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Editorial on the Research Topic
Biostimulants in agriculture Il: 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-Munoz 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
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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 uM), 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) (10® CFU ml™) 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™!, 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~° 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 BBBOOIT, 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), Diaz
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
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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, H,0, 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™') 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
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reduced damage caused by moderate NaCl stress (50 mmol L") 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 mM NaCl) 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), Spl15AD (Bacillus subtilis), AF75AB2,
Spl115AD, 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 OFDHI1-5 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™")
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' 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™' 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, Goni 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™), 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 (K,SiO;) on the
biochemical composition of courgette (Cucurbita pepo L.) fruits.
Specifically, the LE combination with K,SiO; 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 puM
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, Langowski 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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Tiziana Pandolfini*
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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 FeClz showed a faster recovery from
deficiency compared to plants supplied with FeClz 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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Collagen-Based Hydrolysate for Stress Protection

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
etal., 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 (Cavusoglu et al., 2008), which is present
in the PH in a noticeable amount. Another study from Lucini
etal. (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
ZmSODIla 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,
Casadesus 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 (Casadests
etal, 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 (LMWI10 - 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 uE m~2 s7! light intensity. For the experiments under
drought and hypoxic conditions, seedlings were successively
grown in a diluted nutrient solution containing 100 pM MgSOy,
5 UM KCl, 200 uM K,SO4, 175 pM KH,PO4 400 pM
CaSOy, 25 WM NH,H,POy, 2.5 uM H3BO3, 0.2 LM MnSOy,
0.2 pM ZnSOy4, 0.05 puM CuSOy4, 0.05 pM NaMoOy, 2 pM
Fe-EDTA and supplemented with either protein hydrolysates
(SICIT Group) or inorganic nitrogen (NH4H,PO4) (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 [LM MgSO4, 100 ILM KCL 700 }LM K2$O4,
100 pM KH,POy4, 10 uM H3BO3, 0.5 uM MnSOy, 0.5 uM
ZnSO0y4, 0.5 pM CuSOy4, 0.01 uM (NH4)sMo70,4 for 7 days.
Afterwards, seedlings were transferred in the nutrient solution
containing 20 WM Fe, as either FeEEDTA (—Fe/4+FeEDTA), or
FeCl; supplemented with 0.1 mL L~! PH (—Fe/+FeBio) or
with the equivalent amount of N supplied (—Fe/+FeCls) as
inorganic nitrogen (NH4H,;PO,). Control plants were grown
in the nutrient solution containing FeEDTA 20 pM for
14 days (+FeEDTA) or in the nutrient solution deprived of
Fe with the addition of 14.3 mgL~! of N (—Fe/—Fe). Primary,
seminal and lateral root total length and surface area were
measured with WinRHIZO™ 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 pl
of 69% ultrapure HNOj3. 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% H,O,. 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® (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. FeCl; was added to the biostimulant in aqueous
solutions at different concentrations [(wM) 0, 50, 100, 150, 200,
250]. Spectra of FeCls 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, [6], in deg cm? dmol~!
and were calculated referring to a Mean Residual Weight (MRW)
fixed at 106.5 g mol .

Quantitative RT-PCR Analysis

Total RNA was extracted from root samples, using the
Spectrum™ Plant Total RNA kit (Sigma-Aldrich, St. Louis,
MO, United States) and quantified using NanoDrop™ 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 RQl 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® 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 pL with a final primer concentration equal to 350 nM and
1 uL 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 ZmYSI was carried out with primers
used by Nozoye et al. (2013) whilst for the expression of ZmTOMI
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. Students 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 (NH4H,POy4; 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 (4+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 (451.0 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: 4-73.0%; 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 (NH4H,PO4; 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—4-) showed a statistically
significant increase (4+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
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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~ PH (Bio) or with the equivalent amount of total N (14.3 mg L™
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 WinRHIZO™ software. Mean values per plant are reported. Bars represent the standard error (SEM) (n = 21),

Student’s t-test was applied, “o < 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~" PH (Bio) or with the equivalent amount of total N (14.3 mg L~"), 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 WinRHIZO™

(SEM) (n = 22), Student’s t-test was applied,

software. Mean values per plant are reported. Bars represent the standard error
*0 < 0.05; *p < 0.01; **p < 0.001.
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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~ " PH (Bio) and seedlings treated with equivalent amounts of total N
(14.3 mg L*‘), 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 WinRHIZOT™
error (SEM) (n > 7), Student’s t-test was applied, *p < 0.05; *p < 0.01; **p < 0.001.
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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 M as Fe chelated with EDTA, FeCls, or FeCls previously
mixed with the PH (Figures 4A-C). Control plants were grown
in a nutrient solution containing 20 uM FeEDTA (4FeEDTA), 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 (456.9%) 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 FeCl; 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 FeCls 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 (4-24.6%). 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
FeCls: 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 FeClg 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 wM for 14 days (+ FeEDTA), or
in an Fe-depleted nutrient solution (-Fe) for 7 days, and supplied with 20 uM Fe as either FeEDTA (-Fe/ + FeEDTA), FeCls (-Fe/ + FeClg) or FeClg supplemented with
0.1 mL L~" PH (-Fe/ + FeBio). A group of plants were maintained in the nutrient solution deprived of Fe with the addition of 14.3 mg L~ 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/FeCls —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/FeClg —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/FeCls 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 FeCls. 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~!) 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 uM, therefore irrelevant compared to that presents in the
nutrient solution.

The PH Interacts With Fe lons

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 FeCl; at six different concentrations
[(wM) 0, 50, 100, 150, 200, 250)]. We set the PH concentration
to a total amount of N of 71.75 mg L™! and the FeCl; central
concentration of the range to 100 pM, 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 pM, a slight
increase of the molar ellipticity value at 202 nm was observed;
adding 100 uM Fe we found a greater increase; for concentrations
higher than 150 wM, the molar ellipticity value remained almost
unaltered, suggesting that the interaction between the PH and
the Fe ions was saturated at 150 WM. These findings suggest that
the PH PPII-type structure undergoes a slight conformational
change in the secondary structure when Fe ions are present in
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FIGURE 5 | Circular dichroism spectra of protein hydrolysate dissolved in
aqueous solutions with FeClg at different concentrations. The figure shows the
CD spectra of the PH diluted in aqueous solutions (N] = 71.5 mg L~ 1) with
different FeClg concentrations [(uM) O, 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~".

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
(ZmTOM1I, ZmYS1, and ZmIRTI) 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 WM FeCl; (—Fe/+FeCl3) or
FeCls plus PH (—Fe/+FeBio) in comparison to roots of plants
always grown under Fe deficiency (7 days plus 24 h; —Fe/—Fe)
(Figure 6). ZmTOM!]I 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 FeCls supply (Figures 6A-C). In fact,
Fe supply caused a strong reduction of the transcript levels of
ZmTOM1I, 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
ZmTOMT1 (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 FeCls plus PH (-Fe/FeBio). The values are the mean of three biological replicates. Bars represent the standard error (SEM).
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plants continuously grown under Fe deficiency. In the roots
supplied with FeCls in the presence of the PH, the expression
level of ZmTOMI1 and ZmIRT1 was significantly higher than
the expression measured with FeCls 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 ZmYSI between roots supplied with FeCl; 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 FeCls 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 FeCls plus the PH displayed an intermediate
behavior between Fe-deprived roots and roots supplied with
FeCl; 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
etal., 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 FeCls confers a faster recovery
from deprivation as compared with treatments with FeCls 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,
ZmTOM]I1 and ZmIRTI, respectively) (Li et al, 2013, 2018;
Nozoye et al., 2013; Wairich et al., 2019) are more expressed
in PH-treated roots during the FeCls 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
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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(ll) (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 vyield 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 vyield 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
etal., 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 Igbal, 2014; Bhardwaj
etal., 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 ™2 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/Cy))] x 100
where T is the stress sample conductance before autoclaving,
T, is the stress sample conductance after autoclaving, C; is the
control sample conductance before autoclaving, and C, 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 (¥,,) and osmotic potential (¥s) values provided
the leaf turgor potential (‘¥p).

(\Pp =¥, — lI”s)
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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 x 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™! cm™! 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 Azgp per minute at 37°C and pH 7.8. Enzyme activity
was expressed on a protein basis. The a-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 HCI. 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(0ODgg3) — 2.69(0ODgas) x V/1,000 x W]
Chlb (mg/g FW)

= [22.9(ODg45) — 4.68(0ODgg3) x V/1,000 x W]
Carotenoids (mg/g FW) = [Acar/EM] x 1, 000Ac,r

— ODuso + 0.114(ODgg3) — 0.638(ODgus)

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 conditions. Later, the flag leaf samples of 98-day mature

plants were used for biochemical, physiological, and yield
The SS-treated and non-treated wheat seeds were allowed responses and compared with the control under stress and non-
to germinate in pots under normal and mild drought stress stress conditions.
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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
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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 (o < 0.05 and P > 0.01) according to

Tukey’s (HSD).

Frontiers in Plant Science | www.frontiersin.org

37 February 2021 | Volume 12 | Article 625541


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

Hameed et al.

Si-Mediated Priming in Water-Deficient Wheat

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
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was observed in the flag leaves of plants originated from non- an increment in the non-enzymatic antioxidant, the TPC, under
primed seeds grown under drought. Treatment with 40 mM SS  both conditions compared to the control (Figure 3). In the case
induced a significant decrease, while the other treatments caused  of the hydrolytic enzymes, the protease and o-amylase activities
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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).
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TABLE 1 | Effect of sodium silicate priming treatments on pigments.

Treatments

Pigments

Under water-deficit stress

Non-stress

60 mM

sodium silicate

40 mM

20 mM 40 mM 60 mM Control 20 mM
sodium silicate sodium silicate sodium silicate sodium silicate

sodium silicate

Control

339.277 + 0.656¢
545.009 + 0.575a

330.613 £ 0.721e

342.317 + 0.293b
534.777 £ 0.311c

335.274 + 0.395d
540.714 £ 0.781b
875.988 + 0.391b

33.129 + 0.042b

335.090 + 0.375d

356.237 + 0.209a
408.125 £+ 0.730g
764.362 £+ 0.523g

334.837 + 0.571d

335.611 + 0.714d
524.006 + 0.827d
859.617 + 1.224d

Chlorophyll a (rg/g FW)
Chlorophyll b (jLg/g FW)

536.184 + 0.522c
866.796 + 0.387c

504.110 + 0.628f
839.200 + 0.253f

513.068 + 0.855e
847.905 + 0.625¢

884.287 £ 1.121a

877.094 + 0.381b
32.516 + 0.049e

Total chlorophyll (jng/g FW)

33.241 £0.017a

33.180 + 0.026ab

32.783 £ 0.011d 32.995 + 0.034c 32.207 + 0.033f

32.529 + 0.012e

Total carotenoids (mg/g FW)

FW, fresh weight. Mean values of three replicates are presented. Within a column, means sharing the same letters are non-significantly different (o > 0.05 and p > 0.01) according to Tukey’s HSD test.

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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TABLE 2 | Effect of sodium silicate priming treatments on water status and yield parameters.

Treatments

Water status/yield parameters

Under water-deficit stress

Non-stress

60 mM

20 mM 40 mM 60 mM Control 20 mM 40 mM
sodium silicate sodium silicate sodium silicate sodium silicate sodium silicate

sodium silicate

Control

0.494 + 0.002fg 0.475 + 0.004g 0.967 £ 0.017a 0.875 £ 0.004b 0.705 + 0.004c 0.566 + 0.004d
1.1338 £ 0.002e

1.127 £ 0.001f

0.511 £+ 0.002f
1.114 £ 0.002g

0.603 + 0.004c

0.540 + 0.008e

Water potential (MPa)

1.176 £ 0.005d
0.611 & 0.005¢

5.504 £ 0.171b

1.295 + 0.003b 1.218 £ 0.003¢c
0.513 + 0.001e

0.420 + 0.006f

1.343 £ 0.004a

1.110 £ 0.002g
0.570 4 0.007d

Osmotic potential (MPa)

0.664 + 0.002a 0.376 + 0.013g

0.633 £ 0.001b

Turgor potential (MPa)

4.564 + 0,030d

5.142 + 0.048c
3.387 + 0.106ab

5.111 £ 0.075¢ 5.833 + 0.110ab 5,923 + 0.019a 3.560 + 0.143f
3.764 + 0.104a

4.011 £ 0.094e
2.962 + 0.028b

Plant biomass (g)

2.869 + 0.104bc

2.819 + 0.104bc
1.417 £0.011d

2.223 4+ 0.096¢

3.286 + 0.054ab
2.693 + 0.033a

3.419 + 0.084ab
2.654 + 0.098a

100-grain weight (g)

Yield/ plant (g)

1.8352 + 0.003de 1.898 + 0.089¢c

1.097 + 0.023f

2.415 + 0.068b

1.217 £ 0.022ef

Mean values of three replicates are presented. Within a column, means sharing the same letters are non-significantly different (o > 0.05 and p > 0.01) according to Tukey’s HSD test.

