described to trigger

several physiological and metabolic mechanisms, including plant

hormone regulation, chlorophyll-related metabolism and stress-

related metabolism (Lucini et al., 2015; Rouphael et al., 2017;

Sorrentino et al., 2022). However, due to the variable composition

of PHs, many crop systems respond differently to the biostimulant

applied (Parađiković et al., 2019).
Previous studies have demonstrated that salt-tolerant species

differ from more sensitive ones in preventing the accumulation of

toxic salt levels in leaves (Munns, 2002). In the present work, both

crop species showed an elevated Na+ ion concentration in leaves,

which led to ionic imbalance and decreased the concentration of K+

ions. However, this effect was more marked in lettuce plants. Tomato

and lettuce, featuring an ECt of 2.5 and 2.0 dS m−1, respectively, are

considered moderately sensitive to salinity and show adaptive

mechanisms to this abiotic stressor (Machado and Serralheiro,

2017). Nonetheless, variation in salt sensitivity is found between

species and genotypes, mainly due to the ability to store Na+ ions

in leaves (Munns et al., 2016). Interestingly, all PHs reduced the

concentration of Na+ and Na+/K+ ratio in leaves of lettuce grown

under high salinity, whereas only the PHs H and P produced the same

effect in tomato. Indeed, maintaining the Na+/K+ ratio to minimal
B

C

D

A

FIGURE 5

Principal component analysis (PCA) of major traits measured for tomato (A, B) and lettuce (C, D) summarizing the responses to vegetal-derived protein
hydrolysates application (Control, C, D, H and P) under each salinity condition (no salt: 0 mM NaCl or high salt: 120 mM NaCl and 80 mM NaCl for
tomato and lettuce, respectively).
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values in leaves is an important indicator of salinity tolerance (Assaha

et al., 2017), clearly suggesting active and differential roles of PHs in

modulating ion homeostasis. In this sense, it has been previously

reported that applying a plant-based biostimulant to chili pepper

plant significantly alleviated the negative effects of salinity stress by

rebalancing ions content and modulating phytohormones

concentrations (Abou-Sreea et al., 2021).

Under salinity stress, plants can accumulate compatible solutes,

such as proline, which play protective roles as an osmoprotectant,

scavenging reactive oxygen species (ROS), stabilizing cellular

structures and enzymes, and providing cellular redox balance

(Meena et al., 2019). Although proline accumulation can be

considered a general response to salinity in many plant species, its

role in salinity tolerance can be ambiguous and strongly dependent on

plant species (Arteaga et al., 2020). In this work, proline content in

tomato plants grown under optimal conditions was constitutively

higher than lettuce plants. However, under salinity stress, lettuce

plants presented a higher accumulation, in terms of fold-change, of

this osmolyte over tomato. Depending on the species involved and the

severity and duration of the stress, proline content can be

accumulated at significantly levels compared to non-stress

conditions (Kavi Kishor and Sreenivasulu, 2014). In this context, it

has been reported that salt-tolerant species are more efficient in

maintaining cell osmolarity under saline conditions, whereas salt-

sensitive species need to synthesize higher levels of proline to balance

the intracellular osmotic potential (Chen et al., 2007; Kozminska et al.,

2018). Therefore, our results suggest that lettuce is more sensitive to

salt stress than tomato plants, albeit previous data consider them

equally sensitive to salinity (Machado and Serralheiro, 2017).

Furthermore, in salt-stressed tomato plants, the foliar application of

PHs did not enhance the levels of proline, whereas in salt-stressed

lettuce all PHs increased this osmolyte, indicating a correlation

between salt-sensitivity and the beneficial effect of PHs. More

precisely, the more salt-sensitive is a vegetable species, the higher is

the ability of PHs to counteract the adverse effects of salinity.

It is well documented that, to deal with the oxidative damage

induced by salinity stress, plants can activate the enzymatic

antioxidant defense system represented by enzymes such as catalase

(CAT), ascorbate peroxidase (APX), guaiacol peroxidase (GPX), and

superoxide dismutase (SOD). In fact, they are all crucial in regulating

and/or detoxifying harmful levels of reactive oxygen species (i.e.,

H2O2, O2
•‾, HO2

•, RO•, •OH) (Hasanuzzaman et al., 2020) as a

consequence of the stress. Results here presented show that the

activities of the four enzymes were increased under high salinity

and showed responses both plant species-specific and PH-related. It

has been reported that an enhanced antioxidant defense system

induced using biostimulants is directly involved in ROS scavenging

and oxidative stress reduction in plants under salinity

(Hasanuzzaman et al., 2021). Noteworthy, the specific use of PHs P

(Poaceae-derived) and H (Vegamin®) showed greater potential in

eliciting the antioxidant system in lettuce plants, whereas none of the

tested PHs could contemporarily upregulate the activities of all the

antioxidant enzymes in tomato plants. The fact that a specific PH

induces a plant species-specific response in terms of enhanced activity

of enzymatic antioxidants may be ascribable, at least in part, to the

peptide components in the PH, acting as signal molecules in

regulating physiological processes.
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Overexpression of specific PAL gene isoforms has been reported

to improve plant tolerance to several environmental stresses (Olsen

et al., 2008; Kim and Hwang, 2014; Zhang et al., 2018). In the present

work, when high salinity stress was imposed, some PHs up-regulated

the expression of PAL6 and PAL2 in tomato and lettuce plants,

respectively, but these responses were dependent on the vegetable

species and the nature of the biostimulant applied. These results agree

with other studies, which have also reported that using plant-based

biostimulants can enhance the transcription of a set of stress-related

genes, including PAL isoforms (Ertani et al., 2011; Ertani et al., 2013;

Trevisan et al., 2019). Increased PAL activity is generally correlated

with the increased production of phenylpropanoids and flavonoids

(Vogt, 2010), which are believed to play a key role in plant stress

protection by regulating the antioxidant system, photosynthetic

system, plasma membrane integrity, and gene expression levels

(Yaqoob et al., 2022).

The multivariate statistical analyses further demonstrated the

variability observed in the response of the individual vegetable

species to biostimulants application under a given salinity

condition. All four tested PHs prompted the amelioration of NaCl-

induced toxicity in lettuce plants. Yet, the Poaceae-derived

biostimulant (P) showed the most remarkable effect associated with

multiple mechanisms, including enhanced biomass accumulation,

improved antioxidant defense machinery, and balanced ionic

content. Under non-stress conditions, only P and H (Vegamin®)

presented promising effects in enhancing lettuce growth and health.

On the other hand, applying P and D (Trainer®) allowed tomato

plants to cope with the adverse effects of salinity through different

ways of action: while P stimulated plant growth, D activated the

antioxidant system and ion homeostasis. The same two PHs also

contributed to plant growth and the general fitness of tomato under

no-salt conditions. Indeed, the differential effectiveness of plant-

derived PHs can be ascribed to either synergistic or antagonistic

effects of several bioactive molecules that are inherently present in the

mixtures used (Bulgari et al., 2019). Therefore, the biostimulant

properties of protein hydrolysates under normal or saline

conditions seem to be strongly correlated to their origin and, thus,

their composition, as reported in previous comparative studies using

plant-derived biostimulants (Abdel Latef et al., 2017; Abou-Sreea

et al., 2021).

Yet, it is very important to further highlight the demonstrated

role of PHs in mitigating the harmful effects of abiotic stresses,

which are predicted to threaten the agricultural production in the

next years. Indeed, the regular application of these natural

substances obtained by the valorization of waste biomass could

represent on one side a virtuous example of circular economy and,

on the other hand, they might constitute an innovative and

sustainable agricultural approach.
Conclusions

The findings provided by this study demonstrate that foliar

application of vegetal-derived protein hydrolysates to two different

plant species grown under contrasting saline conditions effectively

attenuated salinity stress damage to different extents. Our results

demonstrated that, albeit being previously assessed as equally
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sensitive, lettuce plants showed less tolerance to salt stress with

respect to tomato plants. In addition, the effectiveness of PHs in

counteracting the toxic effects of salinity was more evident in lettuce

plants, i.e., the most sensitive of the two vegetables used in this study.

Nonetheless, we also demonstrated that both the botanical origin and

the composition of PHs play a major role in the biostimulants effects

on plant growth and stress amelioration. Yet, the Poaceae-derived (P)

and Trainer® (D) were revealed as the most promising PHs for the

amelioration of salt stress in both vegetable species. Overall, the

evidence gathered strongly suggests that, to completely exploit the

biostimulant potential of PHs in the context of specific abiotic

stresses, the correct combination of plant species and PHs needs to

be carefully considered. To this purpose, a deeper understanding of

the mechanisms underlying the PHs effects on crops represents a

fundamental step also for a more focused, efficient, and large-scale use

of these natural products in a context of a continuously more

sustainable and resilient agriculture.
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Is foliar spectrum predictive of 
belowground bacterial diversity? A 
case study in a peach orchard
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1 Institute of Plant Nutrition, Resources and Environment, Beijing Academy of Agriculture and Forestry 
Sciences, Beijing, China, 2 Institute of Grassland, Flowers and Ecology, Beijing Academy of Agriculture 
and Forestry Sciences, Beijing, China

Rhizosphere bacteria can have wide-ranging effects on their host plants, influencing 
plant biochemical and structural characteristics, and overall productivity. The 
implications of plant-microbe interactions provides an opportunity to interfere 
agriculture ecosystem with exogenous regulation of soil microbial community. 
Therefore, how to efficiently predict soil bacterial community at low cost is 
becoming a practical demand. Here, we  hypothesize that foliar spectral traits 
can predict the diversity of bacterial community in orchard ecosystem. We tested 
this hypothesis by studying the ecological linkages between foliar spectral traits 
and soil bacterial community in a peach orchard in Yanqing, Beijing in 2020. 
Foliar spectral indexes were strongly correlated with alpha bacterial diversity 
and abundant genera that can promote soil nutrient conversion and utilization, 
such as Blastococcus, Solirubrobacter, and Sphingomonas at fruit mature stage. 
Certain unidentified or relative abundance <1% genera were also associated with 
foliar spectral traits. We selected specific indicators (photochemical reflectance 
index, normalized difference vegetable index, greenness index, and optimized 
soil-adjusted vegetation index) of foliar spectral indexes, alpha and beta diversities 
of bacterial community, and quantified the relations between foliar spectral traits 
and belowground bacterial community via SEM. The results of this study indicated 
that foliar spectral traits could powerfully predict belowground bacterial diversity. 
Characterizing plant attributes with easy-accessed foliar spectral indexes 
provides a new thinking in untangling the complex plant-microbe relationship, 
which could better cope with the decreased functional attributes (physiological, 
ecological, and productive traits) in orchard ecosystem.

KEYWORDS

foliar spectral traits, plant productivity, fruit quality, bacterial diversity, soil conditioner

1. Introduction

1.1. The interaction between plant and soil microbial 
community

Plants, microorganisms, and soils interact with each other and unite biotic and abiotic 
factors into a living complexity via material cycling and energy flow in the terrestrial ecosystem 
(Wardle et al., 2004; Bardgett et al., 2006; Bardgett and Van der Putten, 2014). The interactions 
between plants and soil biota exert influences on ecosystem functioning and plant community 
(Fierer et al., 2009; Sul et al., 2013; Tedersoo et al., 2014; Kaiser et al., 2016), in undescribed and 
diverse ways that were poorly understood to date (Sul et al., 2013). This has induced great 
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enthusiasm of researchers into interactions between aboveground 
plant productivity and belowground ecological functioning (Bardgett 
and Van der Putten, 2014; Leff et al., 2018; Cavender-Bares et al., 
2022). Individual plant species can greatly impact soil microbial 
communities (Bardgett et al., 1999; Berg, 2009). Growing evidence 
showed discrepancies in soil bacterial and fungal communities that 
were linked to plant community composition at landscape (Grayston 
et al., 2001; de Vries et al., 2012) and global scales (Prober et al., 2015) 
in recent decades. Moreover, strong correlations between individual 
plant species and soil fungal (Lekberg and Waller, 2006), bacterial 
(Berg, 2009), and nematode (Bezemer et al., 2010) communities were 
observed in previous studies. However, it remains unclear that 
whether these correlations were driven by shared environmental 
preferences or by the direct influence from locally dominant plant 
species. Furthermore, plants affect soil microbial community in 
numerous ways, and it is not clear whether and what plant attributes 
could be used to predict soil microbial community (Leff et al., 2018; 
Cavender-Bares et al., 2022).

1.2. Plant traits characterize soil microbial 
community

The difficulty in understanding what controls co-distribution of 
plants and soil microbes is that plants exert influences on while 
subjecting to impacts from soil microbial community. The complex 
interactions pose an obstacle in understanding the co-distribution of 
plants and soil microbes. For instance, plants were reported associated 
with a nonrandom subset of soil microbes within distinct ecosystems 
(Gottel et al., 2011; Lundberg et al., 2012; Sul et al., 2013; Shi et al., 
2015), while soil microbes can be differentiated within co-occurring 
plant species (Ishida et al., 2007; Bonito et al., 2014; Burns et al., 2015) 
or even different individuals within the same species (Massenssini 
et al., 2015; Gehring et al., 2016; Wagner et al., 2016). It has been 
observed that soil biota was more responsive to key functional traits 
of plants than to plant diversity. Foliar traits, such as biochemical and 
structural characteristics (Violle et al., 2007), were indicative for plant 
strategies (Wright et  al., 2004), plant responses to environmental 
pressures (Garnier et al., 2007), and ecosystem processes and services 
(Díaz and Cabido, 2001; Lavorel and Garnier, 2002; Lavorel et al., 
2011). Therefore, ecosystem management and studies are increasingly 
using foliar traits (Kokaly et al., 2003; Douma et al., 2012). However, 
the conditional acquisition of essential foliar traits is costly, time-
consuming, and notoriously difficult to acquire, especially in remote 
areas (Schweiger et al., 2017).

1.3. Foliar spectral traits and their 
applications

The distinct spectral responses of vegetation are determined by 
biochemical and structural traits of plant tissues, and the three-
dimensional structure of the canopy, which could be predicted by 
imaging spectroscopy that captures the spectral response in narrow, 
spectrally contiguous bands (Schaepman, 2007; Sul et  al., 2013; 
Asner et al., 2017). Certain spectral bands were proved sensitive to 
biochemical and structural traits of plant tissues (Curran, 1989). 
For instance, foliar trait could influence its spectral properties: 

reflectance, transmittance, and absorbance of light (Ustin et al., 
2009; Sul et al., 2013; Schneider et al., 2017; Schweiger et al., 2018). 
Hence, by measuring foliar spectral properties using, for example, 
spectroscopy (many adjacent spectral bands with high spectral 
resolution), foliar traits may be approximated easily and low-cost 
(Sul et al., 2013). Foliar spectral properties determined by a field 
spectrometer or airborne remote sensing have been widely used for 
individual sunlit top of canopy leaves in forest ecosystem (Asner 
et al., 2011; Doughty et al., 2017), and aboveground biomass of 
prairie ecosystems (Cavender-Bares et al., 2021). Little is known 
about the spectral properties in orchard ecosystem (Liu, 2022), 
which harbor a diverse microbial community that can be affected 
by tillage, microbicide application, soil fumigation, and fertilization 
(Peck et al., 2011; Sul et al., 2013; Wang et al., 2017; Liang et al., 
2018). Monitoring plant (community) attributes has dramatically 
improved in recent decades with advances in fine-grain mapping of 
canopy structure and chemistry (Cavender-Bares et  al., 2022), 
which could benefit the investigation of plant-microbe relationship 
in the orchard ecosystem.

Considering the feedback process between orchard ecosystem 
productivity and belowground bacterial composition and diversity, 
we  hypothesized that plant productivity of orchard ecosystem 
would be detectable with field spectrometer and could be used to 
predict belowground bacterial diversity. To test this hypothesis, 
we adopted root-zone ecological restoration practices (RERP) with 
soil conditioner or organic fertilizer at the end of growing season to 
realize differentiated soil bacterial communities in a peach orchard 
in Beijing. Our previous results demonstrated that RERP increased 
bacterial diversity and altered bacterial taxonomy and metabolic 
functions via improved soil properties (balanced nutrients, 
decreased bulk density, and increased water holding capacity) at soil 
depth of 20–40 cm (Sun et al., 2022). In this study, soil bacterial 
diversity (0–20 cm and 20–40 cm), plant productivity, and the 
parallel foliar spectral profiles were obtained at fruit mature stage 
of the following growing season after treatment, with objectives as 
follows: (1) clarify which foliar spectral indexes could represent 
peach productivity; (2) test whether aboveground plant 
productivity, as detected from foliar spectral indexes, could predict 
soil bacterial processes and community composition; and (3) 
determine to what extent of belowground soil bacterial alpha and 
beta diversity processes could be inferred by foliar spectral indexes. 
Quantified linkage between foliar spectral indexes with soil 
bacterial diversity attributes could provide an easy access to 
belowground bacterial community for better coping with the 
decreased functional attributes (physiological, ecological, and 
productive traits) in degraded orchard ecosystem.

2. Materials and methods

The experimental peach orchard (20 ha) was established in 2008 
on meadow cinnamon soil in Yanqing District, Beijing (115.99E, 
40.53 N), with a warm, temperate, continental monsoon climate. The 
experimental location has an average annual temperature of 8.5°C and 
an average annual precipitation of 443 mm. Planted on a flat terrain, 
the test peach trees all received the same environmental conditions, 
such as sunlight and precipitation. An early-maturing cultivar named 
Chunxue has been planted since 2012  in the orchard, with a row 
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spacing of 4 m and a line spacing of 3 m. See pre-treatment soil 
properties of the orchard in 2020 in Supplementary Table S1.

2.1. Experimental treatments

A self-invented soil restoration practice-RERP (patent application 
No. 2021115124384) was employed in the experimental peach orchard 
(Sun et al., 2022). RERP can increase the productivity of the peach 
orchard (reflecting in fruit yield and quality) by improving soil 
physical, chemical, and microbial properties in the root zone. In order 
to implement RERP, a trench (12 m long, 0.8 m wide, and 0.6 m deep) 
that was 1.2 m apart from the west side of the trees were dug out in 
October 2020. The dug-out soil was placed in three piles and filled 
back to the trench according to soil depths (0–20 cm, 20–40 cm, and 
40–60 cm). There were three treatments that applied on a total of 45 
trees, with three replications for each treatment. Border rows were 
arranged around test trees. Treatment 1 (T1) was RERP with soil 
conditioner (3 t ha−1), organic fertilizer (15 t ha−1 DW), and mineral 
fertilizer (N:P2O5:K2O = 15:5:10, 900 kg ha−1) and evenly applied at soil 
depths of 20, 40, and 60 cm in the trench. Treatment 2 (T2) was RERP 
with organic fertilizer. Application materials and methods of T2 was 
the same as T1, only without the application of 3 t ha−1 soil conditioner. 
Conventional practice (CK) in the orchard was considered as control, 
receiving 650 kg ha−1 of urea (46%), 600 kg ha−1 of calcium 
superphosphate, and 310 kg ha−1 potassium sulfate each year (applied 
on May and November). Pest control and regular management were 
conducted as required, following the local practices for all treatments.

