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Agricultural Innovations and Advanced Learning, Vellore Institute of Technology, Vellore, India

Nutrient deficiencies in alkaline soils (pH 7.9–8.5) frequently limit plant growth due 
to insufficient nutrient availability and uptake. This study investigated the effects 
of two bacterial strains, VITK-1 (Pseudomonas sp.) and VITK-3 (Burkholderia 
sp.), on nutrient absorption, growth, and gene expression in tomato (Solanum 
lycopersicum) seedlings grown in alkaline soil. Bacterial treatments were applied 
individually and as a consortium, and their ability to promote plant growth and 
nutrient solubility was evaluated. In vitro studies demonstrated the strains’ abil-
ity to solubilize essential nutrients, generate extracellular enzymes, and exhibit 
a variety of Plant Growth-Promoting Rhizobacteria (PGPR) characteristics, with 
strong antagonistic activity against Fusarium oxysporum f.sp. lycopersici and 
Ralstonia solanacearum (35.7%–76.5%). In vivo investigations revealed notable 
improvements in germination (73.3%), root and shoot development, and overall 
seedling vigor when compared to untreated controls. The bacterial consortium 
significantly improved protein (54.5%) and proline (69.5%) levels, antioxidant 
activity (50.7%), phenolic (60.9%), and flavonoid content (52.5%), and decreased 
carbohydrate accumulation. Furthermore, treated plants exhibited activation of 
nutrient-regulating genes (NRT2, PR-1, and AMT-1) associated with better root 
metabolism (improved 1.58–1.70 mg) and resilience to stress (GR-1 and DREB3). 
These results show the potential of PGPR inoculants, particularly consortia, as 
a promising strategy for improving nutrient uptake, biochemical characteristics, 
and stress tolerance in crops grown in alkaline soils.
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1 Introduction

Tomato (Solanum lycopersicum) is a highly valued and widely consumed food crop world-
wide. It belongs to the Solanaceae family, which includes tomato and potato (Paungfoo-
Lonhienne et al., 2016; Salehi et al., 2019). Tomato price volatility has gained global attention, 
with prices rising by 64.46% in June 2023 (FAO, 2021; Advance and Welfare, 2023). India 
produces approximately 215.49 lakh tonnes of tomatoes annually, with Tamil Nadu contribut-
ing 6%–7%, while global production stands at nearly 189 million tonnes (Vijayakumar et al., 
2021). Renowned for its nutritional, medicinal, and physiological benefits, the tomato is rich 
in vitamins, lycopene, beta-carotene, amino acids, and essential phytosterols, such as 
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campesterol and stigmasterol (Abdullahi et al., 2016; Gashash et al., 
2022). Its widespread popularity has led to extensive cultivation and 
large-scale production worldwide, with numerous studies highlighting 
its economic and nutritional significance (Arah et al., 2016; Park et 
al., 2020).

Soil pH is a critical determinant of nutrient availability in agricul-
tural systems, directly influencing plant growth and development 
(Läuchli and Grattan, 2012). Alkaline soil conditions pose significant 
challenges to crop production, as they restrict the availability of essen-
tial nutrients like phosphorus, iron, and zinc (Msimbira and Smith, 
2020). Prolonged irrigation in alkaline conditions exacerbates these 
issues by increasing the bicarbonate content (Sunaratiya and Kapgate, 
2021), contributing to soil salinity, impairing plant development, and 
degrading soil health. High soil pH disrupts root cell structure, trig-
gers metabolic imbalances, and reduces nutrient absorption, leading 
to impaired microbial activity, organic matter decomposition, nutrient 
cycling, and overall crop yield (Li et al., 2020; Zhou et al., 2024). 
Additionally, alkaline soil conditions alter plants’ natural defense 
mechanisms, induce osmotic imbalance, and disrupt physiological 
metabolism (Rasheed et al., 2022). Monitoring soil pH and electrical 
conductivity before cultivation is essential for assessing nutrient and 
mineral availability, thereby facilitating informed agricultural deci-
sions (Shrivastava and Kumar, 2015).

To mitigate the adverse effects of alkaline soils, sustainable, viable 
farming techniques such as the application of plant growth-promoting 
rhizobacteria (PGPR) have gained attention. By improving nutrient 
uptake, enhancing stress tolerance, and interacting with other soil 
organisms under abiotic stress conditions like drought, salinity, and 
significant temperatures, PGPR are beneficial soil bacteria and pro-
mote plant growth (Singh, 2018). While numerous studies have exten-
sively demonstrated the general benefits of PGPR in promoting plant 
growth, their application in alkaline soils remains underexplored due 
to limited resources, which is addressed in the present study. 
Compared to single bacterial inoculants, PGPR-based bacterial con-
sortia have a particularly synergistic effect on plant growth due to 
their enhanced functional capabilities, including increased crop yield, 
nutrient solubilization, biocontrol activity, maintenance of soil health 

under high pH conditions, and stabilization of long-term rhizobacte-
rial interactions. However, despite these advantages, limited research 
has been done on the combined use of PGPR consortia in alkaline soil 
conditions (Singh et al., 2023b). Previous studies indicate that PGPR 
strains suppress plant pathogens through the activation of induced 
systemic resistance, a mechanism that may be particularly effective in 
alkaline soil conditions, where pathogen expression may differ during 
experimental conditions (Egamberdieva et al., 2019; Wang et al., 
2021). In addition, the synthesis of extracellular enzymes like cellulase, 
proteases and lipase directly inhibits phytopathogens by degrading 
fungal cell walls and indirectly improves nutrient accumulation via 
enhanced root metabolic activity, thereby promoting plant growth and 
development rather than pathogen suppression, mediated by hydro-
lytic enzymatic activity (Mazuecos-Aguilera et al., 2025). 
Consequently, there is growing interest in investigating the potential 
of PGPR to improve soil fertility and enhance the physiological and 
biochemical responses of tomato seedlings in high-pH environments 
(Jeyanthi and Kanimozhi, 2018). Although most studies have exten-
sively reported the effects of individual PGPR strains and non-alkaline 
stress conditions, research on PGPR-mediated consortia under alka-
line soil conditions remains limited, particularly in terms of nutrient 
uptake and microbial stability at high soil pH. It is currently unknown 
how PGPR’s combined efficiency improves microbial stability, nutrient 
accumulation, and antioxidant activity through the enzyme produc-
tion and molecular response to stress tolerance. This will improve the 
critical gap regarding the combined microbial strategies in alka-
line soil.

Given their nutritional significance, tomatoes are an ideal crop for 
enhancing nutrient content through treatments such as plant growth 
promoting rhizobacteria (PGPR), particularly in alkaline soil condi-
tions. PGPR, often referred to as the root microbiome, has demon-
strated its ability to promote vegetative growth, accelerate the absorption 
of water and electrolytes, and anchor crucial minerals and amino acids 
from the soil, thereby improving plant growth (Khoso et al., 2024). In 
various climatic conditions, PGPR applications have proven to be a 
promising strategy in increasing plant growth and early nutrient uptake 
by metabolizing both organic and inorganic compounds derived from 
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environmental sources. Beneficial strains of PGPR can enhance plant 
growth, detoxify heavy metals, produce siderophores and indole-3-ace-
tic acid (IAA), and increase the shoot and root biomass, thus acting as 
phytostimulants (Sayyed, 2019). Among many PGPR strains, 
Burkholderia and Paraburkholderia are notable for promoting plant 
growth by producing auxin, fixing nitrogen, solubilizing phosphorus, 
and efficiently protecting host plants from abiotic stress (Pal et al., 
2022). Newly isolated Pseudomonas species from agroecological envi-
ronments have demonstrated their ability to solubilize phosphate, 
ammonia, and siderophores, colonize tomato roots, improve nutrient 
uptake, and suppress pathogens (Qessaoui et al., 2019). Similarly, 
Burkholderia cepacia produces secondary metabolites and accelerates 
rhizosphere colonization, aiding stress tolerance (Jung et al., 2018). 
Considering the widespread cultivation of tomatoes, optimizing plant 
nutrients with fertilizer applications is crucial for commercial agricul-
tural purposes (Kalozoumis et al., 2021; Gashash et al., 2022). Through 
increased resilience and adaptive responses, PGPRs help plants survive 
temperature-induced stress even though they do not control external 
temperatures (Ferreira et al., 2019). While extensive research has been 
conducted on microbial responses to saline-alkaline stress, studies on 
the combined effects of Pseudomonas sp. VITK-1 and Burkholderia sp. 
VITK-3 under alkaline soil conditions remain limited. This study 
explores how these bacterial consortia influence plant physiological 
parameters, as well as micro- and macronutrient uptake in tomato roots 
under stress conditions. Additionally, we examined the regulation of 
nutrient and stress-related genes in tomato roots and investigated bio-
chemical defense mechanisms that enable plants to withstand abiotic 
stress. This study is to demonstrate significant changes in tomato seed-
ling responses when seeds were treated with bacterial consortia and 
individual strains, particularly concerning physiological and biochemi-
cal parameters associated with soil-root microbial interactions.