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
a-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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20 mM SS

40 mM SS

60 mM SS

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
etal., 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., 20165
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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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), Sealicit™, in increasing yields of different soybean varieties, in two
geographical regions (Canada and Brazil). In addition, we investigated the potential of
Sealicit™ to reduce pod shattering at the trials in Brazil. Three different concentrations
of Sealicit™ 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. Sealicit™ 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 Sealicit™,
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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ANE Improves Soybean Pod Resistance

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 efliciently 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
(Ferrandiz, 2002; Langowski 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; Pabén-Mora et al., 2014; Balanza et al., 2016) such as
Capsella rubella (Eldridge et al., 2016; Dong et al, 2019) and
Brassica juncea (Ostergaard 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
SHATTERINGI-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 SHATI-5 was 15-fold
higher expressed than its wild counterpart. In parallel, Funatsuki
etal. (2014) reported another major QTL (quantitative trait locus)
involved in soybean pod shattering. Complementation assays
showed that POD DEHISCENCEI (GmPDH]I.1) was found to be
highly expressed in inner sclerenchyma, which correlated with
lignin deposition. GmPDHI.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 Gmpdhl
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 PDHI and its shatter-resistant pdhl allele,
which suggested that pdhl 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; Goqi 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, Sealicit™, and explored
the mode of action (MOA) in reducing pod dehiscence in
A. thaliana and winter oilseed rape (WOSR) (Langowski et al.,
2019). Sealicit™ 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 Sealicit™ in increasing yield and
conferring pod shattering resistance in another major podded
crop, soybean. The impact of Sealicit™ 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 Sealicit™ 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, GmPDHI.1 and GmSHATI-
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 Koppen 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).

Sealicit™ 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). Sealicit™ 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
CO; 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 m?.

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 Koppen
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 Uberlandia (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).
Sealicit™ 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 Sealicit™.
A portable CO; 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 x 2
factorial design (number of treatments x number of varieties)
with 13 replicates per condition (156 plots per field trial). The
plots measured 2 m wide by 5 m long (10 m?) 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 m? 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; BBCHS89). 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-m? 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
Image] software (available at') 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.

Uhttps://imagej.net/Welcome

The expression level of genes of interest was expressed in
n-fold change and calculated according 2~ AACT (Livak and
Schmittgen, 2001). Primers used for qRT-PCR reactions are as
follows: GmPDHI FW: 5-GAGGGAGGCGTTTTACGAC-3';
REV: 5-GACGTGGCAACCATGACTC-3 (Funatsuki et al,
2014); GmSHATI-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 Sealicit™ treatment for V1 and V2 were analyzed
using t test at p < 0.05. The effects of Sealicit™ on pod
shattering, GmPDHI and GmSHATI-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
Sealicit™ treatment (0, 0.75, 1.5, and 3 L/ha) (V x S),
was significant, data were subjected to one-way ANOVA,
comparing all Sealicit™ treatments with each other within
the same soybean variety. Where V x S interaction was not
significant, the effects of variety and Sealicit™ treatments
were evaluated separately, comparing the respective means
through ¢ test (variety) or one-way ANOVA Tukeys HSD
test (Sealicit™ 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 Sealicit™ 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 Sealicit™
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 Sealicit™ on yield in the Brazilian trials was
also evaluated. A two-way ANOVA analysis demonstrated that
Sealicit™ treatment had a statistically significant effect on seed
yield (p = 0.026). This parameter was also highly affected by
the interaction variety x Sealicit™ (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 Sealicit™ on seed yield in two commercial soybean
varieties with glyphosate herbicide resistance. Sealicit™ 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. Sealicit™
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 Sealicit™ dose (1.9%;
p=0.774).

The Effects of Sealicit™ Treatment on

Soybean Plant Development

The impact of soybean variety and Sealicit'™ 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 x Sealicit™) 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 (4+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 Sealicit™ 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 Sealicit™ on Pod Morphology

In order to assess whether Sealicit™ had any impacts on
soybean pod growth and development, as reported previously
for Arabidopsis and WOSR (Langowski 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 Sealicit™
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 Sealicit™.

Source of variance Seed Pod length Seed yield
weight/pod (g) (cm) (kg/ha)

Variety (V) NS b NS

Sealicit™ (S) * x *

VxS NS NS *

Variety

SS 0.44 £+ 0.01 4.04 £0.02a 3,691.4 +63.6

SR 0.44 £+ 0.01 414 4+0.02b 3,773.3 +£66.3

Sealicit™

Control 0.42 +£0.01a 4.03+0.02a 3,522.2+93.8a

0.75 L/ha 0.45+0.01b 413+0.02b 3,867.1 £86.9b

1.5 l/ha 0.43 £+ 0.01 ab 4.03+0.02a 3,873.7£86.9b

3 L/ha 0.46 £0.01b 418 +£0.02b 3,666.4 +£99.5a

VxS

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

SS + 0.75 L/ha 0.46 £ 0.01 413+0.04 3,792.0+79.4 ab

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

SS + 3 L/ha 0.47 +£0.02 4134+0.03 3,779.0+147.0a

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

SR + 0.75 L/ha 0.44 £+ 0.01 412 4+0.04 38,9422+ 170.6b

SR + 1.5 L/ha 0.43 £+ 0.01 411 4+£0.03 4,111.2+111.4Db

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

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 x S). Number of biological replicates
(seed weight, n = 5; pod length, n > 60; seed yield, n > 8). +trepresents
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 Sealicit™ 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 Sealicit™

Resistance

The effect of Sealicit™ 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 Sealicit™ 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

on Pod Shattering
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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 Sealicit™.

Source of variance

Plant height flowering (cm)

Plant height maturity (cm)

Lodging degree (1-5)

Asian rust disease degree (1-5)

Variety (V) - NS
Sealicit™ (S) NS NS NS NS
VxS NS NS NS NS
Variety

Ss 84.2+1.8b 95.1 +1.8b 2.2+0.2b 1.0+0.0
SR 771+ 1.8a 86.6 + 1.5a 1.4 4+0.1a 1.0+0.0
Sealicit™

Control 81.4+23 91.4+25 17402 1.0+0.0
0.75 L/ha 80.8+2.8 912+28 1.840.3 1.0+0.0
1.5 /ha 81.6+2.2 915+23 1.840.3 1.0+0.0
3/ha 788 +2.7 89.3+2.8 1.84+0.2 1.0+0.0
VxS

SS + control 82.0+2.8 93.3+28 20+04 1.0+0.0
SS +0.75 L/ha 82.6 +4.6 92.6 +4.5 21404 1.0+0.0
SS +1.51/ha 87.6+25 984425 24404 1.0+£0.0
SS +3L/ha 82.4 +37 937 £3.7 20+04 1.0+0.0
SR + control 80.8 4+ 3.7 89.6 + 3.9 14402 1.0+0.0
SR + 0.75 L/ha 769+23 87.4+22 13+02 1.0£0.0
SR + 1.5 /ha 757 +24 846+18 124 0.1 1.0+0.0
SR + 3 /ha 751+ 36 85.0 + 3.6 17402 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 x 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).

Sealicit™ Affects the Development of

Dehiscence Zone
To further assess the impact of Sealicit™ on pod shatter, the
expression level of two major genes regulating pod dehiscence,

60 1 b
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40

30 4

20 4 a
a
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Sealicit (0.75 L/ha) ~ Sealicit (1.5 L/ha)  Sealicit (3 L/ha)

% pod shattering after incubation at 65°C
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oss OSR

FIGURE 2 | Effects of Sealicit™ 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).

GmPDHI.1 (active in inner sclerenchyma) and GmSHATI-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
GmPDH].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 Sealicit™ significantly and
gradually decreased GmPDHI.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 GmSHATI-5, which similarly
to GmPDHI 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
GmPDHI 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
Sealicit™. 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).
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FIGURE 4 | Relative expression of GmSHAT1-5 in soybean pods treated with
Sealicit™. 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 Sealicit™ is capable of reducing pod
shattering, influencing fruit development and yield in the model
plant system Arabidopsis, as well as selected varieties of WOSR
(Langowski et al., 2019). Following on from the previous detailed
analysis of Sealicit™ action, we have tested whether similar
effects can be observed in soybean grown in field conditions.
In this study, the impact of Sealicit™ 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
Sealicit™ 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 Sealicit™ 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
Sealicit™ 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 Uberlandia-MG (Bicalho et al., 2019). All treated
soybean varieties with Sealicit™ 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 Sealicit™ in soybean crops.

Impact of Sealicit™ Treatments on
Soybean Architecture and Pod

Phenotype

While the SS variety was significantly taller than the SR variety,
Sealicit™ 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 Sealicit™ is able to increase the pod
weight in Arabidopsis and seed weight of some WOSR varieties
(Eangowski 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 (Goiii 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 Sealicit™ ability to dysregulate FUL,
RPL, and IND expression and pod length in Arabidopsis and
some WOSR varieties (Langowski 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).

Sealicit™ 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 (Langowski 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 Sealicit™
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, Sealicit™ decreased
GmPDHI.1 and increased GmSHATI-5 expression in the SS
variety, which is consistent with a reduction in shatter. Moreover,
GmPDHI.1 transcript levels were decreasing with increasing
Sealicit™ 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 GmPDH]I.1 transcript level, also showed
slight increase in GmSHATI-5. Taking into account that the
transcript levels of both might be extremely different, a small
increase in SR GmSHATI-5 transcript could not only counteract
the insignificant increase of GmPDHI, 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) (Ferréandiz, 2002), their mutants,
and complementation lines are necessary (Dong and Wang,
2015). Most importantly, the enhanced productivity of SS was
positively associated with GmPDHI.1 and GmSHATI-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 Sealicit™ 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 Sealicit™ at a low dose rate (0.75 L/ha),
increasing seed yield by an average of 9.8% in two commercial
soybean varieties (4+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 Sealicit™ 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 Sealicit™ 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 Sealicit™ has an impact on pod development in
soybean. The data generated suggest that Sealicit™ has a strong
antishattering effect in a non-shatter-resistant soybean variety.
It is also increasingly evident that Sealicit™ 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 Sealicit™’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). Sealicit™ 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 1U/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 wg/mL), soluble
phosphate (297.49-435.42 pg/mL), and prussic acid (0.01-0.37 wg/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).

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-a-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
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(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 strategies'. 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.0 (MTCC-12230) causing seedling
blight of rice, Sclerotium rolfsii causing foot rot of rice and
Sclerotium delphinii (MTCCI11568) 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] x 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 171, 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 TAA 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™! 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

Uhttp://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 pl
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 (KH;POj). Phosphate solubilizing activity
was expressed in terms of tricalcium phosphate solubilization
which in turn was measured by pg ml~! of available
orthophosphate as calibrated from the standard curve of KH,PO4
(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 x 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 x 10 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-f-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~!) 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 Chlorophyli
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 x 107 cfu g_l) and set in soils (double autoclaved) filled
in 30 cm x 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 Delhi* 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 (ie., 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 wg/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 pg/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
etal., 2012; Saroj et al., 2018). All the seven strains were potential
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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 Source of collection Place of collection GPS location Species identified NCBI accession Percentage of inhibition
designation Nos.
Rhizoctonia  Sclerotium Sclerotium Sclerotium
solani oryzae rolfsii delphinii
CRRI-T1 Bark of a Litchi NRRI, Cuttack 85°92'E, 20°45'N Trichoderma harzianum KX853519.1 98.75~ 67.50° 40.83P 63.338
chinensis
CRRI-T2 Bark of a Cassia tora 42-Mouza (Barala), 86°92'E, 20°44'N Trichoderma erinaceum KR014407.1 100.00* 73.33B 49.58C 75.00%
Cuttack
CRRI-T3 Bark of a Cassia tora 42-Mouza (Barala), 86°58'E, 20°45'N  Trichoderma atroviride KR014408.1 100.00* 70.838C 47.50¢ 56.67¢
Cuttack
CRRI-T15 Bark of a Samanea 42-Mouza (Barala), 86°52'E, 20°45'N Trichoderma hebeiensis MK247223.1 100.00% 84.17A 66.67A 76.25%
saman Cuttack
CRRI-T16 Bark of a Samanea 42-Mouza (Barala), 86°12'E, 20°44'N  Trichoderma parareesei MK247224.1 100.00A 69.588C 57.508 58.758C
saman Cuttack
CRRI-T22 Decomposed wood of NRRI, Cuttack 85°92'E, 20°45'N  Trichoderma MH894348.1 98.33A 18.75F 14,178 59.585C
Dalbergia sissoo longibrachiatum
CRRI-T27 Bark of a Samanea Fakirpada, Cuttack 86°92'E, 20°45'N  Trichoderma reesei MK163352.1 99.58" 31.67° 45,42C0 59.178C
saman
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.