2.2. Foliar spectral traits and fruit attributes 
determination

Foliar spectral traits were measured at mature fruit stage (July 19, 
2021) on a sunny day during 10:00–11:00 am, with no irrigation or 
rainfall 1 week earlier. Normalized difference vegetable index (NDVI), 
greenness index (GI), optimized soil-adjusted vegetation index 
(OSAVI), photochemical reflectance index (PRI), normalized pigment 
chlorophyll index (NPCI), modified chlorophyll absorption ratio 
index (MCARI), and structure insensitive pigment index (SIPI) were 
measured on the 7th or 8th functional leaves on both south and north 
sides of each tree, using a potable plant reflectance spectrometer 
(PolyPen RP-410, Photon System Instruments, Drasov, CZ). Foliar 
spectral indexes were averaged over six reads from three trees (in one 
block) for each replication. Equations for calculation of these indexes 
are listed in Supplementary Table S2. Computed data of these indexes 
were downloaded from the reflectance spectrometer via SpectraPen 
software 1.1.0.14 (Photon System Instruments, Drasov, CZ).

For each treatment, a total of 18 mature fruits were taken on south 
and north sides of three trees for the determination of fruit attributes 
on 19 July 2021. Fruit attributes of each replication were determined 
and averaged over six fruits from three trees in one block. Fruit 
thinning was evenly performed on all test trees, with the same level of 
fruit numbers on each tree. Thereby, it is assumed that single fruit 
weight could represent yield. Fruit transverse diameter and vertical 
diameter were determined by a Vernier caliper. Total soluble solid 
content was determined using a refractometer (RHBO-90, Link Co. 
Ltd., Taiwan, China). Soluble sugar content was determined with 

anthrone-sulfuric colorimetric method (Dreywood, 1946). The 
contents of titratable acid, vitamin C, and nitrate were determined 
following national standards of GB 12293–90 (SBQTS 1990), GB 
5009.86–2016 (NHFPC 2016), and GB 5009.33–2016 (NHFPC and 
FDA 2016), respectively.

2.3. DNA extraction, PCR amplification, and 
high-throughput sequencing

Soil samples (separately in two depths, 0–20 cm and 20–40 cm) 
were taken at six spots in root zone that were 1.5 m away from west 
side of three trees (in one block) and mixed together as one replication 
of each treatment on July 19, 2021. The collected samples were then 
transported to the lab in a box with ice packs, sieved (2 mm) and sent 
to Majorbio Bio-Pharm Technology Co. Ltd. with dry ice. Total 
bacterial community genomic DNA was extracted from 0.5 g fresh soil 
samples of surface (0–20 cm) and subsurface soils (20–40 cm). A pair 
of primers 338F (5’-ACTCCTACGGGAGGCAGCAG-3′) and 806R 
(5’-GGACTACHVGGGTWTCTAAT-3′) was used for bacterial 16S 
rDNA gene amplification in the hypervariable V3-V4 region. The 
polymerase chain reaction (PCR) was conducted with an ABI 
GeneAmp® 9,700 PCR thermocycler (ABI, CA, United States), with 
amplification conditions and PCR reaction mixture that can be found 
in Sun et al. (2022). PCR products were quantified using Quantus™ 
Fluorometer (Promega, United  States) after purification. Purified 
amplicons were pooled in equimolar and paired-end sequenced on an 
Illumina MiSeq PE300 platform (Illumina, San Diego, United States) 
according to the standard protocols by Majorbio Bio-Pharm 
Technology Co. Ltd. (Shanghai, China). The obtained gene sequences 
from Illumina platform are deposited in the National Center for 
Biotechnology Information (NCBI) Sequence Read Archive with the 
accession number PRJNA835607.

The sequencing data were trimmed for barcodes and primers. 
Low-quality reads less than Q20 were removed (Magoč and Salzberg, 
2011). The 18 test samples had a total number of 958,788 effective 
sequences with an average length of 417 bp. High-quality sequences 
were clustered into operational taxonomic units (OTUs) with a 97% 
similarity using UPARSE (1version 7.1). RDP classifier (2version 2.2) 
was used for comparison of the representative sequence of each OUT 
to the database Silva (Release1153) with a confidence threshold of 0.7 
(Wang et al., 2007).

2.4. Data analysis

Analysis of variance (ANOVA) was conducted for foliar spectral 
traits (NDVI, GI, OSAVI, PRI, NPCI, MCARI, and SIPI), fruit 
attributes (single fruit weight, transverse diameter, vertical diameter, 
nitrate content, vitamin C, soluble sugar, titratable acid, and total 
soluble solid), and alpha diversity estimates (Sobs, Shannon, Simpson, 
ACE, and Chao1) as a function of three treatments at different soil 
depths using the PROC ANOVA procedure in the SAS statistical 

1  http://drive5.com/uparse/

2  http://rdp.cme.msu.edu/

3  http://www.arb-silva.de
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software package (SAS Institute Inc., Cary NC. United  States). 
Shannon and Simpson estimate bacterial community diversity while 
ACE and Chao1 estimate bacterial community richness. Alpha-
diversity metrics were assessed using Mothur (4version 1.31.2). Means 
were compared using the least significant difference test at the 5% 
probability level. The 30 most abundant genera at both soil depths of 
all treatments were compared via phyla stacked column diagram 
analysis in Origin 2021 (OriginLab Corporation, Northampton, MA, 
United States).

Bacterial genera in this study were firstly divided in identified or 
unidentified genera. The identified genera were then defined as 
abundant (>1%) or rare (<1%) genera. Beta-diversity of all treatments 
was calculated with the Bray–Curtis dissimilarity metric and 
visualized in a Principal Coordinates Analysis (PCoA) plot using R 
version 3.3.1 (Linux-GNU). Spearman correlation analysis was 
conducted between alpha diversity estimates (fruit attributes) and 
foliar spectral indexes and demonstrated in a heatmap via OriginLab. 
A redundancy analysis (RDA) was performed for relationships 
between foliar spectral indexes and fruit attributes in CANOCO 5.0. 
The manual forward-selection procedure was used to determine 
significance of soil characteristic variables (p < 0.05) using a Monte 
Carlo test with 499 permutations. Linear regression model was 
conducted to analyze the relations between foliar spectral indexes and 
alpha diversity estimates in OriginLab. Clustered heatmap analysis of 
the relations between foliar spectral indexes and the 30 most abundant 
genera were conducted using the pheatmap package in R (version 
3.3.1, Linux-GNU).

Independent structural equation models (SEMs) were constructed 
at both soil depths, based on known effects and relationships among 
the drivers of plant productivity. Since some of the variables 
introduced were not normally distributed, the probability of a path 
coefficient differs from zero was tested using bootstrap resampling. 
Thus, data are randomly sampled with replacement to arrive at 
estimates of standard errors that are empirically associated with the 
distribution of the data found in the samples (Grace et al., 2010). For 
the structural model, we used the acceptable fit by Hair et al. (2019): 
Collinearity Statistics (VIF ≥ 5, probable critical collinearity; 
5 > VIF ≥ 3, possible collinearity; VIF < 3, ideally show). The best fit 

4  http://www.mothur.org/

SEM was accomplished via T Statistics (T > 1.96), p values (p < 0.05), 
root mean square error of approximation (SRMR; SRMR <0.08), and 
Comparative fit index (d_ULS < 0.95 and d_G < 0.95) (Hair et  al., 
2019). All the SEM analyses were used SmartPLS (5 version 3.0).

3. Results and discussion

3.1. Linkage between foliar spectral traits 
and plant productivity characteristics

A previous study reported that spectral functional diversity of 
plant community explained 51% of the total variation of plant 
productivity (r2 = 0.51, p < 0.001, Schweiger et al., 2018). This linkage 
between foliar spectral traits, functional, and evolutionary divergence 
provides the rationale for using spectral profiles in estimating 
biodiversity (Maherali and Klironomos, 2007; Cadotte et al., 2008; 
Hector et al., 2010). However, it is still challenging to choose spectral 
functional diversity indexes to capture the productivity of plant 
community that is location and time specific (Schweiger et al., 2018). 
Ultimately, the effects of biodiversity on plant community are a result 
of individual variation (Bolnick et  al., 2011; Violle et  al., 2012). 
Considering foliar spectral traits can be acquired relatively rapid on a 
regular basis than traditional protocols, we proposed to employ foliar 
spectral traits as indicators for plant productivity in orchard ecosystem.

In this study, RERP had positive effects on foliar spectral traits, 
fruit yield and quality (p < 0.05), with T1 a more efficient approach 
than T2 (Supplementary Tables S3, S4). Spearman correlation analysis 
revealed that selected spectral indexes of NDVI, GI, OSAVI, and PRI 
were significantly correlated to yield (single fruit weight) and quality 
(nitrate titratable acid, Vc, soluble sugar, and total soluble solid 
contents) as shown in Figure 1. Previous studies reported similar 
results of foliar spectral traits in assessing plant attributes 
(productivity) in other semi-arid ecosystems. Vegetation indexes, such 
as NDVI, GI, and OSAVI, reflected information of leaf area index and 
chlorophyll content, and were often used in inversion of vegetation 
coverage and growth status (Li et al., 2009; Ferna et al., 2018; Yang 
et al., 2020). NDVI and OSAVI estimated green biomass and vegetative 
coverage in grass ecosystem (Ferna et al., 2018), while PRI estimates 
instant light use efficiency at leaf scale, which was used to track 
changes of photoprotective pigment pools and capture eco-hydrologic 
sensitivity of a mixed conifer forest (Yang et al., 2020). Daily PRI 
measurements could be  used to track changes of photoprotective 
pigment pools as plants respond to seasonal environment change. 
OSAVI introduced the factor of bare land in the calculation, which 
was in accordance with the increased bare land area from agricultural 
practices (such as weeding and pruning) for better growing conditions 
and higher yield in the orchard (Shu, 2003). Meanwhile, these 
agricultural practices affected fruit availability of photosynthetically 
active radiation, and consequently fruit sensorial and nutritional 
quality (Gullo et al., 2014).

RDA analysis further revealed a relationship between spectral 
traits and plant productivity (Figure 2). T1 was distinct from CK 
and T2, indicating a profound effect of RERP with soil conditioner 

5  http://www.smartpls.com

FIGURE 1

Spearman correlation analysis between foliar spectral indexes and 
fruit attributes. * indicates significant correlation (p < 0.05), while ** 
indicates extremely significant correlation (p < 0.01).
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(T1) on fruit yield and quality (Figure 3). The seven spectral indexes 
accounted for 94.3% in the first two constrained axes (axis 1 and 2 
explained 83.15 and 11.15% of the variance, respectively). OSAVI 
was the only index that greatly contributed to the total variance 
(78.8%, p = 0.002). Spectral reflectance profiles are continuous 
representations of the interaction between electromagnetic 
radiation and matter across a range of wavelengths. In visible 
spectrum (400-700 nm), light is predominantly absorbed by leaf 
pigments (Ustin et al., 2009; Sul et al., 2013). Schweiger et al. (2018) 
also proved that spectral diversity (400–900 nm) was as predictive 
of ecosystem function as functional, phylogenetic or taxonomic 
diversity. Foliar spectral indexes were therefore used to assess 
biochemical traits that are significant in understanding plant 
growth and physiological status (Díaz and Cabido, 2001; Lavorel 
and Garnier, 2002; Wright et al., 2004; Asner et al., 2011; Lavorel 
et al., 2011). The results above suggested that plant productivity 

embodied in fruit yield and quality in orchard ecosystem could 
reflect in foliar traits and be predicted by foliar spectral indexes.

3.2. Linkage between foliar spectral traits 
and soil bacterial alpha diversity

Individuals with distinct ecological phenotypes within a plant 
community may influence soil microbial community (Scheibe et al., 
2015; Gehring et al., 2016). In fact, plant ecological phenotype was not 
only displayed as distinct physical structures (plant organ, tissue, and 
cell), but also reflected in the quantizable phenotypic parameters 
related to plant physiology and biochemistry (Ustin et al., 2009; Ustin, 
2013; Scheres and Van Der Putten, 2017), such as foliar spectral traits 
(Schweiger et al., 2018). Although leaf and canopy optical data from 
imaging spectroscopy were incorporate into ecological studies (Asner 
et al., 2011; Doughty et al., 2017), foliar spectral traits were seldomly 
studied in association with belowground microbial diversity.

In the present study, RERP (T1 in particular) had positive effects 
on bacterial alpha diversity that were soil depth dependent 
(Supplementary Table S5). T1 significantly increased bacterial 
diversity (Shannon) and richness (ACE and Chao1) in both surface 
and subsurface soils, mainly due to increased nutrient availability (N, 
K, Ca, Mg, and Zn), soil organic matter content, water holding 
capacity, soil porosity, and decreased soil bulk density (Sun et al., 
2022). Stronger correlations between foliar spectral indexes and 
bacterial alpha diversity were observed in surface soil than in 
subsurface soil (Figure 3). Each foliar spectral index was significantly 
correlated to at least one bacterial diversity and richness estimates. 
NDVI, GI, and OSAVI were significantly correlated to all bacterial 
diversity and richness estimates in surface soil, but only to ACE and 
Shannon in subsurface soil. OSAVI had the highest correlation 
coefficients with alpha diversity estimate, such as Sobs, ACE, and 
Chao1 in surface soil and ACE and Shannon in subsurface soil. PRI 
and NPCI, relevant to leaf photosynthesis were correlated to both 
diversity and richness estimates at both soil depths. Although MCARI 
and SIPI were pertinent to foliar pigments, MCARI was only 
significantly correlated to alpha diversity in surface soil, while SIPI 
was better indicative of Sobs and Chao1 in subsurface soil.

Correlation analysis revealed that bacterial alpha diversity 
estimates were correlated with foliar spectral indexes to different 
extents. It is not clear whether the relations could be quantified by 
reliable models for prediction of bacterial diversity. Linear 
regression model was then employed to quantify the association 
between soil bacterial diversity and foliar spectral indexes 
(Figures 4A,B). Regression analysis results suggested that foliar 
spectral indexes could be  adopted to predict bacterial alpha 
diversity. The relationships between foliar spectral indexes and 
bacterial diversity estimates varied by soil depths and the specific 
index (estimate). OSAVI, GI, and MCARI in surface soil, and 
OSAVI, PRI, GI, and SIPI in subsurface soil could directly explain 
53–92% variance of bacterial alpha diversity. Foliar spectral 
indexes were more indicative of bacterial richness estimates than 
diversity estimates in general. Similarly, Cavender-Bares et  al. 
(2021) reported remotely sensed vegetation cover was positively 
correlated with Simpson in prairie ecosystem with high 
productivity in Wood River, while Aji et al. (2021) reported a weak 
correlation between a large scale NDVI and soil microbial biomass 

FIGURE 2

Redundancy analysis of relationships between foliar spectral indexes 
and fruit attributes.

FIGURE 3

Spearman correlation analysis between spectral indexes and alpha 
diversity of bacterial community in surface and subsurface soils. * 
indicates significant correlation (p < 0.05), while ** indicates extremely 
significant correlation (p < 0.01).
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in natural ecosystems (including lake area and protested forests) 
with minimum human disturbance. Generally, spectral indexes 
were more indicative of bacterial richness estimates than diversity 
estimates, and in subsurface soil than surface soil for all bacterial 
diversity estimates, except for Simpson. To date, few studies have 
been conducted on the association between specific spectral index 
and bacterial alpha diversity. In last decades, plant productivity 
was affected by declined microbial diversity from human activities 
and climate changes. This has triggered concerns of soil microbial 
diversity loss may impair key ecosystem functions with potential 
consequences on plant productivity (Cadotte, 2017; Schweiger 
et al., 2018; Chen et al., 2019). Therefore, avoiding or alleviating 

the loss of soil microbial diversity is critical in ecosystem (Chen 
Q. et al., 2020).

In this study, we  draw the above conclusions based on the 
experimental orchard at the sampling time. Due to seasonal shifts in 
alpha diversity of soil bacterial community (Shi et al., 2015; Wagner 
et al., 2016), and in foliar spectral traits of deciduous trees in temperate 
arid and semiarid regions (Pederson et al., 2014), it is too early to 
decide if this quantified relations between foliar spectral traits and 
bacterial diversity can be applied at other growing stages of orchard 
ecosystem or to other ecosystems with the same spectral indexes at the 
same soil depths. Deeper understanding of specialized spectral indexes 
for further investigation of bacterial community variation is needed.

A

B

FIGURE 4

Linear regression analysis between foliar spectral indexes and alpha diversity estimates of bacterial community in surface (A) and subsurface (B) soils. * 
indicates significant correlation (p < 0.05), while ** indicates extremely significant correlation (p < 0.01).
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3.3. Linkage between foliar spectral traits 
and soil bacterial beta diversity

Soil bacterial assembly plays a more important role in driving soil 
bacterial and ecological functioning than bacterial alpha diversity 
(Bever et al., 2012; Bardgett and Van der Putten, 2014; Leff et al., 
2018), which drove us into exploring whether and which foliar 
spectral traits could be employed as indicators of certain bacterial 
genera. RERP (both T1 and T2) significantly affected the bacterial 
composition on genus level in surface soil and subsurface soil 
(Supplementary Figure S1). Improved soil properties from RERP 
enriched certain genera (such as Blastococcus, Bacillus, Sphingomonas, 
and Solirubrobacter) in relation to increased soil nutrient content, 
organic matter, porosity, and water content (Sun et al., 2022). PCoA 
revealed larger discrepancy of bacterial community of three treatments 
in subsurface soil than in surface soil on genus level 
(Supplementary Figures S2A,B). In subsurface soil, 76.73% of the total 
variance was explained by the first two components. Samples of T1 
were grouped together and distinct from samples of CK and T2. 
According to spearman correlation analysis (Figures  5A,B), more 
genera were in significant correlations with foliar spectral indexes in 
subsurface soil than in surface soil, possibly due to the frequent 

agricultural practices that have reduced differences between 
treatments in the orchard, or the more bacterial functional redundancy 
in surface soil. MND1 in surface soil, and nine genera in subsurface 
soil (Bacillus, Gaiella, Nocardioides, Sphingomonas, Microvirga, 
Blastococcus, Solirubrobacter, Rubrobacter, and RB41) were 
significantly correlated to at least one foliar spectral index (NDVI, GI, 
OSAVI, and PRI in particular). Furthermore, correlations between the 
same foliar spectral indexes and soil bacteria genera were interacted 
with soil depth. Some genera were only in significant relations with 
certain foliar spectral indexes in one soil layer, such as MND1 in 
surface soil (absolute value of correlation coefficient: 0.72–0.90, 
p < 0.05), and Gaiella, Nocardioides, and Rubrobacter in subsurface soil 
(absolute value of correlation coefficient: 0.67–0.82, p < 0.05).Some 
genera had opposite and enhanced relations with foliar spectral 
indexes at these two soil layers. For instance, Bacillus was in positive 
relation with SIPI in surface soil (correlation coefficient: 0.80, p < 0.05), 
but in negative relations with NDVI, GI, PRI, and OSAVI in subsurface 
soil (correlation coefficient: −0.7 to −0.82, p < 0.05). Blastococcus was 
in negative correlation with OSAVI (correlation coefficient: −0.67, 
p < 0.05), but in positive relations with NDVI, GI, and NPCI 
(correlation coefficient: 0.68 to 0.75, p < 0.05). Gaiella (reduce nitrate 
to nitrite) were involved in N cycle, which could affect soil N content 
and plant growth that further reflect on foliar spectral characteristics 
(Asner et al., 2011; Sul et al., 2013; Sebin et al., 2014). MND1 and 
Nocardioides were relevant to C and N nutrient cycling (Sul et al., 
2013; Zhang et al., 2022) while Solirubrobacter were reported to affect 
sulfur availability for peach plants (Liu et al., 2022). Microvirga belong 
to α-proteobacterial that favored for nutritious soil (Sul et al., 2013). 
Blastococcus degrade organic material through proteolysis (Chen 
et al., 2016; Duan et al., 2019). Sphingomonas have been reported as 
plant growth promoting bacteria (Asaf et al., 2020; Chen L. et al., 
2020) and was active in the biocontrol of pathogenic bacteria 
(Innerebner et al., 2011). According to previous studies, these bacterial 
genera in strong correlation with foliar spectral traits were those 
promoted soil nutrients (such as C, N, P, K, and S) cycling and uptake. 
This was supported by previous conclusion that foliar spectral profiles 
can reflect plant traits (including leaf structure, and the contents of 
pigments, nutrients and water) that were key to resource acquisition 
and stress tolerance (Sebin et al., 2014; Schweiger et al., 2018). Among 
these bacteria, genera with greater abundance discrepancy between 
treatments were in stronger correlations with foliar spectral indexes, 
indicating that leaf and canopy optical data were responsive to 
structural variance of bacterial community. It was speculated that 
these genera might have greater impact on aboveground plant.