In this study, we have identified the potential PGPR candidates 
and evaluated their consortia effects on tomato seedling growth under 
alkaline soil conditions. Specifically, we assessed nutrient uptake, stress 
tolerance responses, and biochemical changes in tomato seedlings. 
Additionally, we examined germination rates and analyzed gene 
expression related to nutrient absorption, enduring stress, and stimu-
lation for the growth of tomato roots. The results provide novel 
insights concerning how PGPR might enhance sustainable agricultural 
practices, emphasizing their role in addressing nutrient limitation and 
improving crop resilience under stressful environmental conditions.

2 Materials and methods

2.1 Sample collection

A total of two different soil samples were collected from the rhi-
zosphere of tomato plants within a depth of 3 cm. Each sample 
weighed 10 g and was collected from tomato plants grown in two dif-
ferent experimental fields within the agricultural area at Vellore 
Institute of Technology, Vellore, Tamil Nadu, India. The samples were 
packaged in polythene bags and delivered to the lab for in vitro testing.

2.2 Culture conditions and maintenance

These soil samples were serially diluted (up to 10−7 dilutions) 
using sterile distilled water and were subsequently spread plated on 

fresh Nutrient agar plates for bacterial isolation. The plates were incu-
bated at 37 °C for 24 h. The initial soil samples were preserved in a 
refrigerator at below 10 °C. The isolates were sub-cultured at alternate 
intervals of 15 days using the nutrient broth and were maintained at 
50% glycerol stock (−20 °C) for future use (Jung et al., 2018; Andy et 
al., 2020). Morphological observations of the strains were conducted 
using scanning electron microscopy and phase-contrast microscopy. 
The research process’s schematic overview is shown in Figure 1.

2.3 Screening of PGPR traits

Phosphate solubilization ability of the isolates was evaluated using 
National Botanical Research Institute’s Phosphate (NBRIP) medium. 
Each of the isolates was inoculated into well-made up centers of fresh 
NBRIP plates and were incubated at 30 °C for 48 h. After incubation, 
the plates were examined for any clear zone surrounding the colonies, 
indicating the isolates may solubilize phosphate (Shektar, 1999; 
Qingwei et al., 2023). To assess the ability to synthesize Indole-3-
Acetic Acid (IAA), Tryptophan was added to the cultured nutrient 
broth and incubated at 37° C under shaking conditions (150 rpm). 
After incubation, the bacterial cultures were centrifuged at 5000 rpm 
for 10 min to collect the cell-free supernatant. Salkowski reagent (57 
milliliters of 60% perchloric acid, 4 milliliters of double distilled water, 
and 2 milliliters of 0.5 M FeCl3) was mixed with 1 milliliter of the 
aforementioned cell-free supernatant (Madhurama et al., 2014), and 
the absorbance was measured at 530 nm using a UV–Vis spectropho-
tometer (Shimadzu) (Al-Rashid, 2013).

Chrome azurol sulfonate (CAS) was used to detect siderophore 
formation, following the procedure detailed by Schwyn and Neilands 
(1987), with slight modifications. Cultures exhibiting a yellowish-
orange ring outside after 48 h of incubation indicate the positive pro-
duction of siderophore. Ammonia production was tested by 
incubating the isolates in a peptone and sodium chloride medium. 
The appearance of a yellowish-orange color upon adding Nessler’s 
reagent indicated ammonia generation using the Cappuccino and 
Sherman (1992) method (Mukherjee et al., 2017; Gohil et al., 2022).

Hydrogen cyanide (HCN) production was assessed by inoculating 
the culture into a glycine nutrient-enriched medium, with minor 
modifications from the method described by Bakker and Schippers 
(1987) with minor modifications (Kumar et al., 2014). The medium 
was pre-treated with a sodium carbonate solution and picric acid to 
aid colour development. The filter paper was then sealed with parafilm 
to provide consistent environmental conditions. After 4 days of incu-
bation at room temperature, the plates were observed for any orange 
pigmentation, indicating the effectiveness of ammonia production. 
Lastly, the nitrogen-fixing properties of the isolates were evaluated 
using Jenen’s medium (Reang et al., 2022). The bacterial cultures were 
streaked onto plates with pre-prepared medium and was incubated for 
2 days at 37 °C. The plates were observed for any growth following 
incubation.

2.4 16s rDNA sequencing and PGPR 
characterization

The bacterial isolates were subjected to DNA extraction, sequenc-
ing, and analysis using the Basic Local Alignment Search Tool 
(BLAST). Whole genomic DNA was extracted from pure cultures 
using the Xploregen Universal Extraction Kit (Xploregen Discoveries, 
India). A 1.5 kbp segment of the 16s rDNA gene was amplified using 
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high-fidelity PCR polymerase and the primers 16s Forward- 
GGATGAGCCCGCGGCCTA (72.22% GC content) and 16 s Reverse- 
CGGTGTGTACAAGGCCCGG (68.42% GC content). After thermal 
cycling was completed using a BIO-RAD T100 thermal cycler set to 
anneal at 58 °C, the PCR product was sequenced in both directions.

Primer concentrations of 10 pM were used to amplify up to 126 ng 
of isolated DNA. High-Fidelity DNA polymerase, 5 nM DNTPs, 
3.2 mM MgCl2, and PCR Enzyme Buffer made up the TAQ Master 
mix. Thirty cycles of denaturation for 1 min at 94 °C, annealing for 
1 min at 50 °C, and extension for 2 mins at 72 °C comprised the PCR 
cycling process. The initial denaturation step lasted 3 mins at  
94 °C. For 7 mins, the last extension stage was conducted at 72 
°C. After the PCR product was sequenced and subjected to similarity 
analysis using BLAST (Basic Local Alignment Search Tool) and NCBI 
(National Center for Biotechnology Information) the sequence was 
added to the Gene Bank database along with accession numbers 
(Stephen and Saleh, 2023). Phylogenetic analysis for the strains 
(VITK-1 and VITK-3) and 16s rRNA fragment amplification were 
carried out by Bio Kart India, Pvt. Ltd., Bengaluru.

2.5 Screening of hydrolytic enzymatic 
activity

The bacterial strains were assessed for extracellular enzymatic 
activity to enhance plant growth and development. Hydrolytic 
enzyme assays were conducted as the primary screening to evaluate 

the biocontrol activity of the PGPR strains. These tests provide func-
tional validation of antagonistic activity, which refers to PGPR char-
acteristics. For Protease production, isolates were cultured in the 
nutrient broth, and then the cells were centrifuged at 1000 rpm for 
10 min at 4 °C. Twenty microliters of the cell-free supernatants were 
poured into a medium composed of skimmed agar (Alnahdi, 2012; 
Sritongon et al., 2023) and incubated for 48 h to observe for any 
clear zone.