62

‘8 18 UBMS

Jswabeue yiesH dosD) 8|qeureIsng Ul BuLepoyoL|


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

Swain et al.

Trichoderma in Sustainable Crop Health Management

TABLE 2 | Quantitative enzyme assay of selected Trichoderma isolates.

Treatment name 1AA (in n HCN (in p Inorganic phosphate Endoglucanase Total cellulase Xylanase (in Laccase (in
g/mL) g/mL) (in n g/mL) (in IU/mL) (in IU/mL) nkat/mL) 1U/mL)
CRRIT-1 31.37C 0.03¢ 318.20° 0.67° 0.99% 145.35F 2.64°
CRRIT-2 42,388 0.278 412.308 0.708¢ 0.87F 195.898 11.74A
CRRIT-3 30.39¢ 0.05° 339.30° 0.68° 2,138 192,998 9.858
CRRIT-15 46.28" 0.37A 435.42A 0.75% 2.59A 201.35° 12.607
CRRIT-16 22.420 0.02¢ 303.70PF 0.59P 1.09P 152.43P 3.35C
CRRIT-22 19.19F 0.01¢ 297.49F 0.53F 0.97% 149.29P 2.48C
CRRIT-27 32.01C 0.03¢ 320.20° 0.74AB 1.28¢ 164.40C 2.87¢
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 1.2082
Means with same letter are not significantly different at p < 0.05.
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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 Gravimetric weight loss of C/N (in
decomposed rice straw decomposed rice straw percentage)
after 30 days (in percentage) after 60 days (in percentage)
Control 4.48G 12.52F 67.40M
CRRIT-1 7.977 10.49" 35.33B
CRRIT-2 17.468 18.278 18.278
CRRIT-3 10.76F 12.53F 34.01B
CRRIT-15 18.60° 20.95" 24.78"
CRRIT-16 14.61C 15.35C 29,7260
CRRIT-22 12.65P 13.55P 30.39°
CRRIT-27 16.818 18.578 28.54PE
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 20.10° 21.67P 0.09°P 0.11F 2210.00° 2166.67P 9.67P 11.00°
CRRIT1 24,708 29.038C 0.11¢ 0.14F 2470.00° 3036.6748¢ 11.33C 14.00C
CRRIT2 27.40M8 33.03°8 0.147 0.198 2740.00"B 3336.678 14.00" 17.33°B
CRRIT3 26.53°B 31.3045C 0.1478 0.16¢P 2653.338C 2996.678C 13.67/B 16.008C
CRRIT15 28.57A 35.47A 0.15% 0.21A 2923.33A 3413.334 14.00" 18.33A
CRRIT16 26.03°8 33.53°8 0.128¢ 0.188¢ 2603.338C 3153.3346C 12.338C 16.008C
CRRIT22 25.038 28.23C 0.12¢ 0.16P 2530.008C 2823.33C 12.00C 15.338C
CRRIT27 24978 28.03° 0.12¢ 0.16PE 2436.678C 3257.67°B 11.67C 15.678C
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.
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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 3.73F 1.18" 0.87P 0.11F 4,287 10.78 4.61F 1.29"
CRRIT1 8.70P 8.43F 2.38C 3.04F 3.668 2.77° 11.09° 11.47F
CRRIT2 14.43°A 15.60C 4.35°B 4.38CD 3.336C 3.578 18.784 19.98¢
CRRIT3 12.71C 14.63P 4.,0478 4.36P 3.14C 3.36°8 16.76° 18.99P
CRRIT15 13.378C 20.55% 4.52R 6.98" 2.98¢ 2.95CD 17.89"B 27 547
CRRIT16 14.35% 15.356P 4,348 4.84° 3.31EC 3.178CD 18.694 20.19°
CRRIT22 13.368C 19.518 3.978 5.608 3.365C 3.498 17.348C 25,118
CRRIT27 13.87/8 15.43C 4.06"B 4.71¢D 3.42FC 3.288C 17.93B 20.14°
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 TU/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 TU/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 pg/mL (Table 4). The highest IAA was produced by CRRI-
T15 (46.28 pg/mL) which was significantly higher followed by
CRRI-T2 (42.38 . g/mL).

Quantitative assessment of soluble phosphate concentrations
in Pikovskaya’s broth was varied from 297.49 to 435.42 jg/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 43542 pg/mL.
Other Trichoderma strains, ie., 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 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)
name

Annapurna Satabdi Annapurna Satabdi Annapurna Satabdi Annapurna Satabdi  Annapurna Satabdi Annapurna Satabdi Annapurna Satabdi Annapurna Satabdi
Control 0.136 0.20F 0.28° 0.57P 0.32F 0.52F 1.35" 1.30F 2.60° 1.80F 9.54E 8.33P 12.00P 11.00% 19.507  22.20P
CRRITT 0.247 0.49PE 0.62C 1.14P 0.465 1.40F 1.94F 2.620 3.13P 2.67F 11.41F 9.30P 143360 18.33°P  23.46PF  33.60C
CRRIT2 0.35F 11678 2.63B 2.66/5C 1.678 2.428C 7.678 6.437 6.578 5478C 17378 17604 16.675C 23678  26.965C  41.38"B
CRRIT3 0.79°P 0.79%P 2,648 2.338C 1.20° 1.93° 6.77P 5.865 6.135¢ 520° 16.32860 16338  18.00"®  19.67C 29238 39468
CRRIT15 0.96" 1.34A 3.79A 3.05% 1.91A 2.98~ 8.72A 6.80" 7.33A 6.17A 19.007 18.377 20.33A 2467 31.14A 43,53~
CRRIT16 0.73B 1.0018¢ 2.32B 2,958 1.658 2.23C 7.458C 6.30"B 6.638 5708  17.3248C  16.008 20.004  21.008C 30.54%  40.808
CRRIT22 0.67¢ 0.918C 2.488 2.33C 1.38° 1.77P 6.32PF 3.37¢ 5.80° 4.470 14.45P 14.67C 15.00° 16.00P 22735 36.15C
CRRIT27 0.62P 1.014BC 2.278 2.53ABC 1.22CD 2.618 5.91F 6.66" 6.73°B 5.20C 15.330 16,108 19.33A 20.67° 25.60°C  40.38B
CV (%) 2.59 13.82 9.42 9.79 5.08 5.08 4.33 3.59 3.76 3.28 457 2.84 5.36 4.79 3.17 2.45
Tukey's 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
HSD at 5%
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 Expression of catalase (in Expression of peroxidase (in Expression of superoxide Expression of polyphenol Expression of total
name unit/min/gm) unit/min/gm) dismutase (in unit/min/gm) oxidase (in unit/min/gm) 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 5008  7.00F 500F 567 051F 039 0520 0.42H 3565 598F 4396 3.63¢ 2049 24990 19230 27550 011G  348°% 0106  3.73C
CRRIT1 9.00° 18.33° 10.67F 10.33° 0.72F 0.84° 066° 067¢ 7.78°D 850° 557F 5437 25850 30.35° 24.60C 32.92¢ 0.87F 4377 0.86" 4.62F
CRRIT2 20,674 27.67°B 20338 24.67°B 128" 189° 211A 1.49°  10.58" 12.42° 10318 11648 5878* 63.28" 5753 65.85% 4208 7.70B 4,198 7.958
CRRIT3 18.338 26.008C 19.678¢ 23338 1.07¢ 1.46% 1.66° 1.13E 9598 10.27¢ 976  10.44C 41158 4565° 39.90B 48218 290° 6.40° 2.89° 6.66°
CRRIT15  21.67°A 28674 22.33% 26.33" 1.33% 198" 218" 1.924  11.14° 12827 1262° 1251°  60.02" 64.52° 58.76° 67.08% 473" 823% 4.72° 8.49A
CRRIT16  18.33% 24.33¢ 1867°0 23338 1.148C 103¢ 1.82B 1.25P 8.12C 10.45C¢ 8.65P 9.69° 41958 46.458 40708 49.01B 3040 6.54°0 303° 679D
CRRIT22  16.33¢ 20.67° 17.67° 19.67°¢ 0.86°F 1.10° 1.55C 0.98" 7190 999C  7.55F 8.51F  27.97C 32.47C 26.72C¢ 3504° 2.01F 551F  1.99F 5.76F
CRRIT27  18.678 26.33%8C 19338C 2533~ 10200 1618 1878 1.628 9738 11.458 0898C  10.44C 43478 47978 4221B 50538  343C 6.93¢ 3.42C 7.19¢
CV (%) 3.23 3.73 3.11 3.09 603 464 3.30 317 318 314 208 2.01 247 222 255 2.10 463 229 465 2.19
Tukey's 14911 24043 1.4952 1.7643 0.1721 0.1721 0.1468 0.1081 0.7743 0.9249 05144 05233 2.8383 2.8383 2.8383 2.8383 0.3549 0.4046 0.3549 0.4046
HSD at 5%

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 in Trichoderma 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 (Malolepsza 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
etal., 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 (PALR 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
o0
o = POX
o = LOX
‘@ PAIL
- -
2 ‘A
) u DEF
—
S-. = PR)
k%
=
a
1
—
é
CONTROL.  CRRIT- CRRIT2 CRRITY  CRRIT-IS  CRRIT-16 CRRIT22 CRRIT?Y
Treatments
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.
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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 ground Trichoderma strains for
rice health management. Two strains, namely T. hebeiensis and
T. erinaceum may be promoted in sustainable crop management
for their beneficial role.

DATA AVAILABILITY STATEMENT

The raw data supporting the conclusions of this article will be
made available by the authors, without undue reservation.

AUTHOR CONTRIBUTIONS

HS: investigation, statistical analysis, and writing - original
draft. TA: conceptualization and writing - review and editing.
AM: conceptualization, writing - review and editing, project
administration, resources, and supervision. PS, SS, AK, and RJ:

Frontiers in Microbiology | www.frontiersin.org

February 2021 | Volume 12 | Article 633881


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

Swain et al.

Trichoderma in Sustainable Crop Health Management

investigation. PB: methodology. SN: writing — review and editing,
and project administration. SM: project administration. MB:
statistical analysis. SKM and NZ: conducted the field trials and
recorded the data. All authors contributed to the article and
approved the submitted version.

ACKNOWLEDGMENTS

Authors are immensely thankful to Department of Science and
Technology (DST), Govt. of India, for providing DST-INSPIRE
Fellowship to Harekrushna Swain having Fellowship No.
IF140749 (NRRI EAP-195). Authors duly acknowledge the Board
of Research in Nuclear Science (BRNS), Department of Atomic

REFERENCES

Abdollahi, M., Rahnama, K., Marabadi, M., Ommati, F., and Zaker, M. (2012). The
in vitro efficacy of Trichoderma isolates against Pythium aphanidermatum, the
causal agent of sugar beet root rot. J. Res. Agric. Sci. 8, 79-87.

Abdul-Baki, A., and Anderson, J. D. (1973). Vigor determination in Soybean
seed by multiple criteria. Crop Sci. 13, 630-633. doi: 10.2135/cropscil973.
0011183x001300060013x

Abraham, A., Philip, S., Jacob, C. K., and Jayachandran, K. (2013). Novel bacterial
endophytes from Hevea brasiliensis as biocontrol agent against Phytophthora
leaf fall disease. Biocontrol 58, 675-684. doi: 10.1007/s10526-013-9516-0

Arnon, D. 1. (1949). Copper enzymes in isolated chloroplast: polyphenol oxidase in
Beta vulgaris. Plant Physiol. 24, 1-15. doi: 10.1104/pp.24.1.1

Bailey, B. A., Korcak, R. F., and Anderson, J. D. (1993). Sensitivity to an
ethylene biosynthesis-inducing endoxylanase in Nicotiana tabacum-L cv xanthi
is controlled by a single dominant gene. Plant Physiol. 101, 1081-1088. doi:
10.1104/pp.101.3.1081

Bailey, M. ]., Biely, P., and Poutanen, K. (1992). Inter-laboratory testing of methods
for assay of xylanase activity. J. Biotechnol. 23, 257-270. doi: 10.1016/0168-
1656(92)90074-]

Cai, F,, Yu, G., Wang, P., Wei, Z., Fu, L., Shen, Q., et al. (2013). Harzianolide, a
novel plant growth regulator and systemic resistance elicitor from Trichoderma
harzianum. Plant Physiol. Biochem. 73, 106-113. doi: 10.1016/j.plaphy.2013.
08.011

Celar, F. (2003). Competition for ammonium and nitrate forms of nitrogen
between some phytopathogenic and antagonistic soil fungi. Biol. Control 28,
19-24. doi: 10.1016/s1049-9644(03)00049- 5

Contreras-Cornejo, H. A., Macias-Rodriguez, L., Cortés-Penagos, C., and Lopez-
Bucio, J. (2009). Trichoderma virens, a plant beneficial fungus, enhances
biomass production and promotes lateral root growth through an auxin-
dependent mechanism in Arabidopsis. Plant Physiol. 149, 1579-1592. doi:
10.1104/pp.108.130369

Daw, B. D, Zhang, L. H., and Wang, Z. Z. (2008). Salicylic acid enhances antifungal
resistance to Magnaporthe grisea in rice plants. Austral. Plant Pathol. 37,
637-644. doi: 10.1071/ap08054

Druzhinina, I. S., Seidl-Seiboth, V., Herrera-Estrella, A., Horwitz, B. A., Kenerley,
C. M,, Monte, E,, et al. (2011). Trichoderma: the genomics of opportunistic
success. Nat. Rev. Microbiol. 9, 749-759. doi: 10.1038/nrmicro2637

Dunaitsev, I. A., Kolombet, L. V., Zhigletsova, S. K., Bystrova, E. V., Besaeva,
S. G., Klykova, M. V., et al. (2008). Phosphate releasing microorganisms with
antagonistic activity against phytopathogenic microorganisms. Mikol. Fitopatol.
42, 264-269.