However, we only investigated the 30 most abundant genera with 
relative abundances >1%. Certain unidentified or abundances <1% 
genera may have played an over-proportional role in biological 
processes, and being the major drive for bacterial community 
multifunctionality (Chen L. et al., 2020). Incomplete knowledge of 
these bacteria hindered further illustration of their function and 
contribution to plant productivity. Functional redundancy may have 
covered the distinction of soil microbial community, and compensated 
ecological functioning and plant productivity of the orchard 
ecosystem, which could have interfered the investigation on the 
relations between bacterial components and foliar spectral traits. 
Under the assumption that these genera in significant correlation with 
foliar spectral traits were key to ecosystem functioning, further 
investigation is in need on if exogenous addition of these bacteria in 

A

B

FIGURE 5

Clustered heat map analysis of the relationships between foliar 
spectral indexes and the 30 most abundant genera in surface (A) and 
subsurface (B) soils. * indicates significant correlation (p < 0.05), while 
** indicates extremely significant correlation (p < 0.01).
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bio-organic fertilizer could improve plant productivity and ecological 
functioning in fruit orchards (Gottel et al., 2011; Lundberg et al., 2012; 
Wagner et al., 2016).

3.4. Structural equation models between 
foliar spectral traits and soil bacterial 
community

Structural equation modeling (SEM) analyzes the complex 
networks of causal relationships among multiple variables, which has 
been increasingly adopted in ecological sciences in the last decade 
(Grace et  al., 2010; Eisenhauer et  al., 2015). Four similar latent 
variables were employed in both soil layers, with three of them 
(bacterial diversity, abundant genera and unidentified or < 1% genera) 

had soil-depth dependent indicators (Figures 6A,B). NDVI, PRI, GI, 
and OSAVI were best indicators of foliar spectral traits to detect 
bacterial diversity. Similarly, Delgado-Baquerizo et al. (2017) used 
NDVI as indicator of plant productivity, while Ferna et al. (2018) 
suggested NDVI and OSAVI as indicators of green biomass and 
coverage in a semi-arid rangeland. All variables were explained with 
different proportion of variance by the selected indicators. Generally, 
variables had higher R2 value in surface soil than in subsurface soil. 
This is possible due to the interference from frequent agricultural 
practices which resulted in a less effective approach of RERP in 
topsoil. Meanwhile, correlation coefficients between indicators and 
variables were higher in surface soil, which was in accordance with the 
higher bacterial diversity in surface soil (Delgado-Baquerizo et al., 
2017). Foliar spectral traits were in negative association with 
unidentified or < 1% genera, and in positive associations with all other 

A

B

FIGURE 6

Structural equation models of relationships among foliar spectral traits, alpha diversity, abundant genera and rare genera in surface (A) and subsurface 
(B) soils. Blue lines indicate positive correlations. Red lines and numbers indicate negative correlations. Rare genera were with relative abundances <1%. 
Relationship between foliar spectral traits and abundant genera was not significant (p = 0.086), indicating with a thin line, while all other relations were 
significant (p < 0.05) with thicker lines.
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variables. Furthermore, all path coefficients were extremely significant, 
except for association between abundant genera and foliar spectral 
traits in surface soil. This is likely due to the non-significant impacts 
of abundant genus in topsoil on plant growth, or functional 
redundancy from enriched abundant genera in topsoil, or the limited 
soil samples taken from the orchard.

Although experimental and observational databases in ecological 
studies are often complex, non-randomly distributed, and have spatial 
and temporal constraints (i.e., potential autocorrelations), SEM in this 
study indicated that foliar spectral traits (measured for peach 
productivity) were effective in predicting soil bacterial diversity and 
key genera. Latent variables, indicators and pathway coefficient of 
SEM in semi-arid peach orchard lay groundwork for further 
forecasting of bacterial diversity and structure in surface and 
subsurface soils. Environment, climate, and soil properties would all 
affect bacterial community and foliar spectral traits on a large scale. 
In this study, we  focused on using foliar spectral traits to predict 
bacterial diversity at low cost, by using RERP to alter soil properties 
and obtain differentiated soil bacterial community (Sun et al., 2022). 
Since we  conducted the field experiment in a peach orchard, the 
environmental and climatic factors were the same among treatments 
in this small scale. Although foliar spectral traits and soil 
microorganisms have obvious temporal dynamics, we selected the 
maturity period of experimental peach (July) as the critical timing for 
foliar spectral traits to represent productivity, since peach trees bear 
fruit only once a year in Beijing and the productivity of fruit trees is 
mainly reflected by fruit yield and quality. Spectral traits of typical 
leaves could then be  used to characterize bacterial diversity and 
taxonomy. Of course, sampling on large scale with temporal dynamic 
are needed in order to obtain the general relationships between foliar 
spectra traits and soil bacteria community.

Generally, soil microbes were constrained by abiotic factors at large 
temporal and spatial scales, and by biotic factors at regional scale (Wang 
et al., 2015; Zhang et al., 2020). Ji et al. (2011) reported that cultivar, 
rather than tree age, played an important role in dominant bacteria 
community of rhizosphere soil in peach orchards in Shanghai. This has 
led us to the question: if the quantified linkage between foliar spectral 
indexes and soil bacterial community is applicable to other peach 
cultivar or to the same cultivar at different tree ages. Furthermore, can 
the quantified linkage be applied to other orchard ecosystems? Shao 
et al. (2020) reported eight deciduous fruit trees with different levels of 
metabolism and functional diversity of the soil bacterial community. 
Schweiger et al. (2017) also argued that spectral detectability of plant 
life/growth forms was dependent on the studied ecosystem and plant 
community. If this linkage can be extended to other fruit orchards, 
we could provide new insights into the mechanisms of optimizing plant 
productivity and maintaining plant community structure.

Hyperspectral measurements acquired from the method of 
airborne hyperspectral imaging in combination with high precision 
GNSS/IMU have improved spatial and spectral resolution to a 
centimeter level accuracy, which revealed messages that could not 
recognized by RGB or multi-spectral imaging. Recently, plant 
functional diversity was reported better indicated by spectral indexes 
in red edge, near infrared, shortwave infrared regions and other 
hyperspectral images, rather than in visible region (Asner et al., 2017; 
Schneider et al., 2017; Schweiger et al., 2018; Ma et al., 2019; Cavender-
Bares et al., 2021, 2022). In future research, foliar spectral characteristics 
in near and far infrared region could be further looked into for the 

elucidation of broadened ecological linkages between foliar spectral 
characteristics and soil bacterial community in orchard ecosystem.

4. Conclusion

Foliar spectral traits are indicative of plant productivity and could 
be used to predict soil bacterial diversity in peach orchard. NDVI, GI, 
PRI, and in particularly OSAVI were selected as appropriate indicators 
of plant productivity. SEM revealed quantified linkages between foliar 
spectral indexes and bacterial richness, bacterial diversity, abundant 
genera, and unidentified or < 1% genera in both surface and subsurface 
soils. The results of this study enabled deeper understanding of the 
mechanisms in responses and adaptations of fruit trees to agricultural 
practices in the orchard ecosystem. Foliar spectral indexes could 
efficiently monitor soil bacterial diversity and functionality at low cost, 
with an ultimate goal of regulating plant physiological function by 
adjusting agricultural practices and the consequent microbial 
community accordingly.

However, additional information is in need on if the reliability of 
foliar spectral traits in predicting soil microbial community would 
be affected by plant species, environmental conditions and agricultural 
practices. A new concept of adopting foliar spectral traits as plant 
traits has simplified the research in exploring the associations between 
aboveground plant traits and belowground biodiversity at the scale of 
orchard ecosystem. With the scalability and repeatability of valid 
spectral indexes, this research could be scaled up to community, field, 
regional, and even terrestrial levels, to better realize the forecasting 
and regulating of aboveground and underground functionality in 
agricultural system, and further trade-ones of ecological and 
economical function in agroecological system.
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Optimization of the growth 
conditions through response 
surface methodology and 
metabolomics for maximizing the 
auxin production by Pantoea 
agglomerans C1
Francesca Melini 1,2, Francesca Luziatelli 1*, Paolo Bonini 3, 
Anna Grazia Ficca 1, Valentina Melini 2 and Maurizio Ruzzi 1*
1 Department for Innovation in Biological, Agrofood and Forest Systems, University of Tuscia, Viterbo, 
Italy, 2 CREA Research Centre for Food and Nutrition, Rome, Italy, 3 OloBion–OMICS LIFE LAB, 
Barcelona, Spain

Introduction: The fermentative production of auxin/indole 3-acetate (IAA) using 
selected Pantoea agglomerans strains can be a promising approach to developing 
novel plant biostimulants for agriculture use.

Methods: By integrating metabolomics and fermentation technologies, this study 
aimed to define the optimal culture conditions to obtain auxin/IAA-enriched plant 
postbiotics using P. agglomerans strain C1. Metabolomics analysis allowed us to 
demonstrate that the production of a selected.

Results and discussion: Array of compounds with plant growth-promoting- 
(IAA and hypoxanthine) and biocontrol activity (NS-5, cyclohexanone, homo-L-
arginine, methyl hexadecenoic acid, and indole-3-carbinol) can be  stimulated 
by cultivating this strain on minimal saline medium amended with sucrose as a 
carbon source. We  applied a three-level-two-factor central composite design 
(CCD) based response surface methodology (RSM) to explore the impact of 
the independent variables (rotation speed and medium liquid-to-flask volume 
ratio) on the production of IAA and IAA precursors. The ANOVA component 
of the CCD indicated that all the process-independent variables investigated 
significantly impacted the auxin/IAA production by P. agglomerans strain C1. The 
optimum values of variables were a rotation speed of 180 rpm and a medium 
liquid-to-flask volume ratio of 1:10. Using the CCD-RSM method, we obtained 
a maximum indole auxin production of 208.3 ± 0.4  mg IAAequ/L, which was a 40% 
increase compared to the growth conditions used in previous studies. Targeted 
metabolomics allowed us to demonstrate that the IAA product selectivity and 
the accumulation of the IAA precursor indole-3-pyruvic acid were significantly 
affected by the increase in the rotation speed and the aeration efficiency.
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Pantoea agglomerans, metabolomics, response surface methodology, postbiotics, plant 
growth-promoting rhizobacteria, auxin
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Introduction

World population growth (UN, 2017), the effect of climate change 
on the global food systems (Myers et  al., 2017), the COVID-19 
pandemic (Mardones et  al., 2020), and the impact of the war in 
Ukraine on the global energy market, the grains supply, and the food 
prices (Toffelson, 2022) are critical challenges for today’s agriculture. 
Within this framework, the use of plant biostimulants has generated 
significant interest, and, among biostimulants, plant growth-
promoting (rhizo)bacteria (PGPR or PGPB) look very promising to 
develop more efficient and sustainable production methods (Calvo 
et al., 2014; Ruzzi and Aroca, 2015; Rouphael and Colla, 2018).

PGPB are a heterogeneous group of endophytic and epiphytic 
bacteria associated with plant tissues and plant surfaces which can 
positively affect the health and growth of plants (Glick, 2012; de Souza 
et al., 2015). They can increase crop tolerance against abiotic stresses 
and improve nutrient use efficiency, plant health, productivity, and 
yield at different stages (Bulgari et al., 2015; Toscano et al., 2018). They 
exert beneficial effects on plants through direct and indirect 
mechanisms, which range from changes in hormonal content to the 
production of volatile organic compounds, the increase in nutrient 
availability, or the enhancement of abiotic stress tolerance (Ruzzi and 
Aroca, 2015; Oleńska et al., 2020).

So far, the European Union Regulation (EU) (2019)/1009 
authorizes, as “microbial biostimulants,” the use of bacteria belonging 
to only three taxonomic groups, namely, Azotobacter, Azospirillum, 
and Rhizobium [European Union Regulation (EU), 2019/1009]. These 
constraints preclude and limit the development of novel biostimulants 
that contain PGPR belonging to different taxonomic groups. A 
microorganism belonging to Risk Group I, according to the European 
Parliament Directive 2000/54/EC, is unlikely to cause disease in 
humans, animals, or plants, which does not mean that its presence 
could not affect the microbial biodiversity or, under critical life 
circumstances (e.g., an impaired health status), the health of a 
higher organism.

In many cases, in both humans and plants, health-promoting 
traits are associated with the production of soluble and volatile 
metabolites secreted in the culture medium. Recently, in the 
human sector, it has been introduced a new class of dietary biotics, 
the postbiotics or metabiotics. In 2021, the panel of experts 
designated by the International Association of Probiotics and 
Prebiotics (ISAPP) defined these products as a “preparation of 
inanimate microorganisms and/or their components that confer a 
health benefit on the host” containing “inactivated microbial cells 
or cell components, with or without metabolites, that contribute 
to observed health benefits” (Salminen et  al., 2021). Bioactive 
compounds generated by fermentation using PGPR can represent 
a valuable approach to developing a novel class of biostimulants 
with higher safety and a lower environmental impact and studying 
the host plant response to PGPR’s metabolites at the 
molecular level.

Regarding the production and activation of phytohormones by 
which plant growth is prompted, indole-3-acetic acid (IAA) is the 
primary auxin endogenously synthesized by PGPR with an essential 
effect on plant growth and development processes, such as cell 
elongation and organogenesis, and tropic responses (Woodward and 
Bartel, 2005; Teale et al., 2006; Halliday et al., 2009). Auxin contributes 
to root initiation, helps loosen plant cell walls to release exudates, 

stimulates root hair overproduction, increases lateral root formation, 
acts as a signaling molecule to both the plant and bacteria, aids in root 
elongation (Kasahara, 2016), and in the developmental response to 
stress (Bielach et al., 2017) and other environmental stimuli (Zwiewka 
et al., 2019). In plant tissues, the auxin responses are concentration-
dependent, and different cells respond very differently to exogenous 
auxins (Paponov et al., 2008).

Indole auxin production by microbial isolates changes among 
different species and strains of the same species and is influenced by 
culture conditions, growth stage, and substrate availability (Duca 
et  al., 2014). The presence of tryptophan, vitamins, salt, pH, 
temperature, carbon source, nitrogen source, and growth phase 
contribute to regulating auxin/IAA biosynthesis (Ryu and Patten, 
2008; Swain and Ray, 2008; Apine and Jadhav, 2011; Bharucha et al., 
2013; Peng et  al., 2014; Luziatelli et  al., 2020a). Plant exudates or 
specific compounds present in the rhizosphere are among the factors 
influencing bacterial auxin/IAA biosynthesis. Therefore, the 
mechanisms involved in the control of biosynthesis of IAA and indole-
related compounds require a complete understanding.

Various IAA biosynthetic pathways have been proposed in plant-
associated bacteria (Spaepen and Vanderleyden, 2011; McClerklin 
et  al., 2018). Tryptophan is a major effector of IAA biosynthesis, 
considering most IAA biosynthesis pathways begin with tryptophan. 
Tryptophan-dependent pathways comprise the indole-3-acetamide 
(IAM), indole-3-pyruvic acid (IPyA), indole-3-acetonitrile (IAN), 
tryptamine (TAM), and tryptophan side-chain oxidase (TSO) 
pathways (Duca et al., 2014; Di et al., 2016). Organic nitrogen sources 
have been observed to promote auxin/IAA production more than 
inorganic nitrogen sources, and this may be due to the increased 
availability of tryptophan from proteins.

The application of the genus Pantoea as a biocontrol agent has 
been increasingly investigated, and exciting results have been 
obtained. Strains belonging to Pantoea agglomerans species are 
frequently found in association with plant hosts (Walterson and 
Stavrinides, 2015). These microorganisms are agronomically relevant 
for their plant-growth-promoting (PGP) features, biocontrol activity, 
and involvement in plant disease management (Dutkiewicz 
et al., 2016).

The PGP activities of P. agglomerans strains have been 
investigated through different application modes and under diverse 
experimental conditions (e.g., glasshouse, field, pots, greenhouse, 
etc.; Nunes et al., 2002; Feng et al., 2006; Venkadesaperumal et al., 
2014; Moustaine et al., 2016; Paredes-Páliz et al., 2016; Kamran et al., 
2017; Ozaktan et al., 2017; Xie et al., 2017; Saia et al., 2020; Luziatelli 
et al., 2020a,b).

Recently, we demonstrated by comparative genomic analysis high 
levels of conservation within genes of the IPyA pathway in this 
species. Independently from the natural environment from which the 
strain was isolated, in most of the sequenced genomes of isolates 
belonging to P. agglomerans species (45 out of 50), the genes encoding 
enzymes of the IPyA pathway share an identity higher than 95% over 
the full length of the sequence (Luziatelli et al., 2020a). This high 
sequence conservation has never been reported for IAA genes 
belonging to other species underlining that the production of auxin/
IAA plays an important role in the interaction between P. agglomerans 
and host plants (Luziatelli et al., 2020a).

Optimizing the physical and chemical environmental factors 
that affect a fermentation process (such as temperature, pH, 
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aeration, and medium composition) is crucial for maximizing the 
yield of a specific bioproduct (Schmidt, 2005; Singh et al., 2017). 
Several optimization approaches can be used for this purpose, but 
the most common is the one-factor-at-a-time (OFAT). This 
approach offers the advantage of measuring whether a factor has 
any effect on the microbial production of the desired product and 
affects the metabolic traits of the producing strain (Singh et al., 
2011). For the same reason, classical studies on comparative 
metabolomics mainly focus on the metabolic changes associated 
with the variation of an environmental factor only (Putri et al., 
2013). The major downside of using OFAT is that it requires many 
experimental runs and is time-consuming and expensive, 
particularly in fermentation processes (Panda et  al., 2007) and 
metabolomics analysis. Moreover, OFAT is not adequate for 
investigating the interaction between different variables. This 
limitation can be overcome using a statistical approach such as 
Response Surface Methodology (RSM). The latter is a useful 
multivariate statistical tool that allows one to design experiments, 
construct models, evaluate the combined effect of two or more 
parameters, and search for optimum conditions for desirable 
responses (Bezerra et al., 2008; Breig and Luti, 2021). RSM has 
been widely exploited to optimize fermentation processes, but 
surprisingly it has not been used in combination with 
metabolomics. This is probably because metabolomics (particularly 
untargeted metabolomics) is used when no a priori metabolic 
hypothesis is available (Gertsman and Barshop, 2018). At the same 
time, a proper selection of the factors ranges for designing the 
experimental matrix needs prior knowledge of the genetics and 
physiology of the microorganism (Breig and Luti, 2021).