Cellulose production was identified using the method described 
by Ariffin et al. (2006) and Samira et al. (2010). Cultures were incu-
bated for 48 h, followed by Congo red treatment, where the plate was 
immersed in 0.1 M NaOH for 15 min to destain. The occurrence of 
any halo zone around the colonies indicated significant cellulase 
activity.

For the determination of amylase production, the cultures were 
streaked onto starch agar medium and incubated for 48 h. Following 
this, Gram’s iodine was flooded into the culture plates, and excess stain 
was drained off to observe for clear zones around the colonies (Nithya 
et al., 2016; Sritongon et al., 2023).

The gelatinase activity of the chosen strains was examined using 
a gelatin crystal agar medium (Alnahdi, 2012). After incubation for 
48 h, the plates were observed for any zone of clearance, using mercu-
ric acid solution. Finally, screening of lipase production was con-
ducted by inoculating the culture into the Tributyrin agar medium. A 
clear zone around the colonies after 2 days of incubation at 37 °C 
indicated a positive result (Castaldi et al., 2021).

FIGURE 1

Schematic overview of the research process: the figure illustrates the sequential steps involved in the isolation and characterization of selected bacterial 
strains. These isolates were further screened for in vitro enzymatic and antagonistic activity, as well as for tolerance to salinity, temperature, pH, and 
heavy metals. The identified strains were tested before greenhouse trials to assess plant growth. The treatments were designated as control, individual, 
and consortium treatments. In addition, plant physiological and biochemical characterization, as well as gene expression, were performed to evaluate 
significant growth enhancement, respectively. 1. Isolation of bacteria, 2. Screening of PGPR test, 3. Molecular identification of isolates, 4. Greenhouse 
trail, 5. Biochemical characterization and gene expression.
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2.6 Compatibility test

The antagonistic activity was assessed to evaluate the coexistence 
between the two bacterial strains: Pseudomonas sp. and Burkholderia 
sp. This assay was designed to further examine the interactions 
between the bacterial strains chosen for the study (Rangasamy and 
Saleh, 2025). In the middle of a nutrient agar plate, a single bacterial 
strain was vertically streaked and then cultured for 24 h at 37 °C. After 
the specified time period, the other strain was streaked perpendicular 
to the initial strain. The plate was kept at 37 °C for an additional 24 h, 
and any inhibition zones between the strains were observed. Nutrient 
agar plates with no bacterial inoculation were used as controls (Irabor 
and Mmbaga, 2017; Prasad and Babu, 2017).

2.7 Screening of dual culture assay of 
antagonistic activity

The antagonistic activity of test strains Pseudomonas sp. (VITK-1) 
and Burkholderia sp. (VITK-3) was evaluated against selected plant 
pathogens: F. oxysporum f.sp. lycopersici and Ralstonia solanacearum, 
which are ordered from the Microbial Type Culture Collection and 
Gene Bank at the Institute of Microbial Technology, Chandigarh, 
India (ID: 10270 and 13168). The pathogens were cultured for 7 days 
at 28 °C in casamino acid-peptone-glucose broth (CPG) and potato 
dextrose broth (PDB) media using appropriate media, prior to the 
dual culture assays.

Bacterial strains were standardized to an optical density (OD 600) 
of 0.6 and streaked 2 cm from one edge of a PDA agar plate, while the 
fungal culture was streaked 1 cm from the opposite edge on the same 
medium. Equation 1 was used to establish the inhibition rate after the 
plates were cultured at 25 °C for 7 days. A completely randomized 
design was utilized for the triplicate experiment (Rangasamy and 
Saleh, 2025).

	
= − × % 100RIInhibition rate RC RC 	

(1)

Where, RC is the distance from the edge of the fungal colony on 
control plates.

RI is the distance from the fungal colony to the bacterial inoculum 
on treated plates.

Antibacterial activity of the endophytic bacteria (Pseudomonas sp. 
and Burkholderia sp.) against R. solanacearum was assessed using a 
zone inhibition assay. R. solanacearum was cultured overnight on a 
CPG medium and was standardized to a specific colony-forming unit 
(106 CFU/mL) concentration. The CPG agar medium was sterilized, 
poured into plates, and allowed to solidify. A well of 8 mm diameter 
was cut at the center of the agar plate, and R. solanacearum was uni-
formly spread around the well using sterile cotton swabs. Freshly 
grown bacterial strains (200 μL) were added to the well, and the plates 
were incubated at 37 °C for 24 h. By measuring any zone of suppres-
sion closest to the well, the antagonistic activity was ascertained 
(Anith et al., 2021; Madriz-Ordeñana et al., 2022; Mekonnen et 
al., 2022).

2.8 Salt tolerance analysis

Salt tolerance of bacterial strains was tested by inoculating isolates 
into 10 mL of nutrient broth containing different concentrations of 

NaCl (0% to 20%). The cultures were then incubated at room tempera-
ture for 48 h. Following incubation, samples from each culture were 
spot-inoculated onto nutrient agar plates to evaluate visible growth 
and determine the salt tolerance thresholds for the isolates (Fahsi et 
al., 2021; Fiodor et al., 2023).

2.9 Temperature and pH monitoring, and 
heavy metal tolerance

Minimal salt medium (MSM) broth was used to inoculate isolates 
to assess bacterial growth under multiple levels of pH (3, 5, 7, 9, and 
11) and temperatures (25 °C, 30 °C, and 37 °C), with adjustments 
made using NaOH and HCl buffers. Absorbance was measured at 
600 nm while the culture was incubated at 30 °C with shaking at 
150 rpm. Visible growth was also analysed and parameters such as 
turbidity of the medium and change in colour were also recorded.

Heavy metal tolerance was examined using an MSM medium with 
varying concentrations of metals (Cd, Co, Zn, Pb, and Fe) ranging 
from 250 mg/mL to 1,000 mg/mL at 30 °C. Upon visible growth 
occurred, the concentration was increased to 4,000 mg/mL using 1% 
inoculum in MSM broth medium at 200 rpm. Subsequently, cultures 
were spot-inoculated on a nutrient agar medium to observe visible 
growth, with uninoculated broth serving as a control (Pranaw et al., 
2020; Fahsi et al., 2021).

2.10 Determination of pathogenicity

The isolates have been streaked onto blood agar and grown for 
2 days at 37 °C to assess the hemolytic activity. The plates were then 
examined for color changes and categorized into three categories: beta 
(yellowish color), alpha (greenish brown color), and gamma (no vis-
ible zone around the colony or color changes in the plate). These cat-
egories denote the extent of hematolytic activity of the selected strains 
(Bhatt and Maheshwari, 2020).

2.11 Germination assay, determination of 
morphological growth, biochemical 
characterization, and gene expression

2.11.1 Preparation of bacterial suspension

Bacterial isolates were cultured overnight in the nutrient agar 
medium, and a single isolated colony was transferred into 100 millili-
ters of nutrient broth in a conical flask using a sterile loop and allowed 
to grow exponentially at 30 °C. The bacterial culture was centrifuged 
for 5 min at 1000 rpm following incubation. Upon discarding the 
supernatant, the cell pellet was rinsed and diluted using a sterile 0.85% 
saline solution. Sterile saline solution was used to standardize the bac-
terial count and adjust the suspended bacteria to an OD value of 1 
(108 CFU/mL) (Helal et al., 2022).