Figueiredo, M. V. B., Buritya, H. A., Martinez, C. R,, and Chanway, C. P. (2008).
Alleviation of drought stress in the common bean (Phaseolus vulgaris L.) by co-
inoculation with Paenibacillus polymyxa and Rhizobium tropici. Appl. Soil Ecol.
40, 182-188. doi: 10.1016/j.aps0il.2008.04.005

Florencio, C., Couri, S., and Farinas, C. S. (2012). Correlation between agar plate
screening and solid state fermentation for the prediction of cellulase production
by Trichoderma strains. Enzyme Res. 2012:793708. doi: 10.1155/2012/793708

Energy, and Govt. of India SANCTION No. 35/14/35/2016-
BRNS/35159, dated on December 1, 2016 (NRRI EAP-233) and
International Rice Research Institute, New Delhi, India (NRRI
EAP-186) for providing funds. Authors are also thankful to
Director, ICAR-NRRI, Cuttack-753006 and HOD, Department
of Botany and Biotechnology, Ravenshaw University, Cuttack-
753003 for providing necessary technical support.

SUPPLEMENTARY MATERIAL

The Supplementary Material for this article can be found
online at: https://www.frontiersin.org/articles/10.3389/fmicb.
2021.633881/full#supplementary- material

Gams, W., and Bissett, J. (1998). “Morphology and identification of Trichoderma,”
in Trichoderma and Gliocladium, Vol. 1, eds C. P. Kubicek and G. E. Harman
(London: Taylor and Francis), 1-34.

Ghosh, T. K. (1987). Measurement of cellulase activities. Pure Appl. Chem. 59,
257-268. doi: 10.1351/pac198759020257

Gochev, V. K., and Krastanov, A. I. (2007). Isolation of laccase producing
trichoderma species. Bulgarian J. Agric. Sci. 13,171-176.

Gravel, V., Antoun, H., and Tweddell, R. J. (2007). Growth stimulation and
fruit yield improvement of greenhouse tomato plants by inoculation with
Pseudomonas putida or Trichoderma atroviride: possible role of indole acetic
acid (IAA). Soil Biol. Biochem. 39, 1968-1977. doi: 10.1016/j.s0ilbio.2007.
02.015

Harman, G. E. (2011). Multifunctional fungal plant symbionts: new tools to
enhance plant growth and productivity. New Phytol. 189, 647-649. doi: 10.
1111/j.1469-8137.2010.03614.x

Holker, U., Dohse, J., and Hofer, M. (2002). Extracellular Laccase in ascomycetes
Trichoderma atroviridae and Trichoderma harzianum. Folia Microbiol. 47,
423-427.

Hossain, M., Sultana, F., Kubota, M., Koyama, H., and Hyakumachi, M.
(2007). The plant growth-promoting fungus Penicillium simplicissimum GP17-
2 induces resistance in Arabidopsis thaliana by activation of multiple
defense signals. Plant Cell Physiol. 48, 1724-1736.  doi: 10.1093/pcp/
pcm144

Jackson, M. L. (1973). Soil Chemical Analysis. New Delhi: Printice hall of India, 392.

Jahagirdar, S., Kambrekar, D. N., Navi, S. S., and Kunta, M. (2019). “Plant growth-
promoting fungi: diversity and classification,” in Bioactive Molecules in Plant
Defense, eds S. Jogaiah and M. Abdelrahman (Cham: Springer).

Juturu, V., and Wu, J. C. (2014). Microbial cellulases: engineering production and
applications. Renew. Sustain. Energy Rev. 33, 188-203. doi: 10.1016/j.rser.2014.
01.077

Kalra, K., Chauhan, R., Shavez, M., and And Sachdeva, S. (2013). Isolation of
laccase producing Trichoderma species and effect of pH and temperature on
its activity. Int. J. ChemTech Res. 5, 2229-2235.

Kang, S. W, Park, Y. S,, Lee, J. S., Hong, S. L, and Kim, S. W. (2004). Production
of cellulases and hemicellulases by Aspergillus niger KK2 from lignocellulosic
biomass. Bioresour. Technol. 91, 153-156. doi: 10.1016/s0960-8524(03)00172-x

Kar, S., Mandal, A., Das Mohapatra, P. K., Mondal, K. C., and Pati, B. R. (2006).
Production of cellulase free xylanase by Trichoderma reesei SAF3. Braz. .
Microbiol. 37, 462-464. doi: 10.1590/s1517-83822006000400011

Keeney, D. R., and Bremner, J. M. (1965). Steam distillation methods for
determining of ammonium, nitrate and nitrite. Anal. Chim. Acta 32, 485-497.
doi: 10.1016/s0003-2670(00)88973-4

Kumar, K., Amaresan, N., Bhagat, S., Madhuri, K., and Srivastava, R. C. (2012).
Isolation and characterization of Trichoderma spp. for antagonistic activity
against root rot and foliar pathogens. Indian J. Microbiol. 52, 137-144. doi:
10.1007/s12088-011-0205-3

Lee, S., Jang, Y., Lee, Y. M, Lee, J., Lee, H., Kim, G. H,, et al. (2011). Rice straw-
decomposing fungi and their cellulolytic and Xylanolytic enzymes. J. Microbiol.
Biotechnol. 21, 1322-1329. doi: 10.4014/jmb.1107.07022

Frontiers in Microbiology | www.frontiersin.org

February 2021 | Volume 12 | Article 633881


https://www.frontiersin.org/articles/10.3389/fmicb.2021.633881/full#supplementary-material
https://www.frontiersin.org/articles/10.3389/fmicb.2021.633881/full#supplementary-material
https://doi.org/10.2135/cropsci1973.0011183x001300060013x
https://doi.org/10.2135/cropsci1973.0011183x001300060013x
https://doi.org/10.1007/s10526-013-9516-0
https://doi.org/10.1104/pp.24.1.1
https://doi.org/10.1104/pp.101.3.1081
https://doi.org/10.1104/pp.101.3.1081
https://doi.org/10.1016/0168-1656(92)90074-j
https://doi.org/10.1016/0168-1656(92)90074-j
https://doi.org/10.1016/j.plaphy.2013.08.011
https://doi.org/10.1016/j.plaphy.2013.08.011
https://doi.org/10.1016/s1049-9644(03)00049-5
https://doi.org/10.1104/pp.108.130369
https://doi.org/10.1104/pp.108.130369
https://doi.org/10.1071/ap08054
https://doi.org/10.1038/nrmicro2637
https://doi.org/10.1016/j.apsoil.2008.04.005
https://doi.org/10.1155/2012/793708
https://doi.org/10.1351/pac198759020257
https://doi.org/10.1016/j.soilbio.2007.02.015
https://doi.org/10.1016/j.soilbio.2007.02.015
https://doi.org/10.1111/j.1469-8137.2010.03614.x
https://doi.org/10.1111/j.1469-8137.2010.03614.x
https://doi.org/10.1093/pcp/pcm144
https://doi.org/10.1093/pcp/pcm144
https://doi.org/10.1016/j.rser.2014.01.077
https://doi.org/10.1016/j.rser.2014.01.077
https://doi.org/10.1016/s0960-8524(03)00172-x
https://doi.org/10.1590/s1517-83822006000400011
https://doi.org/10.1016/s0003-2670(00)88973-4
https://doi.org/10.1007/s12088-011-0205-3
https://doi.org/10.1007/s12088-011-0205-3
https://doi.org/10.4014/jmb.1107.07022
https://www.frontiersin.org/journals/microbiology
https://www.frontiersin.org/
https://www.frontiersin.org/journals/microbiology#articles

Swain et al.

Trichoderma in Sustainable Crop Health Management

Matolepsza, U., Nawrocka, J., and Szczech, M. (2017). Trichoderma virens 106
inoculation stimulates defense enzyme activities and enhances phenolics levels
in tomato plants leading to lowered Rhizoctonia solani infection. Biocontrol Sci.
Technol. 27, 180-199. doi: 10.1080/09583157.2016.1264570

Mandal, S., Kar, I., Mukherjee, A. K., and Acharya, P. (2013). Elicitor-induced
defense responses in Solanum lycopersicum against Ralstonia solanacearum. Sci.
World J. 2013:561056. doi: 10.1155/2013/561056

Manwar, A. V., Rakh, R. R,, Raut, L. S., and Dalvi, S. M. (2011). Biological control of
Sclerotium rolfsii, causing stem rot of groundnut by Pseudomonas cf. monteilii.
Recent Res. Sci. Technol. 3, 26-34.

Meera, T. and Balabaskar, P. (2012). Isolation and characterization of
Pseudomonas fluorescens from rice fields. Int. J. Food Agric. Vet. Sci. 2, 113-120.

Mohapatra, S., and Mittra, B. (2017). Alleviation of Fusarium oxysporum induced
oxidative stress in wheat by Trichoderma viride. Arch. Phytopathol. Plant
Protect. 50, 84-96. doi: 10.1080/03235408.2016.1263052

Monssef, R., Abd Hassan, A., Enas, A., and Ramadan, M. E. (2016). Production of
Laccase enzyme for their potential application to decolorize fungal pigments on
aging and paper parchment. Ann. Agric. Sci. 61, 145-154. doi: 10.1016/j.a0as.
2015.11.007

Mukherjee, A. K., Sampath, Kumar, A., Kranthi, S., and Mukherjee, P. K. (2014).
Biocontrol potential of three novel Trichoderma strains: isolation, evaluation
and formulation. 3Biotech 4, 275-281. doi: 10.1007/s13205-013-0150-4

Mukherjee, A. K., Swain, H., Adak, T. and Chattopadhyaya, K. (2018).
Evaluation of Trichoderma based product ‘RiceVit in farmers field of Chandol,
Kendrapada, Odisha. NRRI Newslett. 39, 20-21.

Mukherjee, P. K., Horwitz, B. A., Singh, U. Shankar, Mukherjee, M., and Schmoll,
M. (2013). Trichoderma: Biology and Applications. London: CAB International.

Noori, M. S. S., and Saud, H. M. (2012). Potential plant growth-promoting activity
of Pseudomonas spp. isolated from paddy soil in Malaysia as biocontrol agent.
J. Plant Pathol. Microbiol. 3:2. doi: 10.4172/2157-7471.1000120

Parmar, H. J., Bodar, N. P., Lakhani, H. N., Patel, S. V., Umrania, V. V., and
Hassan, M. M. (2015). Production of lytic enzymes by Trichoderma strains
during in vitro antagonism with Sclerotium rolfsii, the causal agent of stem
rot of groundnut. Afr. J. Microbiol. Res. 9, 365-372. doi: 10.5897/ajmr2014.
7330

Pathak, P., Bharadwaj, N., and Singh, A. K. (2014). Production of crude cellulase
and xylanase from Trichoderma harzianum PPDDNI10ONFCCI-2925 and its
application in photocopier waste paper recycling. Appl. Biochem. Biotechnol.
172, 3776-3797. doi: 10.1007/s12010-014-0758-9

Porra, R. J. (2002). The chequered history of the development and use of
simultaneous equations for the accurate determination of chlorophylls a and
b. Photosynth. Res. 73, 149-156. doi: 10.4324/9781351187596-10

Punja, Z. K., and Utkhede, R. S. (2003). Using fungi and yeasts to manage vegetable
crop diseases. Trends Biotechnol. 21, 400-407. doi: 10.1016/s0167-7799(03)
00193-8

Rajput, R. S., Singh, P., Singh, ], Vaishnav, A., Ray, S., and Singh,
H. B. (2019). Trichoderma mediated seed biopriming augments antioxidant
and phenylpropanoid activities in tomato plant against Sclerotium rolfsii.
J. Pharmacogn. Phytochem. 8, 2641-2647.