Few studies are available on the process optimization of indole 
auxin production in P. agglomerans and other PGPB (Apine and 
Jadhav, 2011; Chaiharn and Lumyong, 2011; Balaji et al., 2012; 
Bharucha et al., 2013; Tallapragada et al., 2015; Bhutani et al., 2018; 
Myo et al., 2019; Luziatelli et al., 2021). Furthermore, there are no 
reports on the effect of the medium aeration on the in vitro 
production of indole auxin and, except for Luziatelli et al. (2020a), 
none of the above-mentioned studies has evaluated the impact of 
the culture conditions stimulating IAA synthesis on the production 
of other metabolites involved in pathways associated with PGP 
traits. In vitro studies carried out on Pyrus communis shoots 
demonstrated that P. agglomerans strain C1 produces metabolites 
that act in synergy with auxin, accelerating the adventitious roots 
(AR) formation when auxins are present, increasing the number 
and length of AR primordia that develop from stems, and 
modifying the response of the pear plant to exogenous auxins 
(Luziatelli et al., 2020c). These data suggest that in the development 
of an auxin-enriched plant postbiotic, the auxin/IAA concentration 
is not the unique parameter that should be considered.

The main goal of the present study was to optimize the auxin 
production in P. agglomerans strain C1 and evaluate the effect of the 
optimum conditions on the metabolites secreted in combination with 
auxin. To this aim, we  investigated, by central composite design 
(CCD) combined with RSM, the effect of aeration efficiency and 
medium composition on auxin production. In combination with 
RSM-CCD, we also used a targeted and untargeted metabolomics 
approach to evaluate the effect of the growth conditions on the auxins 
profile and the production of metabolites potentially involved in the 
plant-microbe interaction.

Materials and methods

Bacterial strain and culture media

Pantoea agglomerans strain C1 was previously isolated from the 
phyllosphere of lettuce (Lactuca sativa L.) plants treated with vegetal-
derived protein hydrolysates (Luziatelli et al., 2016, 2019a). Working 
cultures were routinely grown at 25°C on Lennox broth (LB; 
composition per liter: tryptone 10 g, yeast extract 5 g, NaCl 5 g; 
Lennox, 1955); and stored at −80°C as stock cultures, using glycerol 
(20% w/w) as a cryoprotectant. For auxin production, the strain was 
cultivated in a medium amended with 4 mM tryptophan (Trp), using 
either LB or a saline M9-sucrose broth (YES; composition per liter: 
M9 minimal salts 1× yeast extract 5 g, and sucrose 5 g). Tryptophan 
was prepared as 40 mM stock solution in mildly alkaline water, filter 
sterilized (0.22 μm), and stored in the dark at 4°C. All culture 
mediums were sterilized by autoclaving at 121°C for 20 min. Tryptone 
and yeast extract were purchased from BD Difco (Thermo Fisher 
Scientific, MA, United  States), and sucrose and chemicals were 
procured from Sigma-Aldrich (Merck KGaA, Darmstadt, Germany).

Culture conditions

Pre-cultures were prepared by inoculating 50 mL of LB with 
500 μL of a frozen (−80°C) stock culture. Cells were grown at 25°C 
in agitation (150 rpm) until the late exponential phase of growth 
(108 CFU/mL) using an INFORS HT Multitron incubator (Infors AG, 
Bottmingen, Switzerland). Aliquots of the pre-culture were 
transferred into 250 mL Erlenmeyer flasks containing YES medium 
broth amended with Trp to obtain an initial OD600 of 0.1 and were 
incubated at 25°C for 24 h. The total medium volume (mL) per flask 
and the agitation speed (rpm) were varied according to the 
experimental design described below (Table  1). To avoid any 
interference due to the flask geometry and type of closure, all 
experiments were carried out using (i) 500 mL Erlenmeyer flasks for 
strain pre-activation experiments, (ii) certified 250 mL narrow-neck 
Erlenmeyer flasks corresponding to the ISO 1773:1997 specifications 
(external diameter of bottom and neck of 85 ± 2 and 34 ± 1.5 mm, 
respectively), and (iii) T-32 silicon plugs with bubble sponge, for 
optimization of auxin/IAA production. Culture volume and vessels 
affect physiological responses and genetic stability in several 
microorganisms, such as Escherichia coli (Kram and Finkel, 2014; 
Gross et al., 2020).

TABLE 1  Range and levels of experimental variables of the two sets of 
experiments.

Factor Experimental design 
no. 1

Experimental design 
no. 2

Actual levels of 
coded factors

Actual levels of 
coded factors

−1 0 +1 −1 0 +1

Rotation 

speed (rpm)

100 140 180 160 180 200

Medium 

volume (mL)

25 62.5 100 10 25 40
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Factorial design for cell growth

The experimental design was established by using the DOE 
software package MODDE ver. 12 (Sartorius, Göttingen, 
Germany) as reported elsewhere (Luziatelli et  al., 2019b). The 
Response Surface Methodology (RSM) method was used to 
determine the optimum level of each variable, and the combination 
thereof allowed the maximum productivity of auxin. Rotation 
speed (rpm) and liquid medium volume (mL) were set as factors. 
Cell biomass (OD600) and auxin production (mg/L) were set as 
responses. Figure  1 shows the procedure used to develop the 
RSM design matrix and find optimum values for the input 
process parameters.

In the first experimental design, two ranges of values were set for 
the relevant factors (i.e., rotation speed and medium volume), as 
shown in Table 1. Each independent variable was tested at three levels, 
indicated as −1 (low level), 0 (central level), and + 1 (high level).

According to the first Central Composite Design (CCD1), 20 
experimental runs were executed, with four center value replications, 
and the observations were fitted to the following second-order 
polynomial model:

Y = β0 + β1(X1) + β2(X2) + β11(X1
2) + β22(X2

2) + β12(X1X2).

Where: Y is the dependent variable (indole auxins production); X1 
and X2 are the coded independent variables (rotation speed and 
medium volume); β0 is the regression coefficient at the center point; 
β1 and β2 are the linear coefficients; β11 and β22 are the quadratic 
coefficients; β12 is the second-order interaction coefficient. The 
developed regression model was evaluated by analysis of variance 
(ANOVA) and p- and F-values. The quality of the fit of the polynomial 
model equation was expressed by the coefficient of determination, R2. 
The significance of all terms in the polynomial was judged statistically 
by computing the F value at a probability (p) of 0.05. The regression 
coefficients were used to make statistical calculations to generate 
response surface curves from the regression models. To test the model 
accuracy, R2 and adjusted R2 were estimated.

Based on the results of the first round of experiments, a second 
experimental design was set by MODDE ver. 12 by centering on the 
agitation speed of 180 rpm and the volume of 25 mL. The RSM-CDD 
(CDD2) comprised a total of 18 experimental runs. The two ranges of 
value for the relevant factors set in the second experimental design are 
shown in Table 1.

All experiments were carried out in duplicate in the standard 
conditions previously defined: growth in YES-Trp medium for 24 h; 
cultivation in a rotary shaker at 25°C using 250 mL narrow-neck 
Erlenmeyer flasks with T-32 silicon plugs.

FIGURE 1

Flowchart of the Response Surface Methodology (RSM) modeling approach.
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Spectrophotometric estimation of indole 
auxins

Auxin production was measured in the cell-free spent medium 
using a colorimetric assay with Salkowski’s reagent (Patten and Glick, 
2002). Briefly, cell culture was centrifuged at 10000 rpm for 10 min in 
a multispeed centrifuge (Thermo Fisher Scientific, Waltham, MA, 
USA), and the supernatant was recovered and filter-sterilized 
(0.22 μm). An aliquot (1 mL) of the supernatant, diluted as needed, 
was mixed vigorously with 2 mL of Salkowski’s reagent (0.5 M FeCl3, 
35% v/v HClO4), and the mixture was incubated at room temperature 
for 20 min in the dark. The developed pink color was read at 530 nm. 
Total indole auxins were quantified by using a calibration curve of 
pure indole-3-acetic-acid (Sigma–Aldrich, Milan, Italy) as a standard. 
Data were expressed as μg IAA equivalents (IAAequ) per mL of liquid 
culture. No reaction product was determined using not inoculated 
medium amended with tryptophan as a control.

Footprinting of extracellular metabolites

The effect of the growth medium on the extracellular metabolites 
was tested by cultivating P. agglomerans strain C1, at optimal growth 
temperature (30°C), on LB and YES medium supplemented with Trp 
(4 mM). Exhausted liquid broth samples (1 mL) were extracted in 
5 mL of cold (−20°C) acidified (0.1% HCOOH) 80:20 methanol:water 
using an Ultra-Turrax (Ika T-25, Staufen, Germany), centrifuged at 
1,200 rpm and filtered through a 0.2 μm cellulose membrane. The 
analysis was carried out on an Agilent 6550 Q-TOF with ESI source 
(Agilent Technologies, Santa Clara, CA, United States), coupled with 
an Agilent 1290 UHPLC, as reported elsewhere (Luziatelli et  al., 
2020a). 2 μL of each sample were injected on a reversed-phase Acquity 
ethylene-bridged hybrid (BEH) HILIC C18 column (100 mm × 2.1 mm, 
1.7 μm, Waters, Milford, MA, USA). A pooled quality control was 
obtained by mixing 10 μL of each sample and acquired in tandem 
mass spectroscopy mode using iterative function five consecutive 
times to increase the number of compounds with associate 
MS2 spectra.

The raw data were processed with the procedure described by 
Blaženović et  al. (2019). Compounds identification was based on 
accurate mass and isotopic patterns and expressed as an overall 
identification score. Chemical Similarity Enrichment Analysis 
(ChemRICH) was performed, as described by Barupal and Fiehn 
(2017), and statistical significance p-values were obtained by self-
contained Kolmogorov–Smirnov tests.

Auxin profiling

In targeted metabolomics, chromatographic separation, MS, and 
MS/MS acquisition parameters were carried out following the 
FiehnLab HILIC protocol, as previously described (Blaženović et al., 
2018; Teleki and Takors, 2019). The injection volume was 2 μL, 
whereas Q-TOF was operated in positive SCAN mode (100–
1,700 m/z + range) and extended dynamic range mode. All samples 
were injected in three biological replicates with three technical 
replicates each (total 9 injections/sample). Deconvolution, mass and 
retention time alignment, normalization, blank filtering, and 

identification were carried out using the Agilent Mass Hunter 
Quantitative Analysis software for Q-TOF version B.09. Standards for 
quantification and identification of Trp, IAA, and IPyA were 
purchased from Sigma-Aldrich. Three dilutions were prepared in 
duplicate with a concentration of 10, 100, 500, and 1,000 ppm from 
each standard to calculate the calibration curve, reaching an R2 of 
0.999 in all compounds.

Statistical analysis

Differences between treatment groups were compared using the 
One-way analysis of variance (ANOVA) test, followed by Tukey’s 
honestly significant difference (HSD) test with significance set at 
p < 0.05.

Results

Effect of growth medium composition on 
exometabolome

As demonstrated in previous work (Luziatelli et al., 2020a), the 
production of IAA by P. agglomerans strain C1 is affected by the 
carbon source and the incubation temperature. Higher auxin levels 
were obtained by growing C1 strain on an M9 saline medium with 
sucrose (YES) as a carbon source under suboptimal temperature 
conditions (25°C; Luziatelli et  al., 2020a). In this work, 
we  comprehensively characterized strain C1 exometabolome of 
cultures grown on a medium amended with tryptophan as an auxin/
IAA precursor. UHPLC-ESI-Q-TOF-MS analysis of the exhausted 
growth medium revealed a total of 204 features: 16 were more than 
two-fold higher, and 54 were more than two-fold lower, changing the 
cultivation medium from LB + Trp to YES+Trp (Figure  2; 
Supplementary Table S1). Comparing the metabolomic datasets of 
cultures grown on LB and YES medium by Chemical Similarity 
Enrichment Analysis (ChemRICH), we observed a significant increase 
in IAA (5.4 folds), indole-3-carbinol (3.9 folds), quinoline (2.8 folds), 
cyclohexane derivatives shifting from LB to YES 
(Supplementary Table S1). Under the same conditions, a significant 
decrease of IAA precursors (i.e., indole-3-acrylic acid, indole 
acetaldehyde, indole-3-acetamide, and indole-3-carboxylic acid) was 
observed (Supplementary Table S2). Growth in the YES medium also 
determined a significant variation in the hypoxanthine/xanthine ratio 
due to a 4.8-fold increase in hypoxanthine concentration and a 
105-fold decrease in xanthine. Other metabolites, whose production 
was stimulated on YES medium, included compounds with 
antimicrobial activity such as the β-lactam antibiotics NS-5 and 
2-hydroxyethylclavam, the cyclohexanone, the homo-L-arginine, and 
the methyl hexadecanoic acid.

Effect of oxygen availability on biomass 
and auxin yield

The effect of oxygen availability on cell biomass and auxin 
production was evaluated on YES medium using a shake-flask 
methodology by varying medium liquid-to-flask volume ratio 
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(Vm/Vf) and rotation speed (rpm). Data reported in Figure 3A 
indicated that an increase in the biomass yield (OD600) occurred 
upon increasing the gas–liquid interfacial area by either changing 
the Vm/Vf ratio (from 1:2.5 to 1:10) or the rotation speed (from 100 
to 180 rpm). OD600 varied between 3.4 ± 0.0 and 6.4 ± 0.1, and the 
highest biomass production (OD600 = 6.45) was achieved at 
180 rpm and Vm/Vf ratio of 1:10 (Table 2, run 4). At all Vm/Vf ratio 
values, no significant change in the OD600 was measured by 
increasing the rotation speed from 100 to 140 rpm. As expected, 
at 180 rpm, the increase in the biomass yield was more marked 
(OD600 from 4.2 ± 0.0 and 6.4 ± 0.1) by increasing the Vm/Vf ratio 
from 1:2.5 to 1:10 (Figure 3A).

Data reported in Figure 3B indicated that the aeration efficiency 
of the culture medium, dependent upon the rotation speed and liquid-
to-flask volume ratio, also affected the extracellular concentration and 
specific productivity of auxin. When the oxygen availability was lower 
(lower rotation speed and higher medium liquid-to-flask volume 
ratio), a lower amount of auxin was obtained. At all agitation regimes, 
higher auxin values were achieved using a 1:10 medium liquid-to-flask 
volume ratio (Figure 3B). The highest auxin titer (208.0 ± 2.0 mg of 
IAAequ/L) and specific productivity (32.6 ± 0.1 mg of IAAequ/L/OD600) 
mean values were obtained at 180 rpm with 25 mL of liquid culture in 
a 250 mL flask (run 4 and 20; Table 2).

Optimization of auxins production by RSM

To evaluate more precisely the effect of oxygen availability on 
auxin yield, a second experimental design centered on the 
agitation speed of 180 rpm and the liquid-to-flask volume ratio of 
1:10 was performed. Predicted and observed data of CCD No. 2 
for biomass (OD600) and auxins production (mg/L) are reported in 
Table 3.

The results obtained with the experiments scheduled in the CCD2 
confirmed that the highest auxin values (208.0 ± 0.2 mg of IAAequ/L) 
were achieved when the C1 strain was grown at 180 rpm with 25 mL 
of liquid culture (1:10 medium liquid-to-flask volume ratio) in a 
250 mL flask (run 9 and 18; Table 3).

The experimental results were fitted to a second-order polynomial 
quadratic equation. A multiple correlation analysis was done, and the 
following equation was thus obtained:

	Y X X X X X X= − − − − +206 94 6 85 6 31 16 44 26 76 3 531 2 1

2

2

2

1 2. . . . . .

where Y was the predicted auxin concentration, and X1 and X2 
were the coded values for medium volume and rotation speed, 
respectively.

FIGURE 2

ChemRich analysis of exometabolome of Pantoea agglomerans C1 grown on YES vs. LB medium. Red clusters are associated with higher outcomes, 
and the blue ones are associated with lower outcomes.
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Statistical analysis results, including the regression coefficient and 
p-values for linear, quadratic, and interaction effects, are shown in 
Table 4.

The multiple regression analysis of auxin production showed that 
the model was significant (p < 0.05) and did not present a lack of fit 
(p = 0.04). The regression-based determination of R2 was evaluated to 
test the model equation’s fit. The R2 value, which always ranges 
between 0 and 1, provided a measure of how the experimental factors 
and their interactions can explain much variability in the observed 
response values. In this study, the multiple coefficients of 
determination (R2) for auxin production were 0.974, which means that 
the model can account for 97.4% of the variability in the response. The 
adjusted R2 of 0.964 corrects the R2 value for the sample size and the 
number of terms in the model. The Q2 value, which provides a 
qualitative measure of consistency between the predicted and original 
data, was equal to 0.943, indicating that the model has good 
predictive relevance.

A response surface was also produced to determine each 
variable’s optimum level for maximum productivity response and 
the combined effect of rotation speed and medium-to-flask volume 
ratio on auxin production (Figure 4). The graphical representation 
was a useful method to visualize the relationship between the 
response and the experimental levels of each variable and the type 
of interaction between test variables to deduce the optimum 
conditions. Response surface and contour plots showed that the 
highest auxin production (>205 mg IAAequ/L) occurred when 
rotation speed ranges between 165 and 186 rpm and volume ranges 
from 17.25 to 29.25 mL. Above and below the ranges specified for 
rotation speed and volume, auxin production decreased, and lower 
values were obtained.

The objective of the application of RSM to C1 strain growth 
was to determine the levels of experimental factors which would 
allow obtaining the highest auxin production. The model allowed 
the prediction of an auxin production of 207.3 mg IAAequ/L when 
optimal growth conditions, that is, 176 rpm and 24 mL medium 
volume, were applied. To validate the predicted model, five 
experiments were thus conducted at these optimum growth 
conditions, and the results showed a close match (208.3 ± 0.4 mg 
IAAequ/L).

Effect of cultivation conditions on auxin 
profile

Targeted metabolomics provided insights into the effect of the 
culture conditions on the levels of IAA and its main precursor, indole-
3-pyruvic acid (IPyA; Figure 5). After 24 of growth at 180 rpm, IPyA 
accumulated in the culture medium at a concentration between 
0.12 ± 0.0 mM (and Vm/Vf ratio of 1:2.5) and 0.5 ± 0.0 mM (Vm/Vf ratio 
of 1:10; Figure 5A).

At a Vm/Vf ratio of 1:10, we  observed an increase in 
the IPyA concentration (from 0.2 ± 0.0 to 0.5 ± 0.0 mM; 
Figure 5B) and a decrease in the IAA/IPyA ratio (from 5.2 ± 0.1 to 
1.8 ± 0.1; Table 5) by increasing the agitation speed from 160 to 
200 rpm.

At constant agitation speed (180 rpm), we  observed that the 
accumulation of IAA and IPyA were inversely correlated to the culture 
volume. The IAA/IPyA ratio increased (from 1.5 ± 0.0 to 3.0 ± 0.1) by 
decreasing the culture volume from 100 (Vm/Vf = 1:2.5) to 25 (Vm/
Vf = 1:10; Table 5).

A B

FIGURE 3

Effect of the rotation speed on biomass (A) and auxin yield (B) by Pantoea agglomerans strain C1 in shake-flask cultivation experiments carried out at a 
liquid-to flask Vm/Vf ratio of 1:2.5 (low) and 1:10 (high).
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The sum of IAA and IPyA concentrations was affected by both 
parameters. It was maximal (1.5 ± 0.1) at a working volume of 25 mL 
in a 250 mL flask (Vm/Vf = 1:10) and an agitation speed of 180 rpm 
(Figure 5).

The change in tryptophan (Trp) concentration (the precursor of 
IPyA and IAA; Table 5) was not consistent with the total content of 
IAA + IPyA (Figure 5). In almost all culture conditions, the moles of 
products (IAA + IPyA) obtained per moles of the substrate (Trp) were 
not equal to 1. Notably, at Vm/Vf = 1:10 (25 mL) and 160 rpm, only part 
of the consumed Trp was converted to IAA and IPyA (Table 5). In 
contrast, increasing the agitation speed up to 180 or 200 rpm, the final 
concentration of Trp after 24 h of growth was higher or equal to that 
of the not inoculated broths (Table 5), indicating that higher agitation 
speeds (up to 180 rpm) promote the biosynthesis of both IAA (Table 4) 
and Trp (Table 5).