2.11.2 Tomato seed germination assay on 
bacterial strains

Commercially purchased tomato seeds were used for the ger-
mination assay. The seeds were first surface sterilized by immersing 
in 70% ethanol for 10 s, followed by surface sterilized treatment 
with 3% sodium hypochlorite (NaOCl) solution under continuous 
shaking for 20 min. After sterilization, the seeds were rinsed three 
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times with sterile distilled water (SDW) to remove residual chemi-
cals. Notably, floating seeds were discarded, and the remaining 
seeds were air-dried under sterile conditions before performing 
germination. Later on, 15 seeds were soaked for 30 min in 30 mL 
of individual bacterial suspensions and their consortium (1:1 ratio), 
each with three biological replicates, while being agitated. After the 
seeds dried, they were set up on sterile petri plates and placed over 
the germination sheet. SDW-treated immersed seedlings served as 
the control. The treatments were designated as follows: T1: un-
inoculated control (no bacterial seed treatment), T2: seed treat-
ment with VITK-1, T3: seed treatment with VITK-3, and, T4: seed 
treatment with VITK-1 + VITK-3 (consortium). Each treatment 
consisted of 60 seeds with a triplicate for germination. The plates 
were tightly closed with parafilm to maintain the moisture and were 
kept for 12 days at room temperature. The following parameters 
were calculated: germination rate was calculated as the percentage 
of seeds that germinated by the end of the experiment, seedling 
vigor index was determined by multiplying the germination per-
centage by the mean seedling length (seedling shoot + root lengths, 
measured in cm), relative seed germination calculated by compar-
ing the number of germinated seeds in treated samples with the 
control, energy of germination was evaluated as the number of 
seeds germinated within the first 4 days, and daily germination 
count was recorded by counting the number of newly germinated 
seeds each day. Detailed formulas are provided in 
Supplementary Data 1.

Simultaneously, the complete root and shoot length of the seed-
lings were measured on Day 12. A highly randomized block design 
was implemented for the experimental setup (Pandey and Gupta, 
2020; Fahsi et al., 2021).

2.11.3 Colonization of bacterial strains on tomato 
seedlings

Previously disinfected and treated seeds were placed in a seedling 
tray with 90 cavities, each containing two seeds soaked in the respec-
tive bacterial suspensions. Once the seedlings emerged, they were 
watered daily with sterile distilled water. The soil used had an alkaline 
pH of 7.9, which was pre-tested before the treatment. Seedlings were 
transplanted into a plastic pot filled with 5 to 7 kg of soil from the 
agricultural field areas of VIT Brahma Puram. Twenty days after trans-
plantation, treatments were initiated. Ten milliliters of freshly pre-
pared bacterial suspension (OD600nm = 1.0) were administered to 
the plants once a week. The experiment was conducted in a green-
house setting at VIT University in Vellore, Tamil Nadu, India, utilizing 
a completely randomized block design with three separate trials. The 
greenhouse maintained the humidity between 60% and 75% and the 
average temperature of 25 °C. At the end of the experiment, chloro-
phyll content, photosynthesis, various morphological parameters, and 
biochemical characteristics were measured. Chlorophyll content was 
assessed using a SPAD meter. The average plant height, thickness of 
stem, total amount of leaves, number of branches, length of leaf, and 
diameter were also recorded. Additionally, the fresh and dry weight of 
the roots and shoots was measured after rinsing the plants with tap 
water to wash away soil from them.

Subsequently, to determine the nutrient content, including micro 
and macronutrients, plant samples were then dried in a hot air oven 
for 3 days at 60 °C. The National Agro Foundation (NAF, Tharamani, 
Chennai) conducted this analysis (Cottenie, 1980).

2.11.4 Soil analysis and characterization

Soil samples were analysed and characterized by the National 
Agro Foundations (NAF, Chennai) to better understand the chemical 
properties, pH, electrical conductivity, and nutrient availability of 
macronutrients and micronutrients. Characterization of soil is gener-
ally performed before the transplantation of seedlings from pro tray 
to pot (Cottenie, 1980).

2.11.5 Chlorophyll pigmentation

Fresh leaf samples (0.2 g) were obtained and was homogenized 
with 80% chilled acetone, following the protocol described 
(Rajalakshmi and Banu, 2015) with slight modification. At 4 °C, the 
homogenized samples were centrifuged for 10 min at 5000 rpm. After 
transferring the supernatant to a test tube, acetone was used as the 
blank, and a UV–visible spectrophotometer was used to determine the 
absorbance at wavelengths 663 nm and 645 nm. Chlorophyll a and b 
were calculated from the sample extraction using the following equa-
tions (Supplementary Data 2) to determine the pigmentation of 
the plant.

2.11.6 Determination of protein contents

Total protein content was estimated using Lowry’s method with 
slight modifications. Protein was extracted from 0.1 g (100 mg) of 
fresh leaf samples using PBS buffer at pH 7 and vortexed. The fluores-
cence of the samples was detected at 660 nm using a microplate reader. 
A 50 mg of Bovine serum albumin (BSA) stock solution was prepared 
by dissolving it in 50 mL of distilled water. A graph was then con-
structed to calculate the concentration of the unknown sample (Sarkar 
et al., 2020).

2.11.7 Total proline estimation

The Ninhydrin method to evaluate bacterial inoculation by quan-
tifying the total protein concentration of fresh plant fragments 
(Rakesh et al., 2021). Homogenizing 0.5 g of tissue required 10 mL of 
3% sulpho-salicylic acid. A 200-microliter extract was collected from 
the supernatant after discarding the pellet through centrifugation at 
1000 rpm for 4 °C at 10 min. An equal volume (1:1 ratio) of 
200-microliter acid ninhydrin and glacial acetic acid was added and 
mixed by vortexing. The mixture was immediately cooled after incu-
bating at 100 °C for 1 h, resulting in a pinkish color formation. A 400 
microliter of toluene was added to the extraction, thoroughly vor-
texed, and allowed to stand for 10 min in the dark to evaluate. After 
dark incubation, two layers were formed: the top layer (red colour) 
was separated clearly to measure the OD value at 520 nm in a 96-well 
microtiter plate. To calculate the proline concentration in the known 
sample, a standard graph was plotted with toluene serving as a blank 
and L-proline as a reference.

2.11.8 Carbohydrate estimation

The phenol-sulfuric technique was employed to quantify the 
amount of carbohydrates in treated PGPR seedlings (Mohebi et al., 
2018). After transferring fresh tissue samples to a boiling test tube and 
grinding them with five milliliters of 2.5 N HCl, they were incubated 
at 100 °C. Following incubation, the reaction mixture was 
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subsequently supplemented with a 96% sulfuric acid and sodium car-
bonate solution. A Thermo Fisher Scientific microtiter plate reader 
was used to detect absorbance at 490 nm, with all test reagents except 
the plant extract used as blanks. To ascertain the samples’ unknown 
carbohydrate content, glucose was selected as the standard reference.

2.11.9 Plant extraction and determination of 
antioxidant activity

Plant samples (0.4 g) were dried at 60 °C for 2 days. The dried 
samples were mixed with 10 mL of methanol (HPLC grade) in a coni-
cal flask. The flask was covered with aluminum foil to prevent evapo-
ration, and the mixture was vortexed overnight. The sonication 
technique was applied to enhance agitation, and the mixture was then 
passed through the filter paper made by Whatman No.1. The extracted 
sample was dried, resuspended in methanol to form a stock solution, 
and stored at −20 °C for further analysis.

Antioxidant activity was evaluated using the DPPH (1,1, diphe-
nyl-2picrylhydrazyl) assay with slight modifications (Phuyal et al., 
2020). The concentration of the plant extract was diluted with metha-
nol to a range of 20 mg/L – 100 mg/L. A standard L-ascorbic acid 
stock solution was used for comparison. The different concentrations 
of plant extract were mixed with a 0.004% DPPH solution (dissolved 
in methanol) and incubated for 30 min at room temperature. 
Methanol and DPPH were used as blank and control, respectively. 
Following incubation, the antioxidant activity was calculated using the 
specified formula (Supplementary Data 3), and the absorbance was 
measured at 517 nm.