Rejeb, I. B., Pastor, V., and Mauch-Mani, B. (2014). Plant responses to simultaneous
biotic and abiotic stress: molecular mechanisms. Plants 3, 458-475. doi: 10.
3390/plants3040458

Rudresh, D. L., Shivaprakash, M. K., and Prasad, R. D. (2005). Tricalcium
phosphate solubilizing abilities of Trichoderma spp. in relation to P uptake and
growth and yield parameters of chickpea (Cicer arietinum L.). Can. ]. Microbiol.
51,217-222. doi: 10.1139/w04-127

Saczi, A., Radford, A., and Erenler, K. (1986). Detection of cellulolytic fungi by
using congo red as an indicator: a comparative study with the dinitrosalicylic
acid reagent method. J. Appl. Microbiol. 61, 559-562. doi: 10.1111/j.1365-2672.
1986.tb01729.x

Sadasivam, S., and Manickum, A. (2011). Biochemical Methods, third Edn. New
Delhi: New Age International (P) Limited Publishers, 203-204.

Sancez, C. (2009). Lignocellulosic residues: biodegradation and bioconversion by
fungi. Biotechnol. Ady. 27, 185-194. doi: 10.1016/j.biotechadv.2008.11.001

Saravanan, D., Dinesh, C., Kartikeyan, S., Vivekanandan, A., Nalankilli, G., and
Ramachandran, T. (2008). Biopolishing of cotton fabrics with total cellulase of
Trichoderma reesei and optimization using Taguchi methods. J. Appl. Polym.
Sci. 112, 3402-3409. doi: 10.1002/app.29826

Saroj, P., Manasa, P., and Narasimhulu, K. (2018). Characterization of thermophilic
fungi producing extracellular lignocellulolytic enzymes for lignocellulosic

hydrolysis under solid state fermentation. Bioresour. Bioprocess 5:31. doi: 10.
1186/s40643-018-0216-6

Singh, A., Sarma, B. K., Upadhyay, R. S., and Singh, H. B. (2013). Compatible
rhizosphere microbes mediated alleviation of biotic stress in chickpea through
enhanced antioxidant and phenylpropanoid activities. Microbiol. Res. 168,
33-40. doi: 10.1016/j.micres.2012.07.001

Singh, D. P., Singh, V., Shukla, R., Sahu, P., Prabha, R., Gupta, A., et al. (2020).
Stage-dependent concomitant microbial fortification improves soil nutrient
status, plant growth, antioxidative defense system and gene expression in rice.
Microbiol. Res. 239:126538. doi: 10.1016/j.micres.2020.126538

Singh, P., Singh, ., Ray, S., Rajput, R. S., Vaishnav, A., Singh, R. K., et al. (2020).
Seed biopriming with antagonistic microbes and ascorbic acid induce resistance
in tomato against Fusarium wilt. Microbiol. Res. 237:126482. doi: 10.1016/j.
micres.2020.126482

Sureshrao, K. S., Pradeeprao, K. V., Dnyanobarao, G. S., Agrawal, T., and
Kotasthane, A. S. (2016). Efficiency of different trichoderma isolates on plant
growth promoting activity in rice (Oryza sativa L.). Int. ]. Bio Resour. Stress
Manag. 7, 489-500.

Swain, H., Adak, T., Mukherjee, A. K., Mukherjee, P. K., Bhattacharyya, P., Behera,
S., etal. (2018). Novel Trichoderma strains. isolated from tree barks as potential
biocontrol agents and biofertilizers for direct seeded rice. Microbiol. Res. 214,
83-90. doi: 10.1016/j.micres.2018.05.015

Swain, H., and Mukherjee, A. K. (2020). “Host-pathogen-trichoderma
interaction,” in Trichoderma, eds A. Sharma and P. Sharma (Singapore:
Springer), 149-165. doi: 10.1007/978-981-15-3321-1_8

Taranto, F., Pasqualone, A., Mangini, G., Tripodi, P., Miazzi, M., Pavan, S., et al.
(2017). Polyphenol oxidases in crops: biochemical, physiological and genetic
aspects. Int. J. Mol. Sci. 18:377. doi: 10.3390/ijms18020377

Teather, R. M., and Wood, P. J. (1982). Use of Congo red-polysaccharide
interactions in enumeration and characterization of cellulolytic bacteria from
the bovine rumen. Appl. Environ. Microbiol. 43,777-780. doi: 10.1128/aem.43.
4.777-780.1982

Vargas, W. A., Djonovig, S., Sukno, S. A., and Kenerley, C. M. (2008). Dimerization
controls the activity of fungal elicitors that trigger systemic resistance in plants.
J. Biochem. Chem. 283, 19804-19815. doi: 10.1074/jbc.m802724200

Velazquez-Cedeno, M. A., Farnet, A. M., Ferre, E., and Savoie, J. M. (2004).
Variations of lignocellulosic activities in dual cultures of Pleurotuso streatus
and Trichoderma longibrachiatum on unsterilized wheat straw. Mycologia 96,
712-719. doi: 10.2307/3762105

Walkley, A., and Black, I. A. (1934). An examination of the Degtareff method for
determining soil organic matter, and a proposed modification of the chromic
acid titration method. Soil Sci. 37, 29-38. doi: 10.1097/00010694-193401000-
00003

Whipps, J. M., and Lumsden, R. D. (2001). “Commercial use of fungi as plant
disease biological control agents: status and prospects,” in Fungi as Biocontrol
Agents: Progress, Problems and Potential, eds T. M. Butt, C. Jackson, and N.
Magan (Wallingford: CABI Publishing), 9-22. doi: 10.1079/9780851993560.
0009

Woo, S. L., Ruoco, M. F., and Vinale, F. (2014). Trichoderma-based products and
their widespread use in agriculture. Open Mycol. ]. 8(Suppl. 1, M4), 71-126.
doi: 10.2174/1874437001408010071

Yedidia, I, Srivastva, A. K., Kapulnik, Y., and Chet, I. (2001). Effect of Trichoderma
harzianum on microelement concentrations and increased growth of cucumber
plants. Plant Soil 235, 235-242.

Zhang, S., Xu, B, and Gan, Y. (2019). Seed treatment with Trichoderma
longibrachiatum T6 promotes wheat seedling growth under Nacl stress through
activating the enzymatic and non-enzymatic antioxidant defense system. Int. J.
Mol. Sci. 20:3729. doi: 10.3390/ijms20153729

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 Swain, Adak, Mukherjee, Sarangi, Samal, Khandual, Jena,
Bhattacharyya, Naik, Mehetre, Baite, Kumar M and Zaidi. 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 Microbiology | www.frontiersin.org

February 2021 | Volume 12 | Article 633881


https://doi.org/10.1080/09583157.2016.1264570
https://doi.org/10.1155/2013/561056
https://doi.org/10.1080/03235408.2016.1263052
https://doi.org/10.1016/j.aoas.2015.11.007
https://doi.org/10.1016/j.aoas.2015.11.007
https://doi.org/10.1007/s13205-013-0150-4
https://doi.org/10.4172/2157-7471.1000120
https://doi.org/10.5897/ajmr2014.7330
https://doi.org/10.5897/ajmr2014.7330
https://doi.org/10.1007/s12010-014-0758-9
https://doi.org/10.4324/9781351187596-10
https://doi.org/10.1016/s0167-7799(03)00193-8
https://doi.org/10.1016/s0167-7799(03)00193-8
https://doi.org/10.3390/plants3040458
https://doi.org/10.3390/plants3040458
https://doi.org/10.1139/w04-127
https://doi.org/10.1111/j.1365-2672.1986.tb01729.x
https://doi.org/10.1111/j.1365-2672.1986.tb01729.x
https://doi.org/10.1016/j.biotechadv.2008.11.001
https://doi.org/10.1002/app.29826
https://doi.org/10.1186/s40643-018-0216-6
https://doi.org/10.1186/s40643-018-0216-6
https://doi.org/10.1016/j.micres.2012.07.001
https://doi.org/10.1016/j.micres.2020.126538
https://doi.org/10.1016/j.micres.2020.126482
https://doi.org/10.1016/j.micres.2020.126482
https://doi.org/10.1016/j.micres.2018.05.015
https://doi.org/10.1007/978-981-15-3321-1_8
https://doi.org/10.3390/ijms18020377
https://doi.org/10.1128/aem.43.4.777-780.1982
https://doi.org/10.1128/aem.43.4.777-780.1982
https://doi.org/10.1074/jbc.m802724200
https://doi.org/10.2307/3762105
https://doi.org/10.1097/00010694-193401000-00003
https://doi.org/10.1097/00010694-193401000-00003
https://doi.org/10.1079/9780851993560.0009
https://doi.org/10.1079/9780851993560.0009
https://doi.org/10.2174/1874437001408010071
https://doi.org/10.3390/ijms20153729
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/microbiology
https://www.frontiersin.org/
https://www.frontiersin.org/journals/microbiology#articles

‘," frontiers
in Plant Science

ORIGINAL RESEARCH
published: 18 March 2021
doi: 10.3389/fpls.2021.636121

OPEN ACCESS

Edited by:
Youssef Rouphael,
University of Naples Federico I, Iltaly

Reviewed by:

Jin Sun,

Nanjing Agricultural University, China
Mohsin Tanveer,

University of Tasmania, Australia

*Correspondence:

Jihua Yu

yujihuagg@163.com
orcid.org/0000-0001-5849-7636

Specialty section:

This article was submitted to
Plant Abiotic Stress,

a section of the journal
Frontiers in Plant Science

Received: 30 November 2020
Accepted: 22 February 2021
Published: 18 March 2021

Citation:

Wu'Y, Liu N, Hu L, Liao W, Tang Z,
Xiao X, Lyu J, Xie J,
Calderén-Urrea A and Yu J (2021)
5-Aminolevulinic Acid Improves
Morphogenesis and Na* Subcellular
Distribution in the Apical Cells of
Cucumis sativus L. Under

Salinity Stress.

Front. Plant Sci. 12:636121.

doi: 10.3389/fpls.2021.636121

Check for
updates

5-Aminolevulinic Acid Improves
Morphogenesis and Na* Subcellular
Distribution in the Apical Cells of
Cucumis sativus L. Under Salinity
Stress

Yue Wu', Na Liu’, Linli Hu', Weibiao Liao’, Zhongqi Tang’, Xuemei Xiao’, Jian Lyu’,
Jianming Xie', Alejandro Calderon-Urrea?® and Jihua Yu™**

"College of Horticulture, Gansu Agricultural University, Lanzhou, China, ?Department of Biology, College of Science and
Mathematics, California State University, Fresno, Fresno, CA, United States, 3College of Plant Protection, Gansu Agricultural
University, Lanzhou, China, *Gansu Provincial Key Laboratory of Arid Land Crop Science, Gansu Agricultural University,
Lanzhou, China

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") on the root architecture and Na* distribution of cucumber (Cucumis
sativus L.) seedlings under moderate NaCl stress (50 mmol L™"). 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 HAS 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
(Zorb et al., 2019). However, most of these species are salt-sensitive, and more than 20% of
crops are affected by soil salinity (Negrdo 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
(SOSI) and Na'/H* exchanger (NHXI), 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
B,,, 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 H,0, 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 pmol m™ s,
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(NOs), 1.75 mmol L', KNO,
3 mmol L', NH,H,PO, 0.5 mmol L', and MgSO,7H,0
1 mmol L']. 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™ NaCl in nutrient
solution; (3) NaCl + ALA: 50 mmol L' NaCl in nutrient
solution + 25 mg L™ foliar sprayed ALA, and (4) ALA: normal
nutrient solution + 25 mg L' 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™ mannitol. Propidium iodide (PI;
2 mg; Sigma Aldrich, United States) was dissolved in
0.65 mmol L' 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 Image] 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) 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™ sucrose, 50 mmol L', pH 7.5 Tris-HCI,
and 1 mmol L' dithioerythritol), and then filtered through a
filter cloth (80 pum). 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 x g for 10 min to obtain the sediment (the plastid
fraction). The supernatant was then centrifuged at 5,000 x g
for 20 min to obtain the nucleus fraction, and again at 15,000 x 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 pmol L™ CoroNa™-Green
AM, which was dissolved by Ca**-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 Image] 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, PR. China). Membrane protein
samples were separated by SDS-PAGE. The separated proteins
were transferred onto a polyvinylidene difluoride (PVDEF)
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 SOSI (1:2500;
Agrisera, Véannids, Sweden), NHX1 (1:2500; Agrisera, Vannds,
Sweden), HA3 (1:2500; Agrisera, Vannds, 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 SOSI, 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 pl cDNA, 0.8 pl forward primer, 0.8 pl reverse primer,
10 pl 2 x Tli RNaseH Plus, and 6.4 ul RNase Free dH,O.
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' phosphate buffer (pH 7.4) for 48 h at 4°C,
and then fixed in 1% H,0sO, 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'
NHX1 FJ843078.1 5-TGCTTTTGCCACCCTTTCA-3'
HA3 EF375892.2 5-TGGAAAACAAGACCGCCTTT-3'
VHA-A AY580162.1 5'-CATTCCTGGAGCGTTTGGTT-3'
ue JW929310.1 5'-ACAGAGAAGATTAGCATGGCC-3'

5'-CATGAGTAAATGTGGGGTGCA-3'
5'-TTCCAACCAGAACCAATCCC-3'
5'-GGTTGGAGGCCATGTAAGGTT-3'
5'-CATTTCATTTCCTCTCTCTCCACAA-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) Root tips number (# plant) Root volume (cm? plant-') Root surface area (cm? plant-')
Control 2067.72 + 130 b 1,689 + 117 a 459 +0.43a 345.38 + 27 a

NaCl 1365.53 £ 3¢ 856 £ 62 b 1.92 £ 0.09 b 181.45+4b

NaCIl+ALA 1989.07 + 98 b 1,616 £ 239 a 464 +0.96 a 337.54 £ 42 a

ALA 2426.27 + 64 a 1,116 + 106 ab 6.09 +0.33a 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.