Discussion

The production of phytohormones such as auxin is one of the 
central mechanisms beneficial bacteria use to enhance plant growth. 
Selection of the culture medium and optimization of the culture 
parameters that affect the biosynthesis of these compounds is thus 
pivotal to obtaining plant postbiotics based on auxin and plant 

growth-promoting molecules produced by PGPR. We  previously 
demonstrated that selected P. agglomerans strains secrete a 
combination of metabolites that can act in synergy with auxins to 
induce adventitious root formation (Luziatelli et al., 2020c). Using 
Pyrus communis as a model system, we demonstrated that, in contrast 
to the synthetic hormone indole-3-butyric acid (IBA), the metabolites 
secreted by P. agglomerans C1 strain have an unusual auxin-like 
activity that could determine direct shoot regeneration without callus 
formation and earlier emergence of roots from stem tissues (Luziatelli 
et al., 2020c).

One of the major goals of this work was to analyze how to 
rationally develop plant biostimulants that fit within the definition 
of postbiotics (“preparation of inanimate microorganisms and/or 
their components”) and make the most of the biosynthetic 
capabilities of a selected PGPR strain integrating metabolomics 
and fermentation technologies. For this purpose, we first identified, 
by untargeted metabolomics, the culture medium that better 
stimulates the production of a more comprehensive array of 
metabolites with plant-promoting or biocontrol activity, including 
auxin/IAA. We then used a three-level-two-factor response surface 
methodology based on the central composite design (RSM-CCD) 
to optimize the auxin/IAA production on the selected medium. For 
this purpose, we set two parameters (rotation speed and medium 
liquid-to-flask volume ratio) that affect the aeration efficiency in 

TABLE 2  Experimental design No. 1 and results of CCD1-RSM.

Run Factor Volume 
ratio

Observed response Predicted response Auxin spec. 
productivity 

(mg IAAequ /L/
OD600)Rotation 

speed 
(rpm)

Medium 
volume 

(mL)

Vm/Vf Biomass 
(OD600)

Auxin (mg 
IAAequ/L)

Biomass 
(OD600)

Auxin (mg 
IAAequ/L)

1 (0) 140 (−1) 25.0 1:10 6.11 163.21 5.99 158.97 26.71

2 (−1) 100 (−1) 25.0 1:10 6.12 133.31 6.05 130.30 21.78

3 (+1) 180 (+1) 100.0 1:2.5 4.24 61.05 4.27 56.95 14.40

4 (+1) 180 (−1) 25.0 1:10 6.45 209.82 6.52 208.21 32.53

5 (−1) 100 (−1) 25.0 1:10 6.04 125.33 6.05 130.30 20.75

6 (+1) 180 (0) 62.5 1:4 5.37 98.73 5.10 103.92 18.39

7 (0) 140 (0) 62.5 1:4 4.18 47.73 4.45 60.93 11.42

8 (−1) 100 (+1) 100.0 1:2.5 3.37 3.43 3.29 4.04 1.02

9 (0) 140 (+1) 100.0 1:2.5 3.42 3.13 3.29 4.04 0.92

10 (+1) 180 (+1) 100.0 1:2.5 4.18 52.77 4.27 56.95 12.62

11 (−1) 100 (−1) 25.0 1:10 6.10 157.22 5.99 158.97 25.77

12 (0) 140 (0) 62.5 1:4 4.76 76.92 4.45 60.93 16.16

13 (−1) 100 (0) 62.5 1:4 4.34 48.98 4.38 38.51 11.29

14 (+1) 180 (0) 62.5 1:4 5.25 109.76 5.10 103.92 20.91

15 (−1) 140 (0) 62.5 1:4 4.54 53.71 4.45 60.93 11.83

16 (−1) 140 (0) 62.5 1:4 4.17 61.28 4.45 60.93 14.70

17 (0) 140 (+1) 100.0 1:2.5 3.50 21.44 3.49 20.21 6.13

18 (−1) 100 (0) 62.5 1:4 4.15 31.50 4.38 38.51 7.59

19 (0) 140 (+1) 100.0 1:2.5 3.39 20.57 3.49 20.21 6.07

20 (+1) 180 (−1) 25.0 1:10 6.31 206.08 6.52 208.21 32.66

Coded (in parentheses) and real values are shown.
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shake-flask conditions as response factors. Moreover, to better 
understand the interaction between these two parameters, we used 
an iterative RSM-CCD approach to define the correct ranges of the 
factors. Finally, by targeted metabolomics, we analyzed the effect 
of the aeration efficiency of the culture medium on the IAA 
product selectivity and the metabolic flux of Trp to IAA 
through IPyA.

Results reported in Figure 1 indicated that, in the production of a 
plant postbiotic, the culture medium has a central role in the balance 
between the target compound (indole auxins) and other metabolites 
secreted by the microorganism. A PGPR can produce and release in 
the culture medium a wide array of compounds that can enhance or 
modulate the plant’s response to the exogenous auxins (Duca et al., 
2014) or promote plant growth through different mechanisms 

(Olanrewaju et al., 2017). In this respect, the possibility of modifying 
the hypoxanthine/xanthine ratio shifting from LB to YES medium can 
be particularly interesting since these molecules interplay with the 
plant’s response to auxin, environmental stresses, and, in the case of 
hypoxanthine, purine savage (Ashihara et al., 2018).

Untargeted metabolomics also indicated that the shift from LB to 
YES had a positive effect on the accumulation of some P. agglomerans 
metabolites with antimicrobial activity that can indirectly affect the 
promotion of plant growth, preventing the development of plant 
pathogens (Glick, 1995). Among these compounds, we found: NS-5, 
a β-lactam antibiotic active against Gram-positive and Gram-negative 
bacteria (Papp-Wallace et al., 2011); methyl hexadecanoic acid, a fatty 
acid methyl ester (FAME) with antibacterial activity against Gram-
negative (Thormar, 2010); indole-3-carbinol, a compound toxic to 
herbivores, insects and pathogens (Kim and Jander, 2007; Figure 2; 
Supplementary Table S1).

In summary, the metabolomics analysis indicated that the use of 
plant postbiotics, in alternative to IBA or other synthetic hormones, 
gives the advantage of obtaining a selected array of compounds with 
plant-promoting or biocontrol activity whose synthesis pattern in the 
natural environment is unpredictable and whose importance in plant-
microbe interaction could not be easily recognized using conventional 
systems. At the same time, the use of microbial metabolites by PGP 
bacteria or fungi not included in the list of microbial biostimulants 
approved by the EU legislation 2019/1009 can offer an interesting 
opportunity for scientists and entrepreneurs to develop novel 
bio-based biostimulants with a well-defined composition and well-
characterized activities.

TABLE 3  Experimental design No. 2 and results of CCD2-RSM.

Run Factor Liquid-to-flask 
volume ratio

Observed 
Response

Predicted 
Response

Rotation speed 
(rpm)

Medium volume 
(mL)

Vm/Vf Auxin (mg IAAequ/L) Auxin (mg IAAequ/L)

1 (−1) 160 (−1) 10 1:25 181.91 180.43

2 (+1) 200 (−1) 10 1:25 156.81 159.67

3 (−1) 160 (+1) 40 1:6.25 161.41 160.75

4 (+1) 200 (+1) 40 1:6.25 155.21 154.13

5 (−1) 160 (0) 25 1:10 192.42 197.35

6 (+1) 200 (0) 25 1:10 186.33 183.66

7 (0) 180 (−1) 10 1:25 190.51 186.49

8 (0) 180 (+1) 40 1:6.25 168.78 173.88

9 (0) 180 (0) 25 1:10 208.11 206.94

10 (−1) 160 (−1) 10 1:25 179.63 180.43

11 (+1) 200 (−1) 10 1:25 157.45 159.67

12 (−1) 160 (+1) 40 1:6.25 166.20 160.75

13 (+1) 200 (+1) 40 1:6.25 153.38 154.13

14 (−1) 160 (0) 25 1:10 195.51 197.35

15 (+1) 200 (0) 25 1:10 185.74 183.66

16 (0) 180 (−1) 10 1:25 186.89 186.49

17 (0) 180 (+1) 40 1:6.25 172.54 173.88

18 (0) 180 (0) 25 1:10 207.79 206.94

Coded (in parentheses) and real values are shown.

TABLE 4  Regression analysis of the full second-order polynomial model 
for optimization of auxins.

Model 
term

Coefficient 
estimated

Std. 
Errors

p-value Confidence 
intervals (±)

Intercept 206.941 1.756 9.316 E-20 3.83

X1 −6.847 0.962 1.213 E-05 2.10

X2 −6.307 0.962 2.695 E-05 2.10

X1
2 −16.437 1.665 4.129 E-09 3.63

X2
2 −26.757 1.665 1.769 E-09 3.63

X1 X2 3.532 1.178 0.011 2.57

R2 = 0.974, adj-R2 = 0.964.
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Results reported in Figure 1 also indicated that the shift from 
the rich (LB) to the saline (YES) medium determined a reduction 
in the formation of indolic secondary metabolites, including 
indole-3-acetaldehyde and indole-3-carboxylic acid 
(Supplementary Table S2). The latter compound can play an 
important role in pathogen defense (Böttcher et al., 2014) but can 
interfere with auxin-signaling (Kumar et al., 2021). Comparative 
metabolomics indicated that, if the primary goal is the production 
of postbiotics with higher auxin/IAA levels, the YES medium can 
provide better results regarding IAA titer and product selectivity. 
With P. agglomerans strain C1, shifting from LB to YES medium, 
most of the Trp-derived indoles, 11 out of 14 compounds 
belonging to the indoles and derivatives cluster, decreased, and a 

5.4-fold IAA titer increase occurred (Supplementary Table S2). 
These differences can be  dependent on differences in the 
composition of the growth media in terms of carbon and nitrogen 
source (peptides in LB and sucrose and NH4

+ ions in YES) and 
Mg2+ ion concentration (30–40 μM in LB and 1 mM in YES; Papp-
Wallace and Maguire, 2008). Magnesium ions, in combination 
with thiamine pyrophosphate (ThDP), are an essential cofactor of 
IPDC, the key enzyme involved in IAA biosynthesis via the 
tryptophan-dependent IPyA pathway. Koga et  al. (1992) 
demonstrated that, in the absence of ThDP and Mg2+, the active 
IPDC tetramers dissociate into inactive monomers and dimers. It 
can be postulated that the differences in the Mg2+ ion concentration 
can differentially modulate the IPCD activity and play a role in the 

A B

FIGURE 4

Response surface plots (3D, A) and contour plots (2D, B) of auxin production as a function of significant interactions between factors: rotation speed 
(X1) and medium volume (X2).

A B

FIGURE 5

Results of the HPLC-MS analysis showing the effect of liquid-to-flask volume ratio (A) and rotation speed (B) on the conversion of tryptophan (Trp) to 
indole-3-acetic acid (IAA) via the indole-3-pyruvic acid (IPyA) pathway. All cultures were grown in YES + Trp medium at 25°C for 24 h. Data are means ± 
standard error and refer to cultures grown at 180 rpm (A) and a medium-to-flask volume ratio (Vm/Vf) of 1:10 (B). The graphs show the molar 
concentration of the single compounds and the IAA + IPyA sum. Bars with no letter in common significantly differ at p ≤ 0.05 (Tukey HSD test).
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differential accumulation of the Trp-derived indoles. The scientific 
literature provides extensive evidence that the magnesium 
availability in the fermentation media significantly affects the 
growth and metabolism of microbial cells (Walker, 1994). Our 
results showed that a culture medium with a higher Mg2+ content 
could be  valuable for the microbial production of auxin/IAA 
through the IPyA pathway.

Many reports indicate that, in bacteria, auxin/IAA production is 
affected by several parameters, including medium components, 
growth temperature, incubation time, and medium pH (Apine and 
Jadhav, 2011; Balaji et al., 2012; Peng et al., 2014; Bhutani et al., 2018; 
Srisuk et al., 2018; Myo et al., 2019; Baliyan et al., 2021). Notably, none 
of these studies reported a detailed metabolomics analysis of the effect 
of these parameters on the production of other auxin-related 
compounds. On the other hand, no information is available on the 
effect of aeration efficiency on the microbial production of 
phytohormones such as auxin, whereas oxygen plays a crucial role in 
the growth and metabolism of aerobic and facultative anaerobic 
bacteria (Garcia-Ochoa et al., 2010; Seidel et al., 2021).

In this work, we demonstrated that the statistical optimization 
of the growth conditions was a powerful tool to optimize the auxin 
production by P. agglomerans strain C1 (Figure 4; Tables 2, 3). To 
the best of our knowledge, this is the first study investigating the 
effect of aeration efficiency on auxin production by plant growth-
promoting bacteria. The statistical optimization of aeration 
efficiency, performed by varying the medium liquid-to-flask 
volume ratio (Vm/Vf) and rotation speed (rpm; Table 1), provided 
valuable insights into the effect of oxygen availability on IAA 
production by the P. agglomerans strain C1 (Tables 2, 3). From an 
agroecological perspective, this result also highlights the 
importance of oxygen availability on the plant-microbe’s 
interaction in the rhizosphere, phyllosphere, and endosphere.

Our results indicated that the parameters that directly affect 
aeration efficiency in shake flask conditions (rotation speed and liquid-
to-flask volume ratio) play an essential role in auxin/IAA production, 
which was improved from 3.1 mg IAAequ/L (CCD1, rotation speed 
140 rpm, 1:2.5 Vm/Vf) to 208.1 mg IAAequ/L (CCD2, rotation speed 
180 rpm, 1:10  Vm/Vf; Table  2; Figure  3). In agreement with this 
observation, higher IAA values were achieved using a 1:10 liquid-to-
flask volume ratio at all agitation regimes (Table 2; Figure 3B). A higher 
amount of auxin/IAA was obtained when the oxygen availability was 
higher because of higher rotation speed and lower medium 

liquid-to-flask volume ratio (Tables 2, 3). However, data showed low 
tolerance of strain C1 to mechanical stress: IAA concentration 
decreased when the rotation speed was higher than 180 rpm (Table 3).

The polynomial equation indicated that the two independent 
variables, rotation speed (X1 and X1

2) and medium volume (X2 and 
X2

2), had a negative effect on the response (Table 4). In contrast, the 
interactive effect of these variables (X1X2) positively affected the auxin 
production (Table 4). The equation also indicated that the coefficient 
of the quadratic X2 was larger than that of X1

2, which means that the 
medium volume, and therefore the medium volume-to-flask ratio, had 
a greater effect on the auxin production than the rotation speed. This 
information was corroborated by the curvature of the 3D response 
surface that was more pronounced on the “Medium Volume” axis 
(Figure 4A). Similar evidence was also obtained by the 2D contour 
plot in which the contours around the stationary point were elliptical 
and elongated on the rotation speed axis (Figure  4B). Both plots 
indicated that: (1) at the extreme values of both variables, auxin/IAA 
concentration was low; (2) a slight change of the response value 
required a more significant move along the rotation speed axis than 
on the medium volume axis.

Validation carried out to verify the accuracy of the model showed 
that the predicted value (207.3 mg IAAequ/L) agreed well with the 
experimental value (208.3 ± 0.4 mg IAAequ/L). The application of the 
RSM through CCD allowed us to obtain the maximum auxin 
concentration at a medium liquid-to-flask volume ratio of 1:10 and a 
rotation speed of 176 rpm. The auxin concentration obtained under 
optimized conditions (208.3 ± 0.4 mg IAAequ/L) was about 40% higher 
compared to the growth conditions previously described (Luziatelli 
et al., 2020b).

Targeted metabolomics highlighted some features of the 
P. agglomerans’ IAA biosynthetic metabolism, which were not 
addressed by the RSM analysis underlining the importance of 
integrating the two methodologies. Data in Table 5 indicated that the 
culture conditions affected the flux of Trp to IAA through IPyA. At a 
rotary speed of 180 rpm, the product selectivity (IAA/IPyA molar 
ratio) had a 2-fold increase reducing the medium-to-flask volume 
ratio from 1:2.5 to 1:10 (higher aeration efficiency; Table  5). 
Surprisingly, at the lower medium-to-flask volume ratio (1:10), the 
product selectivity decreased about 2.9-fold when the rotation speed 
was increased from 160 to 200 rpm (Table 5). Thus, independently 
from the final concentration of IAA, it was evident that the mechanical 
and oxidative stresses associated with the increase in the rotary speed 
affected the conversion of Trp to IAA.

Results of targeted metabolomics indicated that an increase in 
the rotation speed determined an accumulation of IPyA in the 
culture medium (Figure  5B) and a decrease in the IAA product 
selectivity (Table 5, column IAA/IPyA). The increased difference 
between IAA and IAA + IPyA (Figure 5B) also indicated that the 
moles of IPyA converted to IAA decreased with the increase in the 
rotation speed from 180 to 200 rpm. Since no significant difference 
in the IAA level was observed between rotation speeds 160 and 
200 rpm, the variation in the total amount of IAA + IPyA was strictly 
related to a difference in the accumulation of IPyA (Figure 5B). The 
higher flux of Trp in the IAA biosynthetic pathway and the lower 
conversion rate of IPyA to IAA occurring when the rotation speed 
was increased from 160 to 180 rpm could be due to a difference in 
the availability of the cofactors of the key enzyme of the IPyA 
pathway: pyridoxal-5-phosphate (PLP) for L-tryptophan/aromatic 

TABLE 5  Effect of medium-to flask volume ratio (Vm/Vf) and rotation 
speed (rpm) on the product selectivity (IAA/IPyA) and substrate 
consumption rate (final-to-initial Trp ratio).

Factor Condition Relative molar ratio

IAA/IPyA Trpf/Trpi

Volume ratio 

(Vm/Vf)

1:10 3.0 ± 0.1a 1.1 ± 0.1b

1:4 2.8 ± 0.1b 1.3 ± 0.1a

1:2.5 1.5 ± 0.0c 1.2 ± 0.1ab

Rotation speed 

(rpm)

160 5.2 ± 0.1A 0.6 ± 0.0C

180 3.0 ± 0.1B 1.1 ± 0.1A

200 1.8 ± 0.1C 1.0 ± 0.1B

The superscript letters indicate similarities or significant differences between the values. 
Values with no letter in common significantly differ at p ≤ 0.05 (Tukey HSD test).
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amino acid aminotransferase (AAT); thiamin diphosphate for 
indole-3-pyruvate decarboxylase (IPDC); NAD(H)+ for indole-3-
acetaldehyde (IAAld) dehydrogenase/oxidase (AAO). Based on the 
literature (Lakaye et al., 2004; Taboada et al., 2008; Tramonti et al., 
2021; Yuan et al., 2021), we expected, also in P. agglomerans, that the 
levels of these cofactors could be higher when the dissolved oxygen 
is not a limiting factor and its replenishment satisfies metabolic 
oxygen demands. However, the availability of these cofactors for the 
enzymes involved in the IAA synthesis depends upon the number of 
competitive reactions that consume the same cofactors and are active 
under the same growth conditions. In future research, we intend to 
combine metabolomics and RSM analysis to explore the correlation 
between IAA product selectivity and cofactors availability and 
improve the fermentation strategies focusing on both IAA yield and 
product selectivity.