2.11.10 Phyto compound production

Two techniques were employed to determine the phenolic and 
flavonoid content using the Folin–Ciocalteu and aluminum chloride 
methods, respectively. For phenolic content, 100 microliters of the 
extracted plant sample (described in section 2.10.9) was mixed with 
400 microliters of methanol, followed by the addition of 150 microli-
ters of Folin Ciocalteu reagent and 20% sodium carbonate (Chavan et 
al., 2013). The solution was vortexed thoroughly and incubated in the 
dark for 1 h. Methanol and Folin–Ciocalteu reagents were used as 
blanks. A standard curve was plotted using gallic acid to determine 
the total phenolic content in the test sample, and absorbance was mea-
sured at 650 nm. For flavonoid content, 100 microliters of the test 
sample were combined with 400 microliters of methanol, followed by 
the addition of 100 microliters of 10% AlCl3 and 1 M sodium acetate 
(Phuyal et al., 2020; Rakesh et al., 2021). After the mixture was vor-
texed, and then left for 45 min at room temperature. Using a microti-
ter plate with methanol alone as the blank (without test samples), 
absorbance was measured at 415 nm.

2.11.11 Quantification using RT -PCR

The expression of nutrient-regulating genes in S. lycopersicum was 
analyzed using quantitative real-time PCR (qRT-PCR). Gene expres-
sion was assessed in plants treated with a consortium of bacterial sus-
pensions. Root samples were collected from four treatment groups 
and a control group, with biological replicates for each, and were 
frozen in liquid nitrogen (N2). Two hundred milligrams of tomato 
seedlings’ lateral roots were used in each sample group for RNA 
extraction using RNA-Isoplus (Takara), and Nanodrop (Thermo 

Scientific) was used to quantify the yield. To convert the extracted 
RNA into cDNA, reverse transcription was performed using a cDNA 
synthesis kit (HiMedia). On a Bio-Rad (USA), real-time PCR ampli-
fication was carried out with a Takara SYBR master mix. Briefly, the 
amplification reaction mixture contained a total volume of 10 μL, 
comprising 2 μL of both forward and reverse primers, 2 μL of nucle-
ase-free water, 5 μL of the reaction mixture, and 1 μL of a template. 
The qRT-PCR conditions were set as follows: initial denaturation at  
95 °C for 10 min, followed by 40 cycles of 95 °C for 15 s, 56 °C for 10s, 
and 72 °C for 15 s. This was followed by a melting curve stage of  
95 °C for 10 s and 60 °C for 1 min, with a gradient PCR set from  
55 °C to 62 °C. Primers were designed using Oligo 7 software 
(Supplementary Table 1) and were based on the nutrient expression 
gene sequence of S. lycopersicum obtained from BLAST and NCBI. For 
S. lycopersicum, the actin gene served as the housekeeping gene (Saia 
et al., 2015).

2.12 Statistical analysis

All the tests and experiments described in this study were carried 
out in triplicate, and the results were expressed as mean ± standard 
deviation (SD), calculated using Microsoft Excel. Graphical data was 
generated using GraphPad Prism and JMP Pro 17, and Duncan’s mul-
tiple range test was also performed. The experimental design adopted 
here followed a completely randomized design. Significance differ-
ences among treatments were calculated using one-way ANOVA, fol-
lowed by a two-tailed Student’s t-test and Duncan’s multiple range test 
for comparisons.

3 Results

3.1 Isolation and molecular characterization 
of PGPR

The bacterial isolates VITK-1 and VITK-3 were obtained from the 
VIT agriculture field and cultured on the nutrient agar medium using 
the quadrant streak method. Detailed colony characterization and 
morphological analysis revealed that VITK-1 appeared to be dull-
white in colour with a round, entire margin, and slight elevation. The 
colonies were opaque in nature, had a notable bluish-green tint in the 
vicinities of streak lines, and were small to medium-sized. Whereas, 
colonies of the strain VITK-3 have a similar size as compared to 
VITK-1, but were white/creamy in color round, marginated and non-
transparent. Supplementary Figure 1C illustrates the scanning elec-
tron microscopy (SEM) analysis, which revealed that both strains had 
a rod/coccoid shape and were Gram-negative. Figure 2 shows the 16S 
rRNA sequencing and BLAST identification. VITK-1 was identified 
to be Pseudomonas sp. with a similarity index of 99%, and the strain 
VITK-3 was identified to be Burkholderia sp. with a similarity index 
of 99.5%. The GenBank accession numbers assigned to these 
sequences were OP102696 and PP897814, respectively.

3.2 Determination of plant growth 
promotion traits and enzymatic activity

The qualitative assessment of phosphate solubilization by the 
isolated bacterial strains was performed using NBRIP agar 
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medium. Following a 48-h incubation period, both strains pro-
duced clear zones around the colonies (Supplementary Figure 1D), 
indicating positive phosphate solubilization activity. Among the 
two strains, VITK-1 shows the largest zone, suggesting higher 
phosphate solubilization efficiency as compared to VITK-3. The 
comparative results are summarized in Supplementary Table 2. 

Indole-3-acetic acid (IAA) production was evaluated using the 
tube test method in the presence of tryptophan. As shown in 
Supplementary Figure 2, VITK-3 exhibited significantly higher 
IAA production after 48 h of incubation at 37 °C in nutrient 
broth, whereas VITK-1 produced a comparatively lower 
amount of IAA.

FIGURE 2

The phylogenetic tree shows the evolutionary relationships of Pseudomonas sp. (VITK-1), Burkholderia sp. (VITK-3), and related reference sequences 
retrieved from GenBank based on 16S rRNA gene sequences. The tree was constructed using the Neighbour-Joining method in MEGA11 with 
evolutionary distances calculated by the maximum composite likelihood method. Bootstrap analysis was performed with 1,000 replicates, and 
bootstrap values ≥50% are illustrated at the branch nodes, and Escherichia coli strain U 5/41 was used as the outgroup.
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The siderophore production was assessed to determine the iron-
chelating ability of the isolates VITK-1 and VITK-3. Both strains 
exhibited clear zones enveloping the colonies, which were indicated 
by a yellowish-orange color and are comparable to the positive solu-
bilization of siderophore formation as listed in Supplementary Table 2 
and Supplementary Figure 1E. The growth of selected strains in nutri-
ent media in a test tube after 24 h of incubation as shown in 
Supplementary Figure 1F. From the results, both strains exhibited a 
significant amount of ammonia production, as indicated by the orange 
color formation when a small amount of Nessler’s reagent was added. 
This color change confirmed a positive response for ammonia 
production.

As shown in Supplementary Table 2, qualitative screening of 
nitrogen fixation was performed on Jensen’s medium following a 24-h 
incubation period. Both VITK-3 and VITK-1 showed growth on the 
plate (Supplementary Figures 1H,I), which constitutes an obvious 
indication of a beneficial result. As a comparable screening technique 
for the production of hydrogen cyanide, on the nutrient agar plate that 
contains sodium carbonate and picric acid. Supplementary Table 2 
shows the production of hydrogen cyanide. When compared to VITK-
3, the reddish-orange vibrant color that emerged from the VITK-1 
strains (Supplementary Figure 1G) revealed the positive response, as 
evidenced by the absence of notable color changes as a negative result.