FIGURE 1 | Root architecture characteristics of cucumber seedlings. (A) Normal growth condition. (B) Treatment with 50 mmol L= NaCl. (C) Treatment with
50 mmol L= NaCl + 25 mg L' ALA. (D) Treatment with 25 mg L-' ALA under normal growth condition.
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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 (o < 0.05) between treatments are indicated by different letters.
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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
mitochondria, compared with the control.

content in

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 lon Transporters
Levels Associated With Salt Stress

The expression of SOSI 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 SOSI was downregulated, but not significantly,
compared to the control. The application of ALA significantly
upregulated the transcriptional level of SOSI under salt stress
conditions, ie., to 7.8 times that of the control. The protein
expression level of the tonoplast Na'/H* transporter, NHXI,
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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.

remained stable under NaCl conditions; however, exogenous ALA  normal number of plastids, and sufficient starch granules. The
stimulated its expression to increase by 3-fold, compared to the = mitochondrial morphology was regular, with a clear intimal
control (Figure 5B). Moreover, the expression of NHXI was  structure and they gathered near the plastids (Figures 6A-D).
upregulated by ALA under normal conditions and under NaCl =~ However, under NaCl stress the cell morphology of root cells
stress conditions (i.e., by 4.5-fold compared to the control). However, =~ was obviously altered (Figures 6E-H). The cell wall became
the results of the other treatments did not differ significantly  thicker and had a wave shape, and the number of plastids
from those of the control. The investigation of the proton pump  and starch decreased; however, the number of mitochondria
in cucumber root cells revealed that the protein expression levels  increased. In addition, dark ion deposition increased in the
of HA3 and VHA-A remained stable under salt stress. However,  cytoplasm. Exogenous application of ALA under salt stress
exogenous ALA significantly upregulated their expression under  reduced the ion deposition in the cytoplasm of apical cells,
stressful and non-stressful conditions (Figures 5C,D). Similar to  and the central vacuole was clearly visible (Figures 6I-L).
SOS1, exogenous ALA enhanced the HA3 gene expression level =~ However, the cell morphology was not obviously improved,
to 15 times under NaCl conditions when compared with the the intercellular space was enlarged, the plastids and starch
control (Figure 5C). However, the relative expression of the VHA-A  granules were rare, and the number of mitochondria increased.
gene was significantly upregulated by exogenous ALA under both ~ Moreover, when ALA was applied under control conditions,
salt stress and non-stress conditions; i.e., were 13 and 17 times  the cell morphology was regular; the mitochondria gathered
that of the control, respectively (Figure 5D). near the plastids, and clear rough endoplasmic reticuli were
visible (Figures 6M-P).
ALA Treatment Improved Apical Cells
Ultrastructure Changes Associated With
Salt Stress DISCUSSION
The ultrastructure of the apical cell was observed by transmission
electron microscopy. In the control group, the apical cells  Physiological damage occurs when plants suffer under saline
showed a regular morphology, with a clear central vacuole, a  conditions in the rhizosphere environment. Salt stress inhibits
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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 (o < 0.05) between treatments are indicated by different
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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' 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
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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
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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
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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™ 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
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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~' NaCl and 25 mg L~ ALA simultaneously. (M-P) Seedlings sprayed 25 mg L~" ALA only. CW, cell wall; P,
plastid; S, starch; M, mitochondria; V, vacuole; RER, rough surfaced endoplasmic reticulum.

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* (ie., 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*
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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 SOSI 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 GmsSOSI 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 Ca**-binding protein, respectively. Reportedly, Ca*
can rapidly accumulate in the cytoplasm under high Na*
conditions, and a higher concentration of Ca*" 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™ 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, d, D, E 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
¢ 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 SONHX 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 NACI 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 VTCI-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 KNO, stress (Ciamporovd and Mistrik, 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 (N,O)
(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
(Rodriguez 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 (Giines
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 Ilycopersicum 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 Improved activities of nitrate reductase (NR) and NAD-glutamate dehydrogenase Rachidi et al. (2020)
salina, and Porphyridium sp. (NAD-GDH) related to nitrogen assimilation and amino acid synthesis in leaves
Chlorella vulgaris and Chlorella Increased activities of B-1,3-glucanase and phenylalanine ammonia lyase (PAL) linked to Farid et al. (2019)
sorokiniana defense mechanisms in leaves
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 Dineshkumar et al. (2020)
biochemicals and minerals

Scenedesmus Promoted root growth at the early developmental stages and increased contents of Gemin et al. (2019)
subspicatus + humic acid sugars and proteins in bulbs

Cucumber  Chlorella vulgaris Promoted root growth Bumandalai (2019)
Anabaena vaginicola and Improved rooting abilities likely affected by indole-3-butyric acid (IBA) and Shariatmadari et al. (2013)
Nostoc calcicola indole-3-acetic acid (IAA)

Eggplant Spirulina platensis Increased fruit production without significant alterations in the levels of N, P, K, and Na Dias et al. (2016)

in the leaves, when treated with low concentrations

Pepper Dunaliella salina and Improved salt tolerance during germination by reducing superoxide radicals and lipid Guzman-Murillo et al.
Phaeodactylum tricornutum peroxidation (2013)

Lettuce Chlorella vulgaris Reduced mineral fertilizer consumption up to 60% by adding living Chlorella vulgaris in Ergun et al. (2020)

Scenedesmus quadricauda

the nutrient solution

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)

Pudlisi et al. (2020)
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phenylalanine ammonia lyase (PAL) and B-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~! 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
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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 g-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 pg g~ !
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 Ciéncias 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 17!). 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
(Guzman-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; Dufty 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-Maiiero 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 UWB85 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 Induced systemic resistance against the fungal leaf pathogen Alternaria Schuhegger et al. (2006)
putida alternata in tomato by producing N-acyl-L-homoserine (AHL) lactone
Pantoea agglomerans and Burkholderia Increased plant height, root length, shoot and root dry weight, Walpola and Yoon (2013)
anthina phosphorous uptake level, and the available phosphorus content of soil
Bacillus amyloliquefaciens Suppressed bacterial wilt disease by reducing the population of Ralstonia Huang et al. (2014)
Solanacearum
Bacillus circulans Stimulated seedling growth by increasing nutrient uptake parameters Mehta et al. (2015)
Onion Azotobacter chroococcum, Bacillus Produced indole-3-acetic acid (IAA) and siderophores and improved Colo et al. (2014)
subtilis, and Pseudomonas fluorescens growth and yield with higher solubilization of tricalcium phosphate (TCP)
Bacillus subtilis Inhibited the growth of Setophoma terrestris, a causal agent of pink root Albarracin Orio et al. (2016)
disease
Cucumber Pseudomonas corrugate and Inhibited root and crown rot caused by Pythium aphanidermatum by Chen et al. (2000)
Pseudomonas aureofaciens stimulating the activities of defense enzymes in the root tissue
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 Produced auxins, antifungal p-glucanases, and siderophores; stimulated Lim and Kim (2009)

subtilis

seed germination; and promoted the growth of vegetative organs such as

root, stem, and leaf

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
TAA, siderophores, and the solubilization of tricalcium phosphate
(TCP) has also been demonstrated (Tarakhovskaya et al., 2007;

Colo 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

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

Azospirillum brasilense

Chlorella vulgaris Azospirillum brasilense

Amphidinium operculatum ~ Halomonas sp.
Tetraselmis chuii Muricauda sp.

Cylindrotheca fusiformis
Nannochloropsis gaditana

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

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

Amavizca et al. (2017)

Watanabe et al. (2005)

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

Increased pigment and lipid contents, lipid variety, and
cell and population size of the microalgae Chlorella spp.
Amphidinium acquires vitamin B, through a direct
interaction with Halomonas sp.

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

Peng et al. (2020)

de-Bashan et al. (2002)

Croft et al. (2005)

Han et al. (2016)

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 CO,
(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
Bj;. In addition to this, the presence of algal extracts also
leads to the promotion of bacterial growth with upregulated
vitamin B, 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 CO; 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, TAA 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, Providencia sp., Brevundimonas sp., Enhanced carbon sequestration and plant growth Prasanna et al. (2012)
Anabaena sp., and and Ochrobactrum sp. in treatments involving a combination of bacterial
Anabaena oscillarioides and microalgal strains
Lettuce Chilorella vulgaris Bacillus licheniformis, Bacillus Increased the plant weight and total carotenoid Kopta et al. (2018)
megatherium, Azotobacter sp., content especially under stress conditions during
Azospirillum sp., and Herbaspirillum sp. summer
Common Anabaena cylindrica Rhizobium tropici, Rhizobium freirei, Promoted plant growth parameters and grain Horéacio et al. (2020)
bean and Azospirillum brasilense production by 84% in plants inoculated with
Rhizobium + Azospirillum + Anabaena
Maize Anabaena cylindrica Azospirillum brasilense Increased vyield performance of maize hybrid in Gavilanes et al. (2020)
Londrina and Faxinal
Onion Spirulina platensis Pseudomonas stutzeri Enhanced plant growth, productivity, and bulb Geries and Elsadany (2021)

quality and reduced the production cost in
treatments involving the combined treatment of
S. platensis extract and nitrogen-fixing P, stutzeri

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 PRI10 (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. wvulgaris) 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, Hordcio 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~!) 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 (Horécio 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 Parand, Brazil). They found that the
co-inoculation of A. cylindrica and A. brasilense resulted in a
yield that increased by 9% (967 kg ha™!) in Londrina and 23%
(1,744 kg ha™!) 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 (Rodriguez-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 Nat and CI™
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~! (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 (dH,O). The
sterilization and transfer procedures were carried out in a type
IT laminar flow hood. About 100 WL 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
dH, O was added. The petri dishes were sealed and placed onto
a rotary shaker (150 rpm) at 25°C for 2 h. After shaking, 100
! 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 x 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 pL 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 x g for 15 min, the supernatant was
discarded and the cells were resuspended in 50 mL sterilized
dH,O. Seeds of A. thaliana ecotype Columbia (Col-0) were
grown in plastic pots (6 x 6 x 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 dH,O 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 dH,O. 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 dH,O, 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, CMRO1l, CMR03, CML04,
CMR25, MTR17a, MTR17d, MTR17f, MTR17g, MTR17h, and
MTR17b, MTR17¢). Two additional isolates were selected
(CrR04 and MTRI12) 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 Image] 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] x 100 where Vc = the microscopic value of V. dahliage 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,
MTRI17c) 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 x g for 10 min and cells
were re-suspended in water reaching a final concentration of 108
cfu mL™! (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 x g for 10 min. Spores were
re-suspended in sterilized dH,O and their concentration was
adjusted to 5 x 10° conidia mL~!.
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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~! 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 x 10°
conidia mL ™! 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. dahlige. 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.+ CMRO01, V.d. + CMRO03, 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. + MTRI17d,
v.d. + BMTR17f, V.d. + MTRI17g, V.d. + MTRI7h,
V.d. + MTR17b, V.d. + MTR17¢, 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 x 107 cfu
mL~! 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. + MTRI12,
V.d. + MTR18, V.d. + CMRO1, V.d. + CMR03, V.d. + CML04,
V.d. + CMR25 in Experiment I and C—, V.d., V.d. + MTR17a,
v.d. + MTR17d, V.d. + BMTRI17f, V.d. + MTRI7g,
vV.d. + MTRI17h, V.d. + MTR17b, V.d. + MTRI7c,
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 PRINA634334. 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
BION]J 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,
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the maximum parsimony method was used; otherwise BION]
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 MEGAS5 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.

their “weak” (A1-C1), “medium” (A2-C2), or “strong” (AS—-C3) inhibitory activity.