Whereas in all P. agglomerans strains described so far 
(including strain C1), the production of high levels of IAA is 
dependent upon the addition of Trp to the culture medium, our 
data indicated that, under our experimental conditions, strain C1 
synthetized Trp and released part of it in the culture medium 
(Table 5, column Trpf/Trpi). Interestingly, the highest IAA product 
selectivity was obtained when the residual Trp level was lower 
(Table 5, rotation speed of 160 rpm). Considering that the first step 
of the major pathways of Trp degradation involves PLP-dependent 
enzymes (Cellini et al., 2020), it can be postulated that the flux of 
Trp versus IPyA is modulated by the affinity of the AAT versus the 
substrate (Trp) and the cofactor (PLP) and the intracellular 
concentration of both. The highest IAA product selectivity 
obtained when the Trp biosynthesis is limited (Table 5, rotation 
speed of 160 rpm) can indicate that redirecting the Trp metabolic 
flux is pivotal, either in laboratory conditions or in natural 
environments, to modulate the IAA production by PGPRs.

The levels of auxin/IAA obtained in this study are lower than 
those reported for P. agglomerans PVM (Apine and Jadhav, 2011), 
Klebsiella SN 1.1 (Chaiharn and Lumyong, 2011), Enterobacter sp. 
DMKU-rp206 strain (Srisuk et al., 2018) and Enterobacter sp. P-36 
(Luziatelli et al., 2021), but are indeed higher than those obtained 
upon optimization of IAA production by Bacillus strains isolated from 
Vigna radiata (Bhutani et al., 2018), Streptomyces sp. VSMGT1014 
(Harikrishnan et al., 2014), Burkholderia seminalis S52 (Tallapragada 
et al., 2015), or Pseudomonas putida sp. Rs-198 strain (Peng et al., 
2014). For P. agglomerans strain PVM (Apine and Jadhav, 2011), the 
higher levels of IAA were produced on a medium containing animal-
derived ingredients (meat), which are not compliant with EU rules on 
fertilizing products.

Conclusion

Integration of RSM with metabolomics, which provides 
comprehensive information on the cellular response to external 
stimuli, can be valuable for optimizing various microbial products. 
In this study, we  provided evidence that, in developing auxin-
enriched plant postbiotics, the combined use of RSM and 
untargeted and targeted metabolomics can help discover new 
properties of PGPBs and take advantage of their metabolic 
capabilities. Postbiotics allow the rational design of cocktails of 
metabolites associated with PGP traits. The separate production of 

metabolites can be a valuable strategy in synthesizing molecules 
whose biosynthetic pathways compete in the cell for ATP, cofactors 
(auxins and gibberellins), or precursors (auxins and 
phenylpropanoids). Metabolites synthesized under different 
growing conditions or from different PGPBs can be  produced 
separately and appropriately mixed to obtain tailor-made products 
for different crops and growing conditions. This study provides 
guidance for the sustainable development and optimization of 
postbiotics for agriculture.
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Introduction: Humic substances (HSs), components of plant biostimulants, are

known to influence plant physiological processes, nutrient uptake and plant

growth, thereby increasing crop yield. However, few studies have focused on the

impact of HS on overall plant metabolism, and there is still debate over the

connection between HS’ structural characteristics and their stimulatory actions.

Methods: In this study, two different HSs (AHA, Aojia humic acid and SHA, Shandong

humic acid) screened in a previous experiment were chosen for foliar spraying, and

plant samples were collected on the tenth day after spraying (62 days after

germination) to investigate the effects of different HSs on photosynthesis, dry matter

accumulation, carbon and nitrogenmetabolism and overall metabolism inmaize leaf.

Results and discussion: The results showed different molecular compositions for

AHA and SHA and a total of 510 small molecules with significant differences were

screened using an ESI-OPLC-MS techno. AHA and SHA exerted different effects on

maize growth, with the AHA inducingmore effective stimulation than the SHA doing.

Untargeted metabolomic analysis revealed that the phospholipid components of

maize leaves treated by SHA generally increased significantly than that in the AHA and

control treatments. Additionally, both HS-treated maize leaves exhibited different

levels of accumulation of trans-zeatin, but SHA treatment significantly decreased the

accumulation of zeatin riboside. Compared to CK treatment, AHA treatment resulted

in the reorganization of four metabolic pathways: starch and sucrose metabolism,

TCA cycle, stilbenes, diarylheptanes, and curcumin biosynthesis, and ABC transport,

SHA treatment modified starch and sucrose metabolism and unsaturated fatty acid

biosynthesis. These results demonstrate that HSs exert their function through a

multifaceted mechanism of action, partially connected to their hormone-like activity

but also involving hormoneindependent signaling pathways.

KEYWORDS

humic substances, metabolomics, hormone-like activity, starch and sucrose
metabolism, chemical structures
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1 Introduction

An inventive approach to the problems facing sustainable

agriculture is the use of natural plant biostimulants. Humic

substances (HSs), one type of plant biostimulants, has received

increasing attention from researchers and farmers. Numerous

studies have shown that plants grown in soils with sufficient HSs

or exposed to foliar sprays composed of HSs are healthier because

these plants are well adapted to and resistant to stressful conditions

and show increased yield through increasing nutrient uptake

(Quaggiotti et al., 2004; Mora et al., 2010).

For many years, soil scientists have been working to determine

the chemical characteristics and molecular structure of HSs and to

study how they regulate plant growth and development. Several

studies have proposed the hypothesis that HSs may act on plants

through two different mechanisms: (1) indirectly, by enhancing

the chemical, physical and biological qualities of the soil; and (2)

directly, by regulating growth processes, nutrient transport

systems and primary and secondary metabolism through HSs

active components (Canellas and Olivares, 2014; Nardi et al.,

2016; Nunes et al., 2019; Pizzeghello et al., 2020). For example,

HSs stimulate the synthesis of plasma membrane H+-ATPase.

Through the combination of ATP hydrolysis and H+ transfer

across the cell membrane, this enzyme promotes root growth by

acidifying the plasma outer body, loosening the cell wall, and

lengthening the cell (Zandonadi et al., 2007; Canellas and

Olivares, 2014; De Azevedo et al., 2019). Activation of plasma

membrane H+-ATPase also improves plant nutrition by

increasing the electrochemical proton gradient that drives ion

transport across the cell membrane (Canellas et al., 2002).

Earthworm-like HSs induce changes in the metabolism of

reactive oxygen species (ROS) in plants after root application

(Garcıá et al., 2012; Garcıá et al., 2014). ROS have been categorized

as signal transduction molecules that participate in transduction

mechanisms regulating metabolic activities, including plant

growth and development, although they are mainly considered

as hazardous compounds resulting from aerobic metabolism

(Mittler et al., 2011; Mittler, 2017). In this context, ROS has

been proposed as a possible target for the action of HSs in plants

(Garcia et al., 2016; Roomi et al., 2018). Additionally, Zandonadi

et al. (2010) showed that HSs induce nitric oxide (NO) production

at the site of lateral root emergence. Both primary and secondary

metabolism have been documented to be altered by HSs. For

example, Nardi et al. (2007) observed the upregulation of

glycolysis and the tricarboxylic acid cycle (TCA) enzymes in

maize plants treated with 1 mg C L-1 HS, which also increased

nitrogen uptake/assimilation and nitrogen metabolism.

Furthermore, HS treatment was able to lower the pH of the root

surface, promote H+/NO 
3
− symport and stimulate nitrate uptake,

transport and nitrogen metabolism enzyme activity. In addition,

HS treatment exerted a positive effect on phenylpropane

metabolism and enzymes associated with cytoprotection (Garcia

et al., 2016). Taken together, these findings illustrate the

complexity of the relationship between HSs and plant

physiology and emphasize the value of molecular approaches in

understanding the nature of this interaction.
Frontiers in Plant Science 021204
In the last decade, new molecular “omics” techniques

(genomics, transcriptomics, proteomics and metabolism) have

been applied to evaluate the effects of HSs on plant metabolism

(Carletti et al., 2008; Nephali et al., 2020). Recent studies have

described the impeccable ability and potential of omics techniques

to reveal the mechanisms describing the interaction of

biostimulants with plants. Trevisan et al. (2011) performed a

transcriptomic analysis and Gene Ontology classification on

Arabidopsis after three days of treatment and observed a

widespread but slight modulation of the transcriptional activity

involving the plant’s main metabolic functions: respiration and

photosynthesis, general cellular metabolism, fatty acids, nitrogen/

sulfur, plant hormones, plant development, senescence, stress

response, ion and water transport. Nunes et al. (2019) used a

label-free quantitative proteomic approach to analyze the effect of

humic acid on the soluble protein fraction of maize seedling roots,

and differences were detected in root proteins relation to energy

metabolism, the cytoskeleton, cellular trafficking, protein

conformation and degradation, and DNA replication. However,

few studies have investigated the effects of HSs on plant metabolism

via metabolomics analysis. Metabolomics is a multidisciplinary

omics science that provides unique opportunities to predict the

mode of action of biostimulants on crops and to identify markers of

biostimulatory effects (Nephali et al., 2020). In one of the very few

cases when metabolomics techniques were utilized in HS response

research, Marino et al. (2013) showed that HS-treated pears and

papaya calli produced more asparagine than controls using 1H HR-

MAS NMR analysis.

Numerous studies have highlighted how HSs might improve

plant responses and growth metrics, but the new challenge is to

determine which parts or specific components of HSs are most

likely to induce a positive response. For this analysis, the structure

and composition of humic substances must be examined and

characterized. In general, the characterization of HSs is divided

into elemental, functional group and molecular weight categories,

but these characterizations do not provide information at the

molecular level. In 2001, Piccolo (2001) redefined fulvic acid (FA)

as a hydrophilic small molecule conjugate with sufficient acid

functional groups to allow its dispersion in solution at any pH. At

neutral or alkaline pH, HSs are not stable polymers but

supramolecular associations of relatively small heterogeneous

molecules (polymethylenic chains, fatty acids and steroid

compounds) held together by weak dispersion forces, such as van

der Waals, p-p, CH-p, and interactions. As intermolecular

hydrogen bonds are gradually formed at lower pH values, their

conformation gradually increases until flocculation, and the concept

of “humeomics” was thus introduced (Piccolo, 2001; Nebbioso and

Piccolo, 2011). Furthermore, researchers have speculated that the

progressive breakdown of the intra- and intermolecular interactions

that support complex superstructures may reduce the complexity of

humic supramolecules, releasing individual humic substances

molecules that enter the plant or engage with receptors that

interact with plant cells. These molecules are separated and

identified by combining advanced analytical techniques (Nebbioso

and Piccolo, 2011; Drosos et al., 2017). Further studies have noted

that the main molecular components of HSs are fatty acids, ethers,
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esters, alcohols, aromatic lignified fragments, polysaccharides and

peptides (Scaglia et al., 2016; Drosos et al., 2017).

The complexity of the HS structure and its associated biological

activity in plants has been extensively described. Despite the fact

that several approaches have been employed in research on this

topic, the direct relationship between the chemical structures of HSs

and their effects on plant metabolism has not yet been fully

elucidated so far. Initially, the molecule size, hydrophilicity, and

particular functional groups of HSs were proposed to be closely

associated with their activity. According to Nardi et al. (2007), the

size exclusion chromatography fraction of HSs with the lowest

molecular weight is the most effective in promoting plant

metabolism, the most hydrophilic, and contains more sugars and

less lignin-derived materials. Similarly, the effects of different

molecular size fractions of HSs on root growth have been

explored (Dobbss et al., 2010; Canellas et al., 2012). While all HS

induced root growth in Arabidopsis and maize seedlings, the

intensity of their effects varied depending on HS molecular size

and plant species. Further analysis revealed that the hydrophobicity

index (HB/HI) of HSs obtained using NMR parameters correlates

with the appearance of lateral root hairs, but that the hydrophobic

carbon content correlates negatively with the induction of lateral

roots (Canellas et al., 2012). Other studies have also discovered a

connection between hydrophobicity and plant responses, whereby

more hydrophobic humic acids showed the greatest activity in

stimulating plant responses, with certain HSs lengthening roots

and others increasing root density. According to Scaglia et al.

(2016), the hormone-like activity of HSs extracted from compost

prepared from cow manure and leather waste varies depending on

the maturity stage, and the molecules correlating with growth

hormone-like activity were identified as carboxylic acids and

amino acids.

The combination of a fine chemical analysis of HS molecules

and overall metabolic studies of their effects on plants provides a

new opportunity to expand knowledge of both the detailed

chemistry and use management aspects of HSs. Based on this

hypothesis, we sought to analyze the molecular composition of

HSs through UHPLC-QTOF-MS technology, we employed a

method based on UPHLC-QTOF-MS non-target metabolome to

study the overall effect on HSs on maize metabolism. The mains aim

of this study were as follows: i) assaying differences in chemical

composition and biological activity from two different reservoirs; ii)

appraising differential effects of these HSs on altering maize growth

and metabolism over a long period; iii) attempt to analyze the

molecular compositions of HSs, and explore the mechanism of

promoting growth from the perspective of metabolomics in maize.
2 Materials and methods

2.1 Materials

The two HSs selected for this investigation were those that had

been screened in earlier corn field trials and displayed the greatest

variation in effects (data not shown). One of the humic substances

(AHA, Aojia humic acid) was supplied by Beijing Aojia Fertilizer
Frontiers in Plant Science 031205
Co., Ltd. (Beijing, China), using Heilongjiang lignite as the raw

material, and the other (SHA, Shangdong humic acid) was supplied

by Shandong Nongda Fertilizer Technology Co., Ltd. (Jinan,

China), also using Inner Mongolia lignite as the raw material.

The experiment was conducted in a glass greenhouse of the

Institute of Agricultural Resources and Regional Planning,

Chinese Academy of Agricultural Sciences. Both plant groups

were grown in pots containing a mixture of perlite/vermiculite

(1:1, v/v) in glass house. The composition of the Hoagland

nutrient solution is as follows: 2 mM MgSO4, 1 mM NH4NO3, 5

mM KNO3,1 mM KH2PO4, 0.005 mM KI, 5.76 mM Ca(NO3)2, 0.1

mM H3BO3, 0.15 mM MnSO4, 0.05 mM ZnSO4, 0.00016 mM

CuSO4, 0.0019 mM CoCl2, 0.1 mM NaFe-EDTA. The initial pH

was adjusted to 5.8 ± 0.1.

Maize seeds (Zea mays L., hybrid Zhengdan 958) were soaked in

0.5% NaClO for 30 min, then rinsed and soaked in water for 12 h

for surface sterilization. Afterward, the seeds were sown in

vermiculite-filled seedling trays and allowed to germinate in an

incubator with 14 h of light at 28°C and 10 h of darkness at 20°C.

The seedlings with the same growth vigor were selected and placed

in pots after 7 days. During the rejuvenation period, Hoagland

nutrient solution with a half-ionic strength was used. After 7 days, it

was replaced with complete nutrient solution, and 1L of nutrient

solution was applied every week.
2.2 Determination of molecular
composition of HSs

HS molecular composition was determined using UHPLC-

QTOF-MS as described below.

2.2.1 Sample preparation
The metabolites were extracted by adding 1 mL of pre-chilled

extraction solution (2:2:1, (v/v/v) methanol: acetonitrile: water

solvent mixture) to 80 mg of the samples. The sample was

vortexed and mixed, sonicated at low temperature for 30 min,

and then centrifuged at 14000×g for 20 min at 4°C. The supernatant

was dried in a vacuum centrifuge, 100 mL of aqueous acetonitrile

(1:1, (v/v) acetonitrile: water) was added before the LC-MS analysis,

vortexed and centrifuged at 14000×g for 15 min at 4°C, and the

supernatant was collect as the sample for analysis. In addition,

pooled quality control (QC) samples were prepared by combining

of equal amounts of the samples.

2.2.2 Liquid phase parameters
All samples were analyzed using the UHPLC (1290 Infinity LC,

Agilent Technologies) system. An ACQUITY UPLC BEH HILIC

column (100 mm × 2.1 mm, 1.7 μm, Waters, Ireland) was used for

separation at a column oven temperature maintained at 25°C. The

flow rate was set to 0.5 mL/min, while the mobile phase comprised

solvent A (water, 25 mM ammonium acetate and 25 mM

ammonium hydroxide) and solvent B (Acetonitrile),. Gradient

elution conditions were set as follows: 0–0.5 min, 95% B; 0.5–7

min, 95–65% B; 7–8 min, 65–40% B; 8–9 min, 40% B; 9–9.1 min,

40–95% B; and 9.1–12 min, 95% B. The injection volume for each
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sample was 42 mL. A random order was used for continuous

analysis of the samples to avoid fluctuations detection signal in

the instrument. QC samples were inserted in the sample queue for

monitoring and evaluating the stability of the system and the

reliability of the experimental data.

2.2.3 Mass spectrometry parameters
Samples eluted from the column were detected using a

TripleTOF6600 high-resolution tandem mass spectrometer with

Q-TOF operated in both positive and negative ion modes. The Ion

spray voltage floating was wet to 5500 and -5500 V for the positive

and negative ion modes, respectively. Mass spectrometry data were

acquired on the information dependent acquisition IDAmode, with

a TOF mass range set from 25 to 1000 Da, and the accumulation

time for product ion scan was set to 0.05 s/spectra.

2.2.4 Data processing
The raw MS data were converted to MzXML files by

ProteoWizard MSConvert, and then peak alignment and

integration were conducted using XCMS software. The

parameters of XCMS were as follows: mass range 25–1000 m/z,

mass tolerance 10 ppm, retention time (RT) range 0.5–12.0 min,

and RT width threshold 0.2 min. In the extracted ion features, only

the variables with more than 50% of the nonzero measurement

values in at least one group were retained. Compound identification

of metabolites was performed by comparing of accuracy m/z value

(<10 ppm), and MS/MS spectra with an in-house database

established with available authentic standards.

After data normalization, the processed data matrix was

submitted to R package (ropls) for multivariate statistical analysis.

Principal component analysis (PCA) was conducted to observe the

clustering pattern of all samples and the repeatability of the intra-

group samples. Orthogonal partial least squares discriminant

analysis (OPLS-DA) was further applied to filter out the noise

irrelevant to the classification information and improve the parsing

ability and effectiveness of the model. Variables with variable

importance for the projection (VIP) values from the OPLS-DA

analysis larger than 1.0 were considered as potential biomarkers

since they can discriminate between two compared groups.
2.3 Experimental design

The experiment was arranged in randomized blocks using three

treatments and ten replicates. The treatments were as follows: 1)

foliar application of pure water, (CK), 2) foliar application of AHA

(AHA), 3) foliar application of SHA (SHA). HSs was sprayed at a

concentration of 0.5%, which was selected based on supplier

recommendations and preliminary experiments assessing the

effects of HS spraying on maize growth. Plants underwent foliar

spraying around 16:00 using a portable sprayer, with which the

upper and the lower surface of leaves were treated. The first

spraying was conducted at 14 days after transplantation, and the

remaining foliar sprays were applied at 10-day intervals for 5 total

applications. The sampling point for plant samples was 10 days after

the last spraying. For non-target metabolome analysis, the tip,
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middle, and base of the latest fully expanded leaves of six plants

were collected and mixed, and immediately frozen in liquid

nitrogen and stored at -80°C for subsequent analysis. For the

biochemical analysis and to measure the fresh and dry weight of

each plant’s leaf, stem, and root, four samples were collected. Then,

the different parts of the maize plant were oven-dried at 105°C for

30 min and maintained at 75°C for 48 h to obtain a stable dry

weight. Dry matter was analyzed for total nitrogen, phosphorus and

potassium percentages. Total nutrition absorption per plant was

calculated based on the tissue nutrition content and dry weight.
2.4 Phenotypic analysis

A ruler was used to measure plant height from the stem base to

the tip of the latest fully expanded leaf. Plant stem diameter was

measured with caliper. Expanded leaves area was estimated non-

destructively using the Yanxin-1242 portable leaf area meter of each

leaf with ligule emergence. Vegetative developmental stage was

based on the number of leaves with an emerged ligule and the

number of visible leaves at harvest.
2.5 Parameters for measuring
photosynthesis

The photosynthetic rates were measured between 9:00 and

11:00 using a portable photosynthesis system (Li-6400, LICOR

Biosciences, Lincoln, USA). The air temperature, CO2

concentration and photosynthetic photon flux density in the leaf

chamber were set to 28°C, 500 μmol·mol−1, 1500 μmol m−2 s−1,

respectively. Three biological repeats were included per data point.