As indicated in Supplementary Table 2, after 48 h of incubation, 
VITK-1 and VITK-3 showed a particularly significant difference in 
growth on skim milk agar, with a noticeable halo zone circling the 
colonies. On gelatin crystal agar, the isolates VITK-1 and VITK-3 
demonstrated a positive gelatinase activity. After being dissolved in a 
solution of mercuric acid, the isolates’ growth was assessed by the 
development of a halo zone surrounding colonies. VITK-1 showed 
prominent yellowish-white zones encircling the streaking area. The 
cellular activity is comparable to that of VITK-1, as confirmed by 
VITK-3. Supplementary Table 2 indicates that both outcomes have a 
positive reaction. During Gram’s iodine staining, the VITK-1 revealed 
a massive clear zone surrounding the colonies. After 48 h of incuba-
tion, VITK-3 exhibited minimal zone around the colonies, suggesting 
slow enzyme activity. After 48 h of incubation, VITK-1 and VITK-3 
were seen to be present in a distinct and vigorous zone surrounding 
the colonies. These findings suggest that the enzyme hydrolyzes by 
generating lipase activity, as listed in Supplementary Table 2.

3.3 Antagonistic compatibility analysis

Supplementary Table 3, which shows the growth inhibition pat-
terns of VITK-1 and VITK-3, displays the findings of the antagonistic 
activity study. The extent of the inhibition observed reflects the level 
of compatibility or antagonism between the isolates. Based on the 
findings, Pseudomonas sp. and Burkholderia sp. successfully coexisted 
on the same nutrient agar plate without inhibiting each other’s growth 
after a 24-h incubation period. The absence of antagonistic interac-
tions confirms a positive compatibility result, as illustrated in 
Figures 3A–C using scanning electron microscopy.

3.3.1 Antagonistic activity assay

In the dual culture assay, the strains VITK-1 and VITK-3 inhib-
ited the growth of test pathogens, including bacterial and fungal 
pathogens. These included R. solanacearum, followed by F. oxysporum 
f.sp. lycopersici was confirmed through the observations. Quantitative 

measurements revealed that VITK-1 exhibited the highest growth 
inhibition rate against F. oxysporum f.sp. lycopersici (76.5%) in PDA 
growth medium, followed by R. solanacearum (71.8%). Similarly, the 
bacterium VITK-3 showed inhibition of mycelia growth and growth 
suppression of the gram-negative bacterium R. solanacearum at 
35.7%, demonstrating antagonistic activity against fungal pathogens. 
Supplementary Table 3 summarizes the lowest inhibition rate, 64.1%, 
against F. oxysporum f.sp. lycopersici. The findings suggest that the iso-
lates synergistically inhibit the pathogen.

3.4 Stress tolerance (salt stress tolerance)

Strain VITK3 exhibited remarkable salt tolerance, thriving even 
in concentrations as high as 20% NaCl when assessed using the spot-
inoculation method. Conversely, VITK1 displayed slightly lower toler-
ance, with growth observed up to 15% salinity stress 
(Supplementary Table 3). The bacterial strains were observed under 
various pH and temperature conditions. They showed a maximum 
tolerance range of pH at 3 to 11, with a preference for 37 °C. Minimal 
growth occurred at pH 4, with the maximum range at pH 9.

Heavy metal resistance testing revealed that VITK-1 exhibited the 
highest resistance, followed by the other isolates 
(Supplementary Table 4). The specific order of heavy metal resistance 
among the isolates is as follows: Fe > Cd > Co > Pb > Zn.

3.5 Pathogenicity testing

According to Supplementary Table 3, these findings showed no 
indication of hemolytic activity on blood agar media. From the obser-
vations made after the stipulated incubation period, both strains failed 
to exhibit any hemolytic activity under the given conditions.

3.6 Plant growth assay and biochemical 
traits

3.6.1 Tomato seed germination

Over 12 days, the bacterial treatments (T1, T2, and T3) and the 
bacterial consortium (T4) had a significant impact on tomato seed 
germination Figure 3. Results indicated that treated seeds showed 
a notable increase in germination efficiency compared to control 
groups, as observed from Supplementary Figure 3A. However, there 
was no statistically significant change in germination percentage 
between treated seeds and the control (Supplementary Figure 3B). 
Among the treatments, single inoculum treatments (T2: T3) 
resulted in the most pronounced improvements, with germination 
energy increased by 73.3%, germination index by 101%, and 
enhanced root and shoot length compared to other treatments 
(Figure 3; Supplementary Figure 4).

3.6.2 Growth attributes

The bacterial treatments, including two individual strains and 
one bacterial consortium, improved plant growth and height in 
tomato seedlings (graphical experiments, Supplementary Figure 5). 
Soil tests were analyzed before transplanting, and the report is 
mentioned in Table 1. Although there was no discernible difference 
between the two individual treatments, the bacterial consortium 
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enhanced plant height, root elongation, and stem diameter in com-
parison to the uninoculated control. The combination of VITK-1 
and VITK-3 showed the most notable improvement in plant height, 
root length, and, a 50.3% rise in the SPAD range (Figure 4A), along 
with enhancement in other physiological parameters (Table 2; 
Supplementary Figure 6). Root samples from inoculated plants 
showed elevated levels of certain nutrients, such as zinc, nitrogen, 
and iron, particularly in the T2 and T3 treatments (1.58 to 
1.68 mg), followed by the consortium (1.70 mg), (Table 3). Bacterial 
treatments boosted the overall nutrient content in root samples, 
with the single inoculum treatments displaying clear variations in 
nutrient levels compared to the control under alkaline soil 
conditions.

3.6.3 Analysis of plant growth chlorophyll content

Total chlorophyll content increased in all treatments, including 
bacterial treatments applied to alkaline soil stress conditions (pH 
7.9), as illustrated in Figure 4B. Notable and significant differences in 
chlorophyll content were observed in bacterial-treated plants com-
pared to the untreated control group. Significant variation was 
observed in both total chlorophyll a and b content. Among the treat-
ments, chlorophyll a concentration was significantly higher in seed-
lings treated with T3, which showed a 68% increase, and T2, with a 
48.2% increase, and consortia treatment T4, which showed a 65% 
increase. Similarly, chlorophyll b content also showed a similar 
enhancement in these treatments, with T3 showing a 66% increase, 

FIGURE 3

The effect of plant growth-promoting rhizobacteria (PGPR) on seed priming for germination assay in the early growth of tomato seedlings. For the 
initial priming, seeds per treatment were soaked in bacterial suspension (108 CFU/mL) for 30 min with the designed treatment conditions: individual 
strains (Pseudomonas sp. VITK-1; T2), VITK-3 (Burkholderia sp. VITK-3; T3), and their consortium VITK-1 + VITK-3 (1:1 ratio; T4). The control was served 
with sterile-distilled water (T1). Seeds were germinated on sterile petri plates and maintained in moist conditions for 12 days at room temperature. 
(A) Germination energy, (B) Germination index, (C) Seedling vigor index, (D) Root length, (E) Shoot length. Data represents the error bar of mean and 
standard error along with three biological replicates (One-way ANOVA p < 0.05, p < 0.001, p < 0.0001). Different letters represent the statistical 
significance, respectively, in treatments (T2, T3, and T4) and control groups according to the student t-test.
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followed by T2, with a 38% increase, and T4, at 60.5%, exhibiting 
higher values.

3.6.4 Estimation of protein, proline, and 
carbohydrate content

Figure 5A illustrates the results from the estimation of total pro-
tein content under alkaline stress conditions. Protein content was 
higher on T4 at a 54.5% increase in consortia treatment, according to 
the results comparing individual and consortia treatment under stress 
conditions. Among other treatments, seedlings treated with T3 dis-
played a substantially greater protein content (50%) than those treated 
with T2, which showed a 45.2% increase. These findings imply that 
seedlings treated with consortia had a higher protein content than 
those treated with other treatments and the control (untreated) group.