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
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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 Plant growth promotion Salinity stress assay assay#1 Salinity stress assay assay#2
assay#1 (sampling at 29 days) assay#2 (sampling at 34 days) (sampling at 39 days) (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 CrLO1 0.541 0.053 1.761 0.168 0.147 0.031 0.186 0.041
Crithmum maritimum CrL0o4 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 MTLO1 0.113 0.017 1.132 0.145 0.202 0.037 0.213 0.038
Matthiola tricuspidata MTRO5 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 H20 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 (MTLO04) 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, MTRO5: Terribacillus saccharophilus) showed

TABLE 2 | Values of fungal parameters of Verticillium dahliae treated with 16 different bacterial isolates (CrR14, CrR18, CrR04, MTR12, MTR18, CMOR1, CMRO03,
CMLO4, CMR25, MTR17a, MTR17d, MTR17f, MTR17g, MTR17h, MTR17b, MTR17¢) 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 parameters?
Dual-culture assays (confrontation test) Dual-plate assays (volatile test)

RGI (%) Sl (%) HWT (%)° MFI (%) RGlI (%)° Sl (%)4 HWT (%)¢ MFI (%)f
V.d. 0.00 h 0.00e 0.00d 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¢ 83.08 a 18.46 abcd 13.56 bcd
V.d. + CrR18 76.78 b 57.11d 33.53a 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 82.75a 25.99 a —20.10 cde
V.d. + MTR18 33.95 de 89.36 bc 23.49 abc 34.23 bedef —2.78 cde 83.13a 30.95 a —1.86 cde
V.d. + CMRO1 21.91 ef 81.46 abc 30.26 ab 60.41 abcd —1.54 cde 84.81a 30.72 a —25.08 cde
V.d. + CMR03 27.22 ef 88.34 abc 17.56 abcd 47.42 bede 7.70c 56.63 ab 21.45 abc 42.98 abc
V.d. + CML0O4 59.69 ¢ 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 —5.11e —43.35cd
V.d. + MTR17d 45.85 cd 83.99 abc 5.56 ab 32.93 bedef 3.31 cd 74.61 ab —-3.78e —2.18 de
V.d. + MTR17f 51.46 ¢ 74.21 bc 10.89 bed 18.77 ab —16.21¢e 77.33 ab 1.56 de —60.99 e
V.d. + MTR17g 16.75 fg 529e 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 ¢ 5.59 bcde —298.98 f
V.d. + MTR17b 49.02 cd 81.79 abc 0.58d 22.91 def 74.57 a —-120.55¢ 0.58 de 97.83 a
V.d. + MTR17¢ 60.21 ¢ 91.26 a 7.60 cd 24.02 def 69.06 ab —88.87 ¢ 6.35 bcde 99.28 a
V.d. + TRIANUM-P 95.79 a 79.46 abc nm 98.91a ne ne ne ne

aFungal parameters were calculated according to the formula: [(Vc-Vt)/Vc] x 100 where Ve = the microscopic value of V. dahliae in control and V't = 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. RGl, (radial growth inhibition; Sl, (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” indiicates that HWT values were not measured since T. harzianum overgrown V. dahliae in dual-culture assays and pathogen hyphae could not be identified.

¢ 9 & 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 dahlige. 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 CMLO04 (Bacillus altitudinis) isolated from Ca. maritima
was the only isolate from leaf tissues able to show inhibitory effect,

100 -
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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 x 106 conidia mL~"). 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

uC-

mVv.d.
oV.d.+CrR14
oOV.d.+CrR18
mV.d.+CrR04
mV.d.+MTR12
oV.d.+MTR18
mV.d.+CMRO1
@V.d.+CMR03
mV.d.+CMLO4
mV.d.+CMR25

21 24

Frontiers in Microbiology | www.frontiersin.org

106

May 2021 | Volume 12 | Article 681567


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

Christakis et al.

Halophytic Endophytes in Sustainable Agriculture

Disease severity (%)

23 26 28 30
Days post inoculation

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 x 10 conidia mL~1). Each column
represents the mean of 21 plants after combining the results of 3 replicated experiments (experiment Il). 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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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, MTRO5 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, MTRO5 had less increased fresh and dry
leaf (Table 1).

Isolates CML15 and MTRO5 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
MTRI17h inhibited significantly V. dahliae growth rate in
dual-culture assays. However, only MTR17h, MTR17b, and
MTR17¢ 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). MTRI17h 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, MTRI12, MTR18, and CMRO1 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, CMRO1 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 MTRI17g), whereas MTR17a-,
MTRI17h-, 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
MTRI17h, 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 |, and MTR17a, MTR17d, MTR17f, MTR17g, MTR17h, MTR17b, MTR17c,

TRIANUM-P in experiment Il) or not (C—, V.d.).

Experiment Treatment Disease parameters?
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 | 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. + CMRO1 100.00 £ 0.00a 78.79 + 2.85¢ 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. + CMLO4 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 Il 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. + MTR17¢c 76.19 + 9.52ab 49.66 + 7.35ab 23.81 £ 6.15ab 11.73 +£ 2.35¢ 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 ) and 30 days (in Experiment ll) after root
drenching with Verticillium dahliae conidial suspension (20 mL of 5 x 108 conidia mL~" per plant). One week prior to inoculation with V. dahliae, plants were root-drenched
with bacterial suspension (20 mL of 108 cfu mL~" of each isolate per plant); whereas TRIANUM-P was also included in experiment Il and applied by root drenching (20 mL
of 3 x 107 cfu mL~" 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 (Kotouckova 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 Pseudomonas  Pseudomonas Pseudomonas
sp. CMR16 sp. CrR25 sp. CMR27 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 Il (Widespread colonization island) 11 14 10 10
Protein secretion system, Type Il (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 | 0 0 29 22
Protein secretion system, Type Il 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 13 12
Twin-arginine translocation system 3 7 7
Protein secretion system, Type VIII (Extracellular nucleation/precipitation pathway, ENP) 0 5 12
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lengths measured in the number of substitutions per site.

FIGURE 5 | Molecular phylogenetic analysis of Arthrobacter recA-gyrB genes by Maximum Likelihood method. Phylogenetic tree is drawn to scale, with branch
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genome and previously sequenced genomes (Yao et al., 2015)
of Paenarthrobacter nitroguajacolicus (Kotouckova 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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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 (CMLI15),
Terribacillus saccharophilus (MTRO5), 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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Derived From Ascophyllum nodosum
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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
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ANE With PSI-362 Enhances NUE

that allowed a reduction in N fertilizer usage while maintaining or increasing crop vyield.
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 (NH ") 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
CO; and N,0) or indirectly via emission of nitrous oxide gas
(N20) 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 efliciently is compelling, an improvement of NUE in
crops by 1% could save approximately $1.1 billion annually (Kant
etal., 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 (Nuteft)
(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
etal., 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
(Eangowski et al., 2019), enhance tolerance to abiotic stresses
(Goni et al., 2018; Carmody et al., 2020) and improve nutrient
uptake in diverse crops (Turan and Kose, 2004; Jannin et al., 2013;
Billard et al., 2014; Sabir, 2014; Stamatiadis et al., 2015; Frioni
etal., 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 pmol-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 wmol-m ~2-s~!). 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 ™2, pH
6.1, 33.60 g-kg~! DW organic matter, 2.50 g-kg~! DW total N,
230.77 g-kg~! amino sugar-N, 2.59 mg-kg~! DW available P,
and 63.36 rng-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 + §;
(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™! (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:

NUEplunt = 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 (Ctb) according the
Koppen 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 ™2,
pH 5.6-6.1, 43.10-49.50 gkg~! DW organic matter, 3.40-
4.10 g-’kg~! DW total N, 305-388 g-kg~! amino sugar-N, 2.98-
3.92 mg-kg~! DW available P, and 78.20-92.50 mg-kg~! 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~! 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 x 5 m (15 m?). 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™! was supplied in two applications for spring
barley growing under 100% N rate and 75% N rate, respectively.

200 and 150 kg N-ha~! 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™!) 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 m? 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 (Ctb) according the Koppen
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=! 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~! 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_l) was added first to both conditions on
sowing. A second application with CAN + S (380 kg-ha™!)
and PSI-362 coated CAN + S (240 kg-ha=!) 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=! 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~!) added in
the seedbed to both conditions was followed by a second
application with CAN + S (280 kg-ha=!) and PSI-362 coated
CAN + S (215 kg-ha™!) 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 m? 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~!. 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

NUEgygin 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/N fortilizea
Grain N uptake efficiency (Nupeffyrain) 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.

Nupgrqin Was calculated by multiplying its nitrogen content (N%)
by grain yield at 20% moisture:

Nupeﬁgmin = Nupgmin/Nfertilized = (Grain }/lf?ld X (N%)gmin)/Nfertilized

Grain N utilization efficiency (Nuteffgrain) was calculated as the
amount of grain produced per Nupg,iy and expressed as kg grain
per kg N available in grain:

Nuteffgrain = Grain yield/Nupgain = Grain yield/(Grain yield x (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 (kgCOse) 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~! DW. Free amino acids and ammonium
extraction was performed by mixing 40 mg of barley shoot
tissue with 800 pl of ethanol 70% (v/v), kept overnight at
4°C under dark and centrifuged at 20,000 x 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 w1
of supernatant was mixed with 75 pl of reaction mixture
[8% (w/v) ninhydrin in acetone] and incubated for 30 min at
80°C. After cooling at room temperature, 100 pl 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~! 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) (Gomez-
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~! 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
asmg-g~! 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 x 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
asmg-g~! 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 x g
for 20 min at 4°C. NR activity was measured in the obtained
protein extracts in the absence of MgCl, (total activity) and
in the presence of MgCl, (actual activity). The reaction was
incubated for 45 min at 30°C after the addition of 60 pl of
protein extract to 340 pl of reaction buffer containing 50 mM
HEPES-KOH (pH 7.5), 10 mM KNOs3;, 5 mM EDTA (total
activity) or 5 mM MgCl, (actual activity), 10 mM FAD, 1 mM
DTT, and 0.2 mM NADH. The reaction was stopped by adding
120 pl of 0.6 M zinc acetate and the samples were centrifuged
at 25,000 x 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 NO,~-h~!.mg~! protein. The activation state of NR was
defined as the activity measured in the presence of 5 mM MgCl,
divided by the activity measured in the presence of 5 mM EDTA
(expressed as a percentage). GS was determined by incubating
60 pl of protein extract with 120 .l of reaction buffer (50 mM
Tris-HCI (pH 7.5), 20 mM MgSQO4, 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 pl of 0.122
M FeCls, 0.5 M TCA, and 2 M HCI and the samples were
centrifuged at 16,000 x g for 10 min at 4°C. The absorbance
of y-glutamylmonohydroxamate (y-GHM) in the supernatant
was measured at 560 nm, with y-GHM used as the standard
for the calibration curve. GS activity was expressed as pmol
y-GHM-h~!-mg~! 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 HvNRTI.1I (HORVU7Hr1G071600),
HvNRT2.1 (HORVUG6Hr1G005590.1), and HvNRT1.5
(HORVU6Hr1G070450.3) genes was performed by RT-qPCR
using a Roche LightCycler® 96 System (Roche, United Kingdom)
and a LightCycler® 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
27 AACT 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 x PSI-362 treatment) were statistically
significant for nitrate content (Figure 1). Therefore, all data were
subjected to ¢-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~! DW vs. high N: 26.46 mg-g~! 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 NUE,},,; 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 NUEpjq for barley plants treated
with either PSI-362 coated fertilizer (4+15.03%) or foliar PSI-362
(4+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 NUEgin 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 (4+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).
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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~ ) 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~") and foliar PSI-362 75% N (6.57 t-ha~"). Number of plots harvested per field trial (n > 5).

2017 WB1

2018 SB2 2018 WB1

TABLE 1 | Effect of PSI-362 coated CAN + S fertilizer on phenotypic parameters in barley crop (cv. Gangway) 22 days after application.

Parameter! 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 +£0.76 574 £0.32 6.55 + 0.08
Shoot DW (g plant=1) 0.57 +£0.08 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~7) 0.13 £ 0.01 0.16 £ 0.02 0.08 £ 0.01 0.10 £ 0.01
Number tillers per plant 4283 +0.47 4,63 + 0.68 483 +0.16 484 +0.24

" Data 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 (+412.83-14.61%), serine (+2.94-
18.12%), glycine (47.70-55.15%), and essential amino acids such
as methionine (+8.07—37.90%), lysine (412.19—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 (440.50-60.92%).

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 NO,~-h~!-mg~! protein, respectively)
(Figure 5). As expected, actual NR activity in presence of MgCl,
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.