The instantaneous WUE was calculated as WUE = Pn/Tr (Chen

et al., 2018).

Relative chlorophyll concentration in leaves was recorded using

a portable SPAD meter (SPAD-502 Plus, KONICA MINOLTA,

Japan) with 10 reading data. Both of these values were detected

using the youngest leaf with ligule emergence.
2.6 Measurement of physiological
parameters

Fresh leaf samples, which were previously stored at −80°C, were

ground to a homogenous powder with liquid nitrogen. The protein

concentration was determined using the Bradford method and a UV/

Vis spectrophotometer at 595 nm wavelength. The protein

concentration was reported as mg of protein per g of fresh leaf.

The soluble sugar concentration was calculated using the sulfuric

acid-anthrone colorimetric method. The free amino acid content was

determined using the ninhydrin method with leucine as the standard.

Phenylalanine ammonia-lyase (PAL) was extracted by

homogenizing frozen tissue into pre-cooled sodium borate buffer (100

mM, pH 8.7) at a ratio of 1:9 (w/v). After centrifugation at 10,000 rpm/

min for 10 min at 4°C, the supernatant was collected for the enzyme

assay using a previously described method (Assis et al., 2001). One unit
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(U) of PAL activity was defined as the amount of enzyme extract

producing an increase in the optical density of 0.1 per min, which was

measured at 290 nm by using UV/Vis spectrophotometer. Sucrose

synthase (SS) and nitrate reductase (NR) activities were measured

using the corresponding assay kits according to the manufacturer’s

instructions (Beijing Solarbio Technology Co., Ltd., Beijing, China).

Briefly, 0.1 g leaf sample was added to 1 mL extraction solution,

followed by the ice bath homogenization, and the mixture was

centrifuged at 8000 g for 10 min at 4°C, supernatant was collected for

further analysis. The absorbance at 480 nm was used for the calculation

of SS activity and one unit of SS activity was defined as 1 μg of sucrose per

g of tissue catalyzed per minute. For NR activity, 0.1 g leaf samples were

extracted in 1 ml extraction solution and the mixture was centrifuged at

4000 g for 10 min. The resulting supernatant was collected for further

analysis. The absorbance at 340 nm was used for the calculation of NR

activity, one unit (U) of NR activity was defined as the amount of 1 mmol

NADH consumed per hour per g of sample.
2.7 Metabolomics analysis of maize leaf

2.7.1 Sample preparation
The maize leaf samples were quickly frozen in liquid nitrogen

and grounded with a homogenizer. The metabolites were extracted

by adding 1 mL of pre-chilled extraction solution (2:2:1, (v/v/v)

methanol: acetonitrile: water-water solvent mixture) to 80 mg (fresh

weight) of the samples. The sample was vortexed and mixed,

sonicated at low temperature for 30 min, and then centrifuged at

14000×g for 20 min at 4°C. The supernatant was dried in vacuum

centrifuge, and 100 mL of aqueous acetonitrile (1:1, (v/v)

acetonitrile: water) were added before the LC-MS analysis. The

samples were vortexed and centrifuged at 14000×g for 15 min at 4°

C, and the supernatant was collected as the sample for analysis.

2.7.2 Liquid phase parameters
The samples were separated using a UHPLC (1290 Infinity LC,

Agilent Technologies) system with a C-18 column. The column

temperature was 40°C. The flow rate was set to 0.4 mL/min; and the

injection volume was 2 mL. The mobile phase A consisted of 25 mM

ammonium acetate and 0.5% formic acid in water, mobile phase B

was methanol. Gradient elution conditions were set as follows: 0–

0.5 min, 5% B; 0.5–10 min, 5–100% B; 10–12 min, 100% B; 12–12.1

min, 100–5% B; 12.1–16 min, 5% B. During the whole analysis, the

sample was placed in an automatic sampler at 4°C.

The mass spectrometry parameters and data processing were

the same as the determination of the HS molecular composition

described in Section 2.2.
2.8 Data analysis

Analysis of variance (one-way ANOVA) was performed using

the SPSS 23 (IBM Corp) software with type of treatment as factor

followed by a pairwise post hoc analyses (Duncan test) to determine

which means differed significantly at p < 0.05.
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3 Results

3.1 The molecular composition of HSs

An untargeted metabolomics approach based on UHPLC-

QTOF-MS was used to obtain the molecular composition profiles

of these two HSs, and 1320 small molecules were detected, of which

754 were detected in positive ion mode and 566 were detected in

negative ion mode. The principal component analysis (PCA)

explained 59.43%, 69.55% of the overall variance in molecules

detected in positive and negative ion mode, respectively

(Figure 1). The PCA score plots (Figure 1) showed two main

clusters accounting for the AHA and SHA, respectively. Within

each cluster, the molecular composition profiles did not overlap,

thus indicating distinct molecular signatures.

The 1320 small molecules classified into eighteen categories

according to their chemical properties (Figure 2). The six categories

that accounted for a higher percentage were benzenes, organic

heterocyclic compounds, organic acids and derivatives, lipids and

lipid-like molecules, organic oxygen compounds, phenylpropanoids

and polyketides.

As PCA is an unsupervised data analysis method, orthogonal

partial least squares discriminant analysis (OPLS-DA) was further

employed to filter out the noise unrelated to the classification

information and improve the parsing ability and effectiveness of

the model. The OPLS-DA plot (Figure S1) of the two samples

showed a clear separation. The OPLS-DA model was also used to

obtain the variable weight values (VIP) and measure the intensity

and explanatory power of the effect of each small-molecule

substance on the classification discrimination of the AHA and

SHA groups. Thereafter, multivariate analysis of OPLS-DA and

univariate analysis of t-test were used to identify differential

accumulated component ions. The use of VIP≥1 and p ≤ 0.05 as

cutoff thresholds revealed 357 differentially expressed positive ions,

of which 234 and 123 shown FC (fold change, AHA/SHA) >1 and

FC<1, respectively (Support Material 1, Figure S2).

Among the 510 small molecules with significant differences, 17

were attributed to hormones and their derivatives (Table 1). With

exception of Trans-zeatin and Forchlorfenuron, two plant and

hormone-like substances with an ionic strength FC<1, the

remaining 15 bioactive substances showed FC>1, especially 5-

methoxytryptophan, Gibberellin a4 and gamma.-hydroxybutyric

acid, whose FC were 486.10, 263.50 and 109.57, respectively.

Notably, we also found that AHA and SHA contain a variety of

substances with bacteriostatic and anthelmintic effects, such as

fludioxonil, vanillic acid, triadimefon, Penthiopyrad, dinex,

dichlormid, etc (Support Material 1).
3.2 Phenotype changes in maize

Foliar applications of AHA and SHA exerted differing effects on

maize growth. In plant treated with AHA, a greater number of

expanded leaves, plant height, leaf area and leaf dry weight was

observed (+4.72%, 6.12%, 12.87% and 13.29%, respectively)

compared to CK treatment (p<0.05), but root growth was not
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modified (Table 2). Meanwhile, SHA treatment did not induce any

significant changes in these parameters (except for the number of

expanded leaves) compared to CK treatment. The increment in

shoot leaf area after treatment with AHA was due to a small

increment in total leaf number per shoot and a significant

increment in average leaf size compared to SHA and CK

treatments. In particular, compared with SHA and CK, the leaf

area of AHA treatment group increased by 12.87% and 18.91%,

respectively, and the leaf dry weight increased by 13.29% and

11.69%, respectively. Based on these results, AHA inducing more

effective stimulation than the SHA.
3.3 Nutrient absorption

Both foliar spray treatments increased the P concentration in

the leaves, stems and roots of maize plants (Figure 3A). The AHA

and SHA treatments increased the stem N concentration by 6.4%

and 13.04%, respectively, compared with the control treatment, but

only the SHA group was declared to be significantly different from
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control plants (p<0.05). The K concentrations in maize were not

affected by the tested biostimulants (Figure 3A). In contrast to stem

N concentration, the N content in the plant following the AHA

treatment increased by 43.52%, 20.62% compared with that

observed after SHA and control treatments, respectively, due to

the higher stem dry weight (Figure 3B). Similarly, the AHA

treatment significantly increased the N, P and K content of the

whole plant than that in SHA treatment plant (p<0.05, Figure 3B).
3.4 Photosynthetic parameters

A positive effect of HSs was also been observed on the

photosynthesis in maize leaves (Figure 4). Compared to the

control treatment, plants subjected to the AHA foliar spraying

treatment exhibited a significantly increased relative chlorophyll

content (SPAD value) and C and subsequently displayed an

increase in net photosynthesis; whereas there was a slight

increase in SPAD values of SHA-treated leaves, their C and Pn

were similarly significantly increased. There was no statistical
Benzenoids

Organoheterocyclic compounds

Organic acids and derivatives

Lipids and lipid-like molecules

Undefined

Organic oxygen compounds

Phenylpropanoids and polyketides

Organic nitrogen compounds

Nucleosides, nucleotides, and analogues

Alkaloids and derivatives

Organosulfur compounds

Homogeneous non-metal compounds

Lignans, neolignans and related compounds

Nucleosides, nucleotides, and analogues

Hydrocarbon derivatives

Organometallic compounds

Organophosphorus compounds

Phenylpropanoids and polyketides/Alkaloids and derivatives

(247, 18.71%)

(256, 19.39%)

(216, 19.36%)

(189, 14.32%)

(147, 11.14%)

(100, 7.58%)

(89, 6.70%)

(43, 3.26%)

(11, 0.83%)

(9, 0.68%)

(3, 0.23%)

(2, 0.15%)

(2, 0.15%)

(2, 0.15%)

(1, 0.08%)

(1, 0.08%)

(1, 0.08%)

(1, 0.08%)

FIGURE 2

The classification of small molecules of AHA and SHA. The numbers in parentheses represent the amount of small molecule in each category and
their proportion to the total number small molecules identified.
A B

FIGURE 1

PCA score plots of the molecules profiles in positive ions mode (A) and negative ions mode (B).
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difference in leaf SPAD, C and Pn between the humic acid

treatments (Figure 4).
3.5 Carbon and nitrogen metabolism-
related enzymes and substances

Compared to the control group, plants subjected to the AHA

foliar spraying treatment presented higher levels of soluble

carbohydrates and free amino acid content, but did not exhibit a

change in the leaf protein concentration (Figure 5). SHA treatment

did not exert any significant effect on leaf soluble carbohydrate

concentrations but induced a slight reduction in free amino acid

concentration when compared to CK treatment. SS, NR and PAL

activities in maize leaves were significantly increased by AHA
Frontiers in Plant Science 071209
treatment than that in SHA and CK treatments plant

(p≤0.05, Figure 5).
3.6 Metabolomic profile

3.6.1 Effects of different treatments on overall
metabolic profile

An untargeted metabolomics approach based on UPLC-QTOF-

MS was used to obtain the metabolite profiles of maize leaves.

Notably, 1373 characteristic peaks were detected and 1272

metabolites were identified. The PCA score plot (Figure 6)

showed that the positive and negative ion modes explained

45.09% and 43.15% of the total variance, respectively. All groups

in the positive ion mode were separated along PC2, and in the
TABLE 2 Results of phenotypic analyses of maize subjected to different treatments.

Treatment Number of
visible leaves

Number of
expanded
leaves

Plant
height
(cm)

Stem
diameter
(mm)

Leaf
area
(cm2)

Leaf dry weight
(g per plant)

Stem dry
weight

(g ·plant-1)

Root dry
weight

(g ·plant-1)

AHA 15.00 ± 0.47 11.10 ± 0.32 a
187.33 ±
7.47a

18.47 ± 1.23
3143.70 ±
237.72a

15.77 ± 1.21 a 13.38 ± 2.70 6.83 ± 1.77

SHA 14.60 ± 0.52 11.00 ± 0 a
183.25 ±
3.5ab

17.78 ± 1.52
2785.16 ±
296.09b

13.92 ± 1.67 b 11.62 ± 2.54 5.36 ± 1.14

CK 14.60 ± 0.52 10.60 ± 0.52 b
176.53 ±
9.46b

18.32 ± 1.39
2643.73 ±
311.57b

14.12 ± 1.08 b 13.28 ± 1.97 6.95 ± 0.28
Values are presented as the means ± standard errors (n = 4). Different letters in the same group indicate statistically significant differences at p ≤ 0.05.
TABLE 1 Analysis of differentially abundant phytohormones and its derived small molecules.

Components VIP Fold Change p-value m/z rt(s)

Gibberellin a4 2.04 263.50 7.92E-06 297.14446 351.356

Jasmonic acid 4.23 98.18 4.67E-05 193.09733 196.536

Dopamine 2.24 91.95 0.0017 137.05984 196.68

Melatonin 1.82 44.66 3.11E-07 255.11309 66.3665

Indolelactic acid 2.08 18.89 0.0005 206.08133 110.1555

(+)-.Alpha.-tocopherol 1.35 16.12 0.0027 165.09113 268.667

1 H-indole-3-carboxylic acid, 1-[2-(2,5-dimethylphenoxy)ethyl] 1.95 13.17 0.0025 292.11777 357.409

6-hydroxymelatonin 1.06 7.95 1.38E-10 232.09689 108.6255

5-methoxytryptophan 4.77 486.10 1.63E-11 233.08499 66.7377

N-phthalyl-l-tryptophan 1.08 52.47 0.0002 333.0663 239.1855

Indole-3-acetamide 1.19 15.78 0.0020 173.08133 255.88

Gamma-hydroxybutyric acid 1.41 109.57 1.16E-08 103.03909 332.3425

Aldosterone 1.01 12.50 0.0004 359.19024 239.082

3-bromo-5-phenylsalicylic acid 1.11 70.97 6.97E-08 246.95881 378.625

Trans-zeatin 2.21 0.19 9.63E-09 220.1121 60.8938

Forchlorfenuron 3.56 0.11 0.0027 248.07057 272.306
The VIP value is the value of variable weights obtained using the OPLS-DA model; Fold Change is the fold change of ionic strength of the substance in AHA and SHA; m/z is the mass-to-charge
ratio of the substance; rt(s) is the retention time of the substance.
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FIGURE 4

Effects of different treatments on photosynthesis. Different letters indicate statistically significant differences at p ≤ 0.05. Vertical bars indicate means
± standard errors (n=4). SPAD, relative chlorophyll content measured portable SPAD meter; Pn, net photosynthetic rate; C, stomal conductance; T,
transpiration rate; WUE, instantaneous water use efficiency.
A

B

FIGURE 3

Different portions of maize subjected to various treatments differ in their nutrient concentration (A) and content (B). Different letters indicate
statistically significant differences at p ≤ 0.05. Different red letters indicate statistically significant differences of whole plant nutrient content at p ≤

0.05. Vertical bars indicate means ± standard errors (n=4).
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negative ion mode the treatment groups and CK were separated

along PC2 and between treatment groups along PC1, reflecting the

differences in their metabolic profiles. Metabolomics data were

compared between the three treatment groups using OPLS-DA

for a two-by-two comparison to maximize intragroup separation.

The OPLS-DA scores for metabolomic profiles off the various

treatment groups indicated a definite distinction between the

groups (Figure 7).

3.6.2 Identification of the
discriminatory metabolites

Based on the VIP threshold (VIP>1) in OPLS-DA combined

with p<0.05 from the univariate statistical analysis, 145 differentially

abundant metabolites were screened. The identification of

metabolites associated with the effects of humic acid spraying

contributes to the understanding of the mechanism of action of

HS. A Venn diagram (Figure 8A) was constructed to depict the

differences and shared differentially abundant metabolites between

the AHA treatment and CK groups, between the SHA treatment

and CK groups, and between the AHA treatment and SHA

treatment. Six shared differentially abundant metabolites were

identified in all pairwise comparisons (trehalose, palatinose,

diadinochrome A, fecosterol murrayone and 5-O-feruloylquinic
Frontiers in Plant Science 091211
acid). Compared to the CK treatment, there were 15 specific

differentially abundant metabolites were observed in the AHA

treatment group (including HDMBOA-Glc and Hirsuteine) and

42 specific differentially abundant metabolites were observed in the

SHA treatment (such as jasmonic acid, linolenic acid and diosmin).

The 145 differentially abundant metabolites were classified

into six categories according to their chemical properties

(Figure 8B). Among which 80 metabolites (55.17% of the

differentially abundant metabolites) were classified as lipids

and l ipid- l ike molecules , which are integral ce l lu lar

components of the organism and play a key role in regulating

normal cellular physiology and function, indicating that the

different treatments significantly interfered with lipid

metabolism in maize leaves. Phospholipids are a large class of

lipids and lipid-like molecules and essential components of plant

cell membranes and cellular signal transduction cascade

reactions. In this study, 13 classes of phospholipid molecules

and 53 species were identified. Eleven differentially abundant

phospholipid molecules were screened in the comparison of

SHA and CK treated maize leaves, of which 10 differentially

abundant phospholipid molecules had an FC>1 (Table S1). Ten

differentially abundant phospholipid molecules were screened in

the comparison of AHA and SHA treated maize leaves, of which
FIGURE 5

Carbon and nitrogen metabolites and their related enzyme activities in maize leaves subjected to different treatments. Different letters indicate
statistically significant differences at p ≤ 0.05. Vertical bars indicate means ± standard errors (n=4). SS, sucrose synthase; NR, nitrate reductase; PAL,
phenylalanine ammonia-lyase.
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9 differentially abundant phospholipid molecules had an FC>1

(Table S1). In summary, a generally significant increase in

phospholipid composition was observed in SHA treated maize

leaves, suggesting a disorder of lipid metabolism.

Nine of the nineteen organic oxygen compounds were

carbohydrates and carbohydrate conjugates (Figures 8B, 9A),
Frontiers in Plant Science 101212
which are the energy carriers and the building blocks of

primary and secondary metabolism in plants and play an

important role in plant growth. Therefore, changes in

carbohydrate response suggest that carbon redistribution and

mobilization are important features of maize leaves subjected to

different treatments.
A

B

FIGURE 7

OPLS-DA score plots of maize leaf metabolome in positive ions mode (A) and negative ions mode (B). The values at the bottom of the figure show
the parameters evaluated in the model that were obtained after 7-fold cross-validation.
A B

FIGURE 6

PCA score plots of metabolite profiles data obtained for maize leaf in in positive ions mode (A) and negative ions mode (B) (n=6).
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Among other metabolites, the response of benzoxazinone-

glucoside (Bxs-Glc) differed among the different treatment

(Figure 9B), and the relative abundance values of DIMBOA-Glc

and HMBOA-Glc were significantly lower in the leaves of both

groups subjected to humic acid spray treatments than in the CK

treated leaves, while HDMBOA-Glc was a specific differentially

abundant metabolite detected in the AHA treated leaves.