The ninhydrin and phenol-sulfuric acid techniques were used to 
evaluate the proline and carbohydrate contents of fresh leaf samples. 
When the bacterial treatments were exposed under alkaline stress 
conditions, the total proline and carbohydrate content increased in a 
comparable study. The proline content of T4 was the most significant 
of the four treatments at 69.5%, followed by T2 at 65% and T3 at 58%. 
In T4 and T2, proline activity was higher. There was an increase in 
proline activity on the bacterial treatments as compared to the control 
groups, as shown in Figure 5B. Bacterial treatment under alkaline 

stress induced T4 to increase by 45%, T2 to increase by 66%, and T3 
to exhibit the same amount of carbohydrate activity. Figure 5C shows 
that under alkaline stress, there was a significant difference in soluble 
sugar between the treatment and control groups in the comparable 
research (p < 0.001).

3.6.5 Antioxidant activity, phenolic and flavonoid 
content

The antioxidant activity was assessed based on the absorbance of 
color formation, which is directly proportional to the concentration 
of free radicals. Under stress conditions, lower concentrations of anti-
oxidants were observed in T3, with a reduction of 50.75%, followed 
by T4 at 56.70%, as illustrated in Figure 5D. Among the treatments, 
T2 demonstrated higher enzymatic activity, increasing by 63.97% in 
leaf extract, followed by the control treatment, which showed 66.01% 
higher antioxidant activity under stress conditions. Phenolic and fla-
vonoid contents were observed under bacterial inoculation and com-
pared with the control group, as illustrated in Figures 5E,F. In 
seedlings, inoculation with bacterial treatments VITK-1 and VITK-3 
in the consortium (T4) exhibited the highest phenolic content at 
60.9% and flavonoid content at 52.5%, followed by individual treat-
ment T3, which ranged from 71.9% to 65.7%, and T2, which ranged 
from 68.2% to 58.3% in both phenolic and flavonoid content when 
compared with control group showed significant variations. These 
results suggest that bacterial inoculation treatments significantly influ-
enced phenolic and flavonoid production, with marked differences 
observed among the groups under stress (p < 0.05, p < 0.001).

3.6.6 Nutrient and stress-regulating gene 
expression analysis

The expression of three nutrient-regulating (NRT2, PT1, and 
AMT1) and two stress response genes (GR and DRE) was analyzed in 
treated plant roots under alkaline soil conditions using a student’s t-
test (Figure 6). This experiment assessed the ability of bacterial treat-
ments to protect seedlings from stress conditions. All the genes were 
upregulated in treatments T2:T3:T4, with fold changes ranging from 
5.19, 1.95, and 5.38 for NRT2, GR, and DRE, respectively. Among the 
genes, PT1 and AMT1 had fold changes ranging from 1.95 to 1.66. In 
the consortium treatment, NRT2 gene expression showed an elevated 
upregulation with a fold change of 2.51, and GR had a fold change of 
1.69. Notably, the consortium treatment significantly upregulates the 
expression of DRE, PT1, and AMT1 compared to the control group, 
as illustrated in Figure 6.

4 Discussion

The present study investigated the role of bacterial consortia in 
alkaline soil, focusing on their impact on nutrient uptake through 
tomato roots and gene expression regulation with greenhouse experi-
ments. High stress conditions are a major abiotic factor that limits 
nutrient availability and affects plant growth (Egamberdieva et al., 
2019; Xu et al., 2023). The observed variations in physiological and 
molecular pathways not only enhanced plant growth and development 
but also contributed to improved alkaline stress tolerance by modulat-
ing intercellular mechanisms (Yang et al., 2024). Treatment with 

TABLE 1  Characterization of soil (VIT agriculture field).

S. No. Parameters Unit Results

1 pH — 7.70–7.9

2 Electrical conductivity ms/cm 0.210

3 Organic matter % 1.08

4 Nitrate nitrogen mg/kg 26.1

5 Available phosphorus mg/kg 15.81

6 Potassium 

exchangeable K

mg/kg 191

7 Calcium exchangeable 

Ca

mg/kg 1728

8 Magnesium 

exchangeable Mg

mg/kg 390

9 Sodium exchangeable 

Na

mg/kg 285

10 Sulfur available S mg/kg 8.4

11 Zinc available Zn mg/kg 0.58

12 Manganese available 

Mn

mg/kg 10.31

13 Iron available Fe mg/kg 15.48

14 Copper available Cu mg/kg 2.00

15 Boron available B mg/kg 0.4

16 Cation exchange 

capacity

meq/100 g 13.62

17 K saturation % 3.60

18 Ca saturation % 63.44

19 Mg saturation % 23.86

20 Na saturation % 9.10
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bacterial consortia and individual strains was conducted in triplicate 
at an alkaline pH of 7.9–8.5 (Dixit et al., 2020), significantly increasing 
the initial germination rate, vigor index, and root length, consistent 
with previous studies (Suárez-Moreno et al., 2012; Nakahara et al., 
2022; Singh et al., 2023a). The notable enhancement in seed germina-
tion rate, early root hair elongation, and initiation of leaf physiological 
processes facilitates improved regulation of reactive oxygen species 
(ROS) and nutrient uptake under alkaline soil stress (Liu et al., 2022). 
In addition to improving plant biomass accumulation, early vigor, and 
yield potential, these early-stage enhancements exposed to alkaline 
conditions reduce osmotic imbalance (Yang et al., 2024). Although 
studies on the T3 endophytic bacterium under stress conditions are 
limited, our findings suggest that its treatment significantly improved 
tomato seedling growth compared to the control group (Hwang et al., 
2025). The treatment of individual strain (T2) and bacterial consortia 
further enhanced root length and total seedling growth, partially 
aligning with previous reports on germination percentage (Khatun et 
al., 2018). Many PGPR isolates have been shown to promote plant 
growth and development in greenhouse studies; however, research on 
their application in alkaline soils, particularly using bacterial consor-
tia, remains limited. The consortia treatment exhibited a significant 
increase in overall physiological parameters compared to individual 

FIGURE 4

Effect of bacterial seed priming on chlorophyll content and SPAD values of tomato plants under in vivo conditions after transplantation. Tomato 
seedlings raised from seeds primed with bacterial suspensions were transplanted into greenhouse conditions. The leaf was measured in the early 
morning using a SPAD meter, and chlorophyll a and b contents were quantified from fresh leaf samples. (A) SPAD units and (B) chlorophyll a and b 
content of tomato plants were increased under different treatment condition T2:T3:T4 compared with the control treatment. Data represents the error 
bar of the mean and standard error along with three biological replicates. Different letters show a statistical significance among the treatments at 
p < 0.05 according to Duncan’s multiple comparison test.

TABLE 2  Effect of bacterial inoculation on physiological growth parameters of tomato plants under alkaline soil conditions.

Parameter Control (T1) VITK-1 (T2) VITK-3 (T3) VITK-1 + VITK-3 (T4)

Plant height (cm) 78.5 ± 7.23 81 ± 6.68ab 88.5 ± 5.74a 80 ± 3.74ab

Root height (cm) 28.72 ± 2.67 31 ± 5.597ab 36.82 ± 6.34a 35.55 ± 4.39ab

Fresh weight (mg) 81 ± 6.37 80.5 ± 4.43a 88.75 ± 4.5a 83.25 ± 7.85a

Dry weight (mg) 18.12 ± 2.78 18.87 ± 3.32a 20.1 ± 7.16a 19 ± 3.13a

Fresh root weight (mg) 7.07 ± 0.48 9.40 ± 0.39a 9.60 ± 0.58a 8.09 ± 0.54b

Dry root weight (mg) 3.93 ± 2.41 5.37 ± 3.59a 6.18 ± 2.96a 5.13 ± 2.43a

Stem diameter (cm) 3.1 ± 0.38 3.32 ± 0.04a 3.35 ± 0.26a 3.02 ± 0.1a

The table represents plant height, root length, fresh and dry shoot weight, fresh and dry root weight, and stem diameter for plants in an experiment with the following treatments: control 
(uninoculated), VITK-1, VITK-3, and a consortium of VITK-1 + VITK-3. Data table expressed as mean ± standard deviation (SD). Treatments T2 (VITK-1), T3 (VITK-3), and T4 (VITK-
1 + VITK-3) are compared with the control. Different letters indicate statistically significant differences among treatments, according to the Student’s t-test, and a comparison test was 
performed by Duncan’s multiple test p < 0.05, respectively.