Metabolite' Field 1

Field 2

Control 100% N

PSI-362 coated 73% N

Control 100% N PSI-362 coated 88% N

Nitrate (mg-g~ ' DW) 12.72 £ 0.45 14.99 + 0.66* 1415 £ 1.57 24.37 + 0.39"*
Ammonia (mg-g~ ' DW) 0.16 £ 0.01 0.13+£0.01* 0.21 £ 0.01 0.16 £ 0.01*
Free total amino acids (mg-g~' DW) 36.40 + 1.62 44.86 + 1.21* 36.80 £+ 2.42 45.16 + 1.69*
Glutamate (mg-g~ ' DW) 7.29 +£0.29 8.68 + 0.26* 6.91 +£0.35 10.15 £ 0.55"**
Glutamine (mg-g~ ' DW) 1.38 £ 0.04 1.78 £ 0.05** 1.02 £ 0.08 258 £0.12"*
Aspartate (mg-g~' DW) 2.26 +£0.10 2.89 £ 0.14* 1.36 £ 0.09 2.89 + 0.14**
Asparagine (mg-g~' DW) 0.94 +£0.19 1.11+£0.18 0.43 +0.05 2.30 £ 0.13**
Proline (mg-g~—' DW) 0.66 £+ 0.01 0.77 £ 0.01* 0.47 £0.02 0.57 £ 0.02*
Alanine (mg-g~' DW) 1.25 £0.03 1.41 +£0.04* 1.38 £0.11 1.59 £0.19
Serine (mg-g~ ' DW) 0.96 + 0.05 0.98 &+ 0.04 0.74 +£0.02 0.87 £+ 0.03*
Glycine (mg-g~' DW) 0.11 £ 0.01 0.12 £ 0.01 0.16 £ 0.01 0.26 £ 0.01™*
Methionine (mg-g~' DW) 0.20 £ 0.01 0.28 + 0.03* 0.25 £ 0.01 0.27 £ 0.01
Lysine (mg-g~' DW) 0.45 + 0.02 0.50 &+ 0.02 0.40 £+ 0.01 0.47 £+ 0.03*
Threonine (mg-g~' DW) 0.33£0.02 0.37 £0.02 0.27 £0.02 0.48 £ 0.05™*
Soluble protein (mg-g~' DW) 115.61 +£ 4.34 144.35 £ 6.10"* 136.04 £ 4.12 165.75 £+ 4.58"*
Total chlorophyll (@ + b) (mg-g~' DW) 8.63 £ 0.32 11.75 £ 0.22" 6.55 +£0.23 10.17 £ 0.20"**
Carotenoids (mg-g~ ' DW) 1.79+£0.08 2.34 £0.14* 1.62 £ 0.05 2.10 £ 0.08"

! Data 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 pmol
y-GHM-h~!.-mg~! protein, respectively). GS activity was also

OControl 100% N BPSI-362 coated 73% N

* *

e £ E
% 5 EN

Relative gene expression (n fold)

e
IS

NRTIL1 NRT2.1 NRT1.5

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 HVNRT1.71, HYNRT2.1, and HYNRT1.5 in
root tissue 22 days after application in field 1 (73% N fertilizer rate). Results
are expressed as the relative logy 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
y-glutamyl transferase activity in plants from field 1 (4-30.63%,
p =0.014) and field 2 (47.39%, 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 (48.14%, 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 (4-3.70%, 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

Frontiers in Plant Science | www.frontiersin.org

124

May 2021 | Volume 12 | Article 664682


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

Goni et al.

ANE With PSI-362 Enhances NUE

>

OControl 100% N @PSI-362 coated 73% N

80.0 1

60.0 1

*

"

NR total

20.0 - *

NR actual

NR activity (nmol NO,-h!-mg! protein)
g
=3

treatment based on t-test at p < 0.05. Number of biological replicates (n > 4).

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 MgClo) and total NR
(in absence of MgCly) 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

OControl 100% N BEPSI-362 coated 88% N

80.0

60.0

40.0

20.0

NR activity (nmol NO,-h''-mg protein)

0.0

NR actual NR total

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 (412.50%,
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

5.0
4.0

3.0 _]_

2.0

GS activity (umol y-GHM-h"!-mg! prot)

0.0

Control 100% N PSI-362 coated 73% N

Field 1

Control 100% N PSI-362 coated 88% N

Field 2

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 (NUEgy,). 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 NUEgygi, is mathematically the product
of Nupefforain % 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 Nupeffoain trait. Overall, barley crop treated with PSI-
362 coated fertilizer significantly enhanced this parameter in
both field 1 (4+40.95%, p < 0.001) and field 2 (421.92%,
p = 0.011), being the main contribution to the observed
variation between treated and control NUEgy;, 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 (40.36%, p = 0.942) or decreasing
in field 2 (—10.49%, p = 0.355). Therefore, it indicates
that this trait was not substantially impacting on NUEgqin
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
Ilinois 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 (4-20.83%, 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 kgCOzeoha_l), whereas this reduction
was closer to 9% (—224.49 kgCOze~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.

Parameter’ Field 1

Control 100% N

PSI-362 coated 73% N

Field 2

Control 100% N

PSI-362 coated 88% N

Plant biomass? (g plant~1) 7.15+0.04
Number tillers per plant 3.17 £0.14
Harvest index (g-g~ ) 0.57 £ 0.05
Grain yield? (T-ha~") 6.36 + 0.15
TGW (g) 52.58 + 0.28
Grain protein concentration (%ow/w) 8.36 + 0.39
Grain P content(%ow/w) 0.28 £ 0.02
Grain K content(%w/w) 0.44 £ 0.02

7.74+0.25 6.53 +£0.73 6.47 £ 0.48
3.90 £0.17* 3.32+0.13 3.19+0.12
0.67 £0.04 0.583 £0.02 0.60 £ 0.01*
6.60 £ 0.11* 9.93 £ 0.60 9.63 +0.28
52.49 4+ 0.26 48.24 £ 0.80 50.02 + 0.50
8.31£0.13 9.60 £ 0.09 10.80 £ 0.01*
0.28 4+ 0.03 0.28 £+ 0.02 0.26 4+ 0.02
0.42 +0.03 0.44 £+ 0.04 0.43 +£0.02

" Data 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.

Parameter! Field 1

Field 2

Control 100% N

PSI-362 coated 73% N

Control 100% N PSI-362 coated 88% N

NUEgrain (kg grain-kg=" N fertilizer) 45.25 +1.31
Nupeffyain (kg N grain-kg=" N fertilizer) 0.65 + 0.06
Nuteffyrain (kg grain-kg=" N grain) 69.76 + 2.26
GHG emissions (tCOpe-ha~) 2.23 4+ 0.07

64.18 + 1.06"* 62.81 &+ 4.89 68.54 + 1.96
0.91 £ 0.01 1.04 £ 0.05 1.27 £0.01"
69.97 + 1.38 60.31 &+ 4.70 53.98 + 1.55
1.74 £ 0.06" 2.54 £0.19 2.31 £0.07

! Data 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
NUEgyin 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 tha™!) and winter (8.6-9.1
t-ha™!) 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~!),
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 (Kfen 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=! (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 + § 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; Goni et al., 2020), with some of
these studies reporting that ANEs can significantly dysregulate
relevant genetic markers (Goniii et al., 2016; Goni et al., 2018;
Shukla et al, 2018; Langowski 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 NRTI.I 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 MgCl, 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
NUEjg iy can be enhanced consistently through the application
of PSI-362, with this improvement being achieved through
better Nupefforain. Increasing Nupeffgrin 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 CO, and N,O) and the emission of N,O
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 kgCO,e-ha™! as obtained with PSI-
362 coated fertilizer under 73% N rate, a reduction of 27.5
MtCOse 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
9.28, 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

Frontiers in Plant Science | www.frontiersin.org 133

May 2021 | Volume 12 | Article 659130


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.2021.659130
http://creativecommons.org/licenses/by/4.0/
https://doi.org/10.3389/fpls.2021.659130
http://crossmark.crossref.org/dialog/?doi=10.3389/fpls.2021.659130&domain=pdf&date_stamp=2021-05-26
https://www.frontiersin.org/articles/10.3389/fpls.2021.659130/full
https://www.frontiersin.org/journals/plant-science
https://www.frontiersin.org/
https://www.frontiersin.org/journals/plant-science#articles

Chen et al.

Seaweed Extracts Application on Sugarcane

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 (Bradacova 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 Pinll
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 (Ga20x) 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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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,
P,05 0.28 g/L, K,0 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 Total-N Available P Available K
matter (gkg™")  (mgkg™")  (mg-kg~")
(g-kg™")

Suixi 4.80 14.97 0.92 65.35 140.13

Wengyuan  4.73 20.83 117 21.98 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
m? (7 rows x 20 m) and 126 m? (7 rows x 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
P,0s5, and 450 kg K,O, and the fertilization amount in ratoon
(2018/2019) was 432 kg N, 225 kg P,0s, and 405 kg K,O. 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
m? (3 rows in the middle x 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 m? 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: CO; concentration 390.5 pmol/mol, light intensity 800
i mol/(m?s), 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 H,SO4-H, O, 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) x millable
cane number per hectare /the amount of N/P/K fertilizer applied
(Fny/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~! 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 pm microporous
membrane to remove impurities and obtain the sugar extract.
Chromatographic conditions were as follows: YMC-Pack NH,
carbohydrate column (250 mm X 4.6 mm, 5 pm), column
temperature 40°C, flow rate 1 mL-min~!, injection volume
20 pL, 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.

SAl 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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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

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 + 0.62¢ 42.75 + 2.86b 216.08 + 18.06a 421.32 + 33.32a 230.95 + 19.08a
SE1 36.12 + 4.00ab 8.22 4+ 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 39.08 + 5.01a 9.1 £0.5a 48.95 + 3.95a 236.01 + 20.72a 460.2 + 38.52a 252.25 £ 21.91a

4Data 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 (SAl)

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 + 1.92b% 212.25 £1.79c 285.85 + 3.63b 32.79 + 0.64a 54058 + 1355a
SEA1 67.5+1.3% 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 + 1.3% 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 + 0.2% 55641 + 885a
SE3 7717 £ 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
SEA1 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 21713 £ 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
SEA1 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 4+ 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
SEA1 70.07 4+ 0.63a 213.27 + 1.93ab 285.32 + 4.91ab 32.93 + 0.45a 54009 =+ 420a
SE2 69.55 + 1.21a 21817 £ 2.77a 291.35 £+ 3.41a 33.46 +£ 0.16a 53549 + 1440a
SE3 69.8 + 1.58a 222.32 £ 2.55a 29215 + 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
SEA 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 27213 £ 1.1a 31.76 + 0.36a 51714 £+ 622a
SE3 67.89 + 1.34a 208.77 £ 1.33a 27169 + 1.2a 31.90 £+ 0.47a 51781 £+ 816a

@Data 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 +£0.06a® 0.37 £ 0.1a 0.32 £0.01a  0.39 &+ 0.05a 0.4 £0.05a 0.46+0.06a 0.32+0.01a 043 +0.05a 0.41+0.05a

SE1 0.43+0.08a 0.37+0.06a 0.3+0.0la 037 +£002ab 041+004a 0.43+0.08a 0.3+0.01a 0.43+0.02a 0.4 £+ 0.03a

SE2 0.46+0.08a 0.34+0.05a 0.3+0.0la 037 +001b 0.38+0.05a 0.42+0.01a 03+0.0la 042+0.02a 0.39 +0.03a

SE3 0.31 £0.07b  0.24 +£0.05b 0.21 £ 0b 0.25+0.01c  0.28+0.08b 0.31 £0.01b 0.21 £ 0b 0.3+0.01b  0.28 £ 0.02b

SE4 0.29+0.02b 0.254+0.05b 0.21+0.08b 025+003c 0.28+0.04b 0.284+0.04b 0.21+0.08b 0.29+0.02b 0.27 +0.03b

4Data 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 £ 1.01¢® 16.71 £ 0.16c 14.46 4+ 0.53d 16.05 4+ 0.55¢ 1515+ 0.72d 16.48 £0.77c 13.94 £0.20c 15.19 4+ 0.37d 156.62 + 0.42¢

SE1 1715+ 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 £ 0.42¢c 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 1588+ 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 + 0.45¢c 16.85 + 0.09¢

@Data 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 SEI 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., 20165
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 SAl in leaves and stems of different treatments at mature stage.

Treatment SPS (uwmol Suc g~ 'Fw h—1) SAIl (wmol Glu g~ 'Fw h—1)
Suixi Wengyuan Suixi Wengyuan
Leaf CK 453.65 + 20.36b% 462.36 + 34.68b 870.63 + 44.44a 972.5 + 81.75a
SEA1 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
SEA1 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

4Data 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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