3.6.3 Alterations in metabolic pathways in maize
leaves in response to different treatments

Changes in the abundance of metabolites reflect the inhibition

or activation of specific metabolic pathways, which also represent

the regulation of metabolism. Annotation of the identified

metabolites yielded 19 metabolic pathways, including starch and

sucrose metabolism; the citrate cycle (TCA cycle); stilbenoid,

diarylheptanoid and gingerol biosynthesis; ABC transporters;

biosynthesis of unsaturated fatty acids; alpha-linolenic acid
Frontiers in Plant Science 111213
metabolism; tryptophan metabolism and carotenoid biosynthesis,

among others (Table S1). The present study identified 21

differentially abundant metabolites produced by various metabolic

pathways, including trehalose, sucrose, phenmetrazine,

trimethoprim, meperidine, nandrolone, 2,5-Dihydroxybenzoic

acid, 3-p-coumaroylquinic acid, stearic acid, trimethoprim,

nostoxanthin, antheraxanthin, 9s,13r-12-oxophytodienoic acid,

jasmonic acid, linolenic acid, safranal, cyromazine, cinobufagin,

cholestenone, tryptophol, peonidin-3,5-O-di-beta-glucopyranoside,

phenmetrazine, pergolide.

An enrichment analysis of metabolic pathways was

subsequently performed to identify significantly affected metabolic

and signal transduction pathways (Figure 10). Compared to the CK

treatment, AHA treatment resulted in the reorganization of four

metabolic pathways: starch and sucrose metabolism, TCA cycle,

stilbenes, diarylheptanes, and curcumin biosynthesis, and ABC

transport (Figure 10A). Of these, starch and sucrose metabolism,
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FIGURE 9

Relative abundance of differential metabolites in Maize leaf in different treatments. (A) relative abundance of carbohydrates; (B) relative abundance of
Benzoxazinones (Bxs).
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FIGURE 8

(A) Venn diagram of differentially abundant metabolites in maize leaves from different treatments groups. (B) the classification of differentially
abundant metabolites in maize leaf.
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the TCA cycle is central to carbohydrate metabolism. Two

metabolic pathways-starch and sucrose metabolism and

unsaturated fatty acid biosynthesis-were modified by SHA

therapy (Figure 10B). Only one metabolic pathway, starch and

sucrose metabolism, was enriched when comparing the metabolic

enrichment status of leaves treated with AHA and SHA

(Figure 10C). One biological pathway, starch and sucrose

metabolism, was altered in the comparisons of all treatment

groups when they were compared, indicating that this pathway is

sensitive in leaf tissue.

However, considering the effects of interconnected networks of

metabolic pathways leads to a more thorough understanding. A

more detailed sketch map of the metabolite network modifications

in the main metabolic biosynthetic pathway which includes

glycolysis, the TCA cycle, abscisic acid biosynthesis, and jasmonic

acid biosynthesis, was shown in Figure 11. Regarding

phytohormones, nostoxanthin and antheraxanthin, which are

intermediates in the abscisic acid biosynthesis pathway, were

down-regulated by both humic acid spray treatments when

compared to CK treatment (Figure 11; Table S1), which may have

led to a reduction in abscisic acid synthesis. Compared to the CK

treatment, the accumulation of linolenic acid, jasmonic acid, and

methyl jasmonate was decreased by SHA treatment in terms of the

biosynthesis of jasmonic acid; AHA treatment only reduced the

accumulation of methyl jasmonate, it had no effect on

the accumulation of a-linolenic acid, 12-OPDA, or jasmonic acid

(Figure 11; Table S1). Additionally, different treatments exerted

distinct effects on the cytokinin production pathway. Compared to

the CK treatment, SHA treatment increased trans-zeatin

accumulation (VIP=0.18, p<0.05), while AHA treatment increased

trans-zeatin accumulation (VIP=0.20, p<0.05), but substantially

decreased zeatin nucleoside accumulation (VIP=0.44, p<0.05).
4 Discussion

HSs increase plant growth, root system development (Canellas

et al., 2002; Zandonadi et al., 2007; Trevisan et al., 2010), and several

physiological processes (Mora et al., 2010; Conselvan et al., 2017).

HSs may be applied directly to the soil or sprayed over leaves. Both

applications are commonly utilized in agricultural practices, the

majority of the documented effects of HSs on plant growth are
Frontiers in Plant Science 121214
derived from studies of short-term HSs application to roots in the

greenhouse, whether in hydroponics or soil. However, other studies

have highlighted the ability of HSs to promote plant growth when

applied as a foliar spray. The effects of root-applied HSs are typically

distinguished by two different mechanisms: one is indirect and

involves enhancing the chemical, physical, and biological qualities

of soil; the other is a direct result of the effects of the active ingredients

on the controlling of growth processes, nutrient transport

mechanisms, and primary and secondary metabolism. HSs applied

to the leaves have little impact on the soil or rhizosphere, but there are

major responses and interactions that take place between the soil and

the roots that boost nutrient absorption. In this case, the mode of

action of HSs seems to involve unique plant nutritional, metabolic

and physiological responses.

De Hita et al. (2020) designed experiments to distinguish the

mechanisms of action of foliar treatment of sedimentary humic

acid on plant development compared with root application. Both

application strategies promoted the growth of aboveground parts

and roots. The potential of sedimentary humic acid to increase

cytokinin concentration in aboveground tissues and indole-3-

acetic acid concentrations in roots was shared by its foliar and

root applications. Although foliar-applied sedimentary humic acid

significantly increased shoot and root growth, it had no effect on

the levels of nutrients in the leaves. Kishor et al. (2021) and

Hernandez et al. (2014) found that foliar application of humic acid

improved significantly the plant growth, yield and physiological

processes in coffee and lettuce. The results presented here reveal

various effects of two HSs from distinct origins on plant growth

and highlight the challenge of research involving complex

mixtures of poorly characterized components. Previous studies

have observed the full range of plant responses to HSs, ranging

from an inhibitory effect to a stimulatory effect (Rose et al., 2014;

Canellas et al., 2015). In this study, foliar-applied AHA produced a

larger biomass, plant height, leaf area, relative chlorophyll content

and net photosynthesis, all of which indicated rapid resource

utilization and subsequent rapid growth. However, AHA

treatment did not cause any change in plant nutrient

concentrations (except for the leaf P concentration, Figure 3). In

combination with the findings of De Hita et al. (2020), this result

may be attributed to the lack of an increase in H+-ATPase activity

in the root plasma membrane following foliar spraying. The

diluting effect may also account for the comparability of N and
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K concentrations in the AHA-treated plants to the control plants

due to the relatively large plant size (Figure 3; Table 2).

Furthermore, the AHA treatment significantly increased leaf dry

matter while having no effect on plant root growth (Table 2). A

possible explanation for this phenomenon is that AHA treatment

reduces root redundancy in maize plants, which is highly energy

intensive and has significant constraints on the formation of

economic yield. It has long been accepted wisdom that the

larger the root system, the more water and nutrients the plant
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obtains, and the greater the output. However, excessive root

growth will unavoidably result in redundancy, which will have

an effect on aboveground growth (Hu et al., 2011). In addition, the

application of AHA to maize leaves significantly enhanced

photosynthesis, which in turn increased the amount of soluble

sugar in the leaves. Meanwhile, AHA treatment also raised sucrose

synthase activity, therefore, promoting the conversion and

utilization of sugars in leaves, leading to an increase in the

aboveground biomass.
FIGURE 11

Simplified metabolic pathways of maize leaves exposed to different treatments. G6P, glucose-6-phosphate; AMP/ADP/ATP, adenosine
monophosphate/adenosine diphosphate/adenosine triphosphate.
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Despite the considerable amount of data concerning the

physiological and biochemical effects of these compounds on

specific metabolic pathways, little information is available on the

global effects exerted by HS on metabolism. As stated above, HSs

appears to influence plant physiology through a cascade mechanism

targeting multiple metabolic steps. Their hormone-like activity may

have a role in this process, but other unidentified signaling networks

may also contribute. A comprehensive study of the plant response

to these substances might significantly contribute to improving our

understanding of the molecular mode of action of these substances.

Thus, we employed metabolomics to perform a large-scale

investigation into the overall metabolic effects of HSs on maize.

In this study, an untargeted metabolomics approach based on

UPLC-QTOF-MS was used to obtain metabolite profiles of maize

leaves, and PCA revealed differences in the metabolic profiles

between the two humic acid treatment groups and CK group, as

well as between the two humic acid treatment groups, which

verified the different effects of these two humic acids on maize

growth. Integration of KEGG enrichment analysis of differential

metabolites revealed that compared to the CK group, AHA

treatment reshaped four metabolic pathways: starch and sucrose

metabolism, the TCA cycle, stilbenes, diarylheptanes and curcumin

biosynthesis and ABC transport, of which starch and sucrose

metabolism and the TCA cycle are the core of carbohydrate and

energy metabolism.

Sugar is an energy source for plants and can act as a signaling

molecule during plant growth. Previous studies have shown that

changes in the amount of free sugars in maize modulate the

expression of growth regulatory genes (Gibson, 2005). In this

study, the relative sucrose content in maize leaves treated with

CK was higher than that in AHA treatment group, and the stomatal

conductance of leaves was also observed to be lower than that in

AHA treatment group, resulting in a significant reduction in leaf

photosynthesis. Several research papers have documented an effect

of HSs on carbohydrate metabolism, modifying the level and

distribution of sugars in treated plants. As an illustration,

Conselvan et al. (2018) suggested that the lower sucrose

concentration in HS-treated Arabidopsis roots and leaves may be

responsible for higher glycolytic activity to support HS-stimulated

metabolic activities and hence boost plant growth. This result is

supported by the discovery of increased sucrose synthase activity in

the AHA-treated leaves in the current study (Figure 5). A logical

assumption is that rapidly growing plants have an increased

demand for source leaf (fully expanded leaves) photoassimilates

after spraying with AHA. Therefore, the sucrose export rate from

the source leaf should be higher, with less sucrose accumulated

during the daytime. As anticipated, the sucrose concentration was

lower than that in parallel control leaves, but the photosynthesis

and soluble sugar contents of the AHA-treated source leaves were

higher than those of parallel control leaves (Figures 4, 5).

Furthermore, excess sucrose may act as a signaling molecule to

induce stomatal closure and reduce CO2 uptake in guard cell. The

surplus sucrose is delivered toward the stomata by the transpiration

stream and triggers stomatal closure via hexokinase when the rate of

sucrose production exceeds the rate at which sucrose is loaded into

the phloem (Kelly et al., 2013). Regarding trehalose, which is a
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typical stress metabolite, the larger amount of trehalose in CK

treatment leaves may suggest the onset of a state of stress in plants.

Indeed, plants typically contain little trehalose, as environmental

stress increases, trehalose production starts to increase (Iordachescu

and Imai, 2008; Wang et al., 2020).

Membrane lipids are also involved in the HS-induced

modulation of plant signaling molecules. Phospholipids, which

are plasma membrane component, are crucial for cell signaling,

membrane trafficking, and apoptosis (Xue et al., 2009). The HS-

based biostimulant treatment changed the phospholipids profile.

The SHA treatment altered the levels of 11 foliar metabolites

compared to CK, and 10 foliar metabolites compared to the AHA

treatment. Therefore, maize leaves exposed to SHA may exhibit

abnormalities in lipid metabolism, which exert a negative effect on

the fluidity and integrity of cell membranes, thereby inhibiting

maize growth and development.

Furthermore, we particularly noted that the content of

benzoxazinones (BXs, such as BIMBOA-Glc, HDMBOA-Glc and

HMBOA-Glc) was significantly lower in the leaves of maize sprayed

with HSs than that in CK treatment. Benzoxazinoids (BXs) are

regarded as a class of secondary metabolites involved in general

defense in gramineae. Generally, BXs exist stably in plants in the

form of glucosides, which are degraded into the corresponding

glycosides and sugars to play a defensive role when the plant is

attacked (Du Fall and Solomon, 2011). A general threshold for the

induction of BXs production exists in plants upon pest and disease

infestation and insect feeding, indicating that the plant mobilizes

BXs for defense only after a certain level of damage by pathogens

and insects occurs, which reduces the metabolic burden (Gianoli

and Niemeyer, 1997). Furthermore, fulvic acid fractions have been

shown to be effective in controlling several plant diseases, which

were characterized by their capacity to induce host resistance

towards a wide range of diseases or by directly acting as an

antibacterial agent (Abdel-Monaim et al., 2011; Kamel et al.,

2014). This also explained that the relative abundance of

HDMBOA-Glc, HMBOA-Glc and DIMBOA-Glc in maize leaves

sprayed with AHA and SHA in this study was generally lower than

that in CK group, which may imply that maize leaves in the CK

treatment group may consume more energy for defense.

The modulation of the phytohormone network contributed to

the responses of plants to HS spray treatment. Nostoxanthin and

antheraxanthin are two important intermediates in the synthetic

pathway of the phytohormone abscisic acid (ABA). ABA is

generally considered as the main phytohormone for plant

resistance to abiotic stress, and ABA levels in plants increase

when they are exposed to drought, salt, low temperature, high

temperature, and injury. Therefore, ABA is also known as the

adversity hormone (Klingler et al., 2010). Both HSs spray

treatments significantly decreased the accumulation of these two

metabolites, which may inhibit ABA synthesis. In addition, in this

experiment, we observed that the stomatal conductance of CK-

treated maize leaves was significantly lower than that of the humic

acid spray treatment (Figure 4), which may also imply that the ABA

content of humic acid-treated maize leaves was lower than that of

the CK treatment, considering the relationship between stomatal

conductance and ABA (Wang et al., 1994).
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In the present study, SHA treatment decreased the

accumulation of linolenic acid, a precursor in the jasmonic acid

biosynthetic pathway, and the accumulation of jasmonic acid (JA)

and methyl jasmonate (MeJA). Similarly, AHA treatment also

decreased linolenic acid, JA and MeJA levels, but only the

accumulation of MeJA was significantly different (Figure 10;

Table S1). Since plant defense is an energy-intensive operation,

JA is a stress hormone that controls how plants adapt to biotic and

abiotic stress, forcing plants to stop active development (Ghorbel

et al., 2021). In respect to cytokinins (CTK), both HSs treated maize

leaves exhibited different levels of accumulation of tran-zeatin (tZ),

but SHA treatment significantly decreased the accumulation of

zeatin riboside when compared to CK treatment (Figure 11). The

decreased accumulation of zeatin riboside, the main transport form

of CTK, indicated that the CTK reserve in leaves treated with SHA

was lower than that in leaves treated with CK and AHA (Figure 11).

CTK negatively regulates the expression of chlorophyll-degrading

enzyme-related genes, and induces the degradation of chlorophyll-

degrading enzymes, resulting in an increase in the chlorophyll

content, maintaining the normal photosynthetic capacity of leaves

and the structure and function of the photosynthetic system, and

extending the valid period of photosynthesis and the supply of

photosynthetic compounds, it is the only known plant hormone

that can delay leaf senescence (Talla et al., 2016). In the present

study, the order of SPAD of maize leaves was AHA>SHA>CK, and

the order of net photosynthesis was AHA, SHA>CK (Figure 4),

consistent with the trend for tZ accumulation in leaves. In

combination with the above discussion, the application of humic

acid AHA increased the accumulation of tZ and down-regulated the

relative levels of JA, MeJA and BXs in maize compared to CK,

suggesting that there is a trade-off between growth and defense in

plants sprayed with AHA and that this trade-off results in

stimulation of plant growth.

Overall, although attributing the stimulation of the plant to few/

some specific compounds is difficult, we speculate that the altered

balance of phytohormones may have played a pivotal role in plant

growth. Indeed, plant growth and development have consistently

been shown to be tightly connected to hormone profile.

Comparatively, much less is understood about the signaling

pathways related to membrane lipids and the elicitation of

secondary metabolism by HSs in terms of biotic stress induced

systemic response to data, and further studies on this topic

are advised.

For many years, soil scientists have endeavored to define the

chemical characteristics and molecular structure of HSs and clarify

how they can affect the growth and development of plants.

Previous studies have observed that the complexity, chemical

structure characteristics and biological activity of HSs determine

their roles as plant growth biostimulators. Nardi et al. (2007)

reported that low molecular weight HSs with high content of

hydrophilic compounds significantly increased nitrogen uptake,

the glycolytic pathway and the Krebs cycle in maize seedlings. The

experimental results reported by Conselvan et al. (2018) revealed

different response between plants treated with IAA and HS,

emphasizing that responses evidenced by changes carbohydrate

and amino acid concentrations were only partially attributed to
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the effects of IAA on HS substrates. The presence of other

molecules present in the HS matrix can be used to determine

their biostimulatory effect.

Most commercial products currently available for agronomic

purposes are obtained from nonrenewable coal substrates such as

peat, weathered coal coals and lignite, which raises the question of

whether key structural aspects related to plant stimulation are also

present in coal-related HSs. The opposite consequences of coal-

derived HS on crop productivity (i.e., promoted or diminished

effects) may be reinterpreted in light of the different structures of

these materials. In the present study, the differences in plant growth

and nutrient content between the AHA and SHA treatment groups

(Table 2; Figure 3) suggested that the response of maize plant to HSs

depends on its molecular composition. The positive effects of AHA

onmaize growth, even under well-watered and fertilized conditions,

suggest a direct effect of compounds present in AHA on the plant.

These two HSs have different elemental and molecular structural

compositions (Table 2; Figure 1; Support Material 1). Combining

the molecular structural features of the two HSs, we deduced that

growth-promoting effect observed following AHA application was

mainly attributed to GA4, JA, dopamine, and cross talk with the

other hormones present at lower concentrations. Gibberellin plays

an important role in regulating the growth and size of various

organs during the period of plant nutritional growth, including

hypocotyl growth, leaf extension, plant height regulation and root

development. Its regulation of plant nutritional organ growth and

development is mainly reflected in the promotion of cell elongation

and promotion of cell division.

3,5-dichlorosalicylic acid is a chemical inducer of systemic

acquired resistance of plants to a wide range of pathogens

(Basson and Dubery, 2007) with an FC value of 404.91 in both

HS-treated groups (Support Material 1). In addition, we found that

the two HSs contained different levels of small molecules with

fungicidal and insecticidal properties, including methamidophos,

dichlormid, drazoxolon, triadimefon, penthiopyrad, pyrimethanil,

peri l la ldehyde isocarbamid, mepanipyrim, moxamide,

diethofencarb, triflumuron, bixafen, flusilazole, omethoate,

spirodiclofen, fludioxonil, vanillic acid chlorogenic acid, quinolin-

2-ol. These molecules may partly be responsible for the decreased

activity of pathways regulating the biosynthesis of JA and ABA were

in the HS-sprayed maize plants.
5 Conclusions

In this study, the molecular structures of two humic acids were

characterized by ESI-UPLC-MS technique, and it was discovered

that the molecular compositions of different sources of humic acids

were similar with different relative abundances, and a total of 510

small molecules with significant differences were screened by

combining multivariate statistical analysis. Pot spraying trials

showed different effects of the two humic acids on maize growth

and development: higher biomass, plant height, leaf area,

chlorophyll content, and net photosynthesis were all observed in

maize plants treated with AHA; the SHA treatment did not induce

any significant changes in maize growth. Metabolomics revealed
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that a total of 145 metabolites were significantly altered between the

different spray treatments. Further analysis revealed that leaf lipid

metabolism, starch and sucrose metabolism and some

phytohormone-related biological pathways were regulated by the

humic acid spray treatments. Among them, there was a generally

significant increase in phospholipid composition of SHA treated

maize leaves compared to CK and AHA treatments. Regarding

phytohormones, nostoxanthin and antheraxanthin, which are

intermediates in the abscisic acid biosynthesis pathway, were

down-regulated by both spray treatments. In addition, both humic

acid treatments stimulated the accumulation of tZ, SHA treatment

significantly down-regulated the accumulation of zeatin nucleosides

when compared to CK treatment.
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