TABLE 3  Efficacy of bacterial treatment on nutrient accumulation in dried root samples of 

plants grown in alkaline soil.

Parameters Control 
(T1) 
(mg)

VITK-
1 (T2) 
(mg)

VITK-
3 (T3) 
(mg)

VITK-
1 + VITK-

3 (T4) 
(mg)

Nitrogen (N) 1.39 1.58 1.68 1.70

Phosphorus (P) 0.22 0.23 0.30 0.38

Potassium (K) 0.97 0.99 1.02 0.79

Calcium (Ca) 0.78 0.79 0.74 0.91

Magnesium (Mg) 0.30 0.22 0.23 0.19

Sodium (Na) 0.42 0.47 0.44 0.39

Zinc (Zn) 30.16 35.87 37.47 32.98

Iron (Fe) 1579.62 2144.12 1689.04 1667.19

Manganese (Mn) 92.94 42.11 28.54 26.33

Copper (Cu) 31.67 37.61 36.67 34.45

Roots were collected, dried at 60 °C in a hot air oven, and analyzed for nitrogen (N), 
phosphorus (P), potassium (K), calcium (Ca), magnesium (Mg), sodium (Na), Zinc (Zn), 
iron (Fe), manganese (Mn), and copper (Cu) to evaluate the effect of bacterial application in 
enhancing nutrient uptake.
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treatments and control groups, showing a highly significant difference. 
Additionally, an increase in root biomass was observed under saline 
stress conditions. Such increases in root biomass are associated with 
physiological changes under stress conditions, particularly enhanced 
root-mediated water transport and improved regulation of osmotic 
balance and nutrient uptake. These responses are commonly associ-
ated with stress-induced enzyme activity, which supports plant 
defense mechanisms and promotes shoot and root growth under 
stressful environmental conditions (Hu et al., 2024). The application 

of PGPR, including Pseudomonas and Burkholderia species, has been 
previously reported to enhance plant growth by solubilizing organic 
and inorganic nutrients in the rhizosphere (Ahemad and Khan, 2010; 
Gao et al., 2015; Nakahara et al., 2022). These findings highlight how 
PGPR may be used to improve soil health and increase agricultural 
yields when plants are exposed to stress.

PGPR contributes to plant growth in challenging soil environ-
ments through various mechanisms to enhance stress tolerance and 
adapt to pH with their PGPR traits including IAA, cyanide, 

FIGURE 5

The impact of Pseudomonas sp., Burkholderia sp., and their combined inoculation on the growth and biochemical characterization of tomato plants 
grown under alkaline soil conditions. Tomato seedlings were transplanted into alkaline soil, and bacterial suspension treatments were initiated 10 days 
after transplantation by root drenching. Plants were supplied with individual bacterial inoculants and a consortium treatment, while distilled water was 
the control. Bacterial treatments were applied once per week, and plants were maintained under controlled temperature and humidity conditions. Plant 
growth and biochemical changes were evaluated following bacterial treatments. (A) Protein content, which was significantly higher in the consortium 
treatment (T4) suggesting enhanced metabolic activity; (B,C) proline and carbohydrate content, which were elevated in both T4 (69.5%) and T2 (66%) 
treatments, indicating increased tolerance under alkaline soil conditions; (D) % of radical scavenging activity, T2 (63.97%), indicating increased 
antioxidant defense; and (E,F) phenolic and flavonoid contents, higher at T4 treatment compared with other treatment groups, which demonstrating 
stress mitigation. Different letters in the alphabet imply statistical significance among the bacterial treatments (T2, T3, and T4) compared to the control 
groups, respectively, according to the Student t-test. The error bar represents the mean and standard error of the one-way ANOVA test; p < 0.005, 
p < 0.001, and p < 0.0001.
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siderophore, phosphate solubilization, nitrogen-fixing and ammonia 
(Egamberdieva et al., 2019). The strains VITK-1 and VITK-3 were 
found to facilitate mineral adsorption, particularly phosphate solubi-
lization, and regulate root exudates for IAA production. This process 
plays a crucial role in promoting phytohormone activity by releasing 
secondary metabolites (Mittal et al., 2008; dos Santos et al., 2021; 
Kalyandurg et al., 2022). IAA synthesis is particularly important for 
root growth, as it aids host plants in recruiting endophytic bacteria 
under both low and high pH conditions. The bacteria can produce 
PGPR traits more effectively when exposed to moderate-to-high envi-
ronmental stress conditions, further supporting plant adaptation and 
growth (Xie et al., 1996; dos Santos et al., 2021; Ganesh et al., 2024). 
Another critical function of PGPR is siderophore production, which 
chelates iron to enhance host nutrient uptake, facilitating chlorophyll 
and chloroplast biosynthesis (Sultana et al., 2021). In addition, PGPR 
produces hydrogen cyanide, ammonia, and nitrogen-fixing com-
pounds, all of which are essential to increasing nitrate’s bioavailability 
in the rhizosphere. Hydrogen cyanide production by these strains also 
contributes to plant protection by degrading pathogen cell walls and 
stimulating defense mechanisms against both biotic and abiotic stress 
conditions (Pandey and Gupta, 2020b).

In addition to previous reports, our findings suggest that 
Pseudomonas sp. VITK-1 and Burkholderia sp. VITK-3 act as biocon-
trol agents against plant pathogens such as F. oxysporum f.sp. lycoper-
sici and R. solanacearum. These strains share characteristics with other 
closely related species, including P. aeruginosa FG106 and B. ambifaria 
(Simonetti et al., 2018; Kalyandurg et al., 2022), which have been 
reported to inhibit various pathogens, such as Alternaria alternata, 
Botrytis cinerea, Clavibacter michiganensis, Phytophthora colocasiae, 
and Xanthomonas euvesicatoria pv. Perforans. Although bacterial bio-
film production increases the bacteria’s ability to survive under stress, 
it has no direct effect on plant protection.

In vitro studies revealed that VITK-1 and VITK-3 produce 
hydrolytic enzymes such as cellulase, protease, lipase, and amylase, 
which directly inhibit phytopathogens by degrading or weakening 
fungal cell walls and indirectly enhance nutrient accumulation 
through improved root metabolic activity, thereby promoting plant 
growth and development rather than activating defence mechanisms. 
Additionally, by strengthening the plant’s defenses, these strains 

promote systemic resistance and aid in the management of disease 
(Palumbo et al., 2007; Nithya et al., 2016; Jadhav et al., 2017; Barrera-
Galicia et al., 2021; Kalyandurg et al., 2022). Notably, Saline-alkaline 
stress conditions are often interconnected, leading to oxidative 
damage in host crops while simultaneously increasing antioxidant 
activity, which reduces water absorption from the rhizosphere (Liu et 
al., 2022). Regarding salinity stress tolerance, the selected strain 
VITK-3 demonstrated the ability to endure NaCl concentrations 
exceeding 20%, whereas VITK-1 exhibited tolerance up to 15% on 
MSM medium, indicating its comparatively lower resistance to high 
salinity. This salinity tolerance is crucial for effective PGPR coloniza-
tion in the root zones, enabling nutrient assimilation and plant adap-
tation under abiotic stress conditions (Chu et al., 2019). The observed 
salt tolerance demonstrates the strain’s potential to endure different 
concentrations and intensities specific to alkaline soil conditions, 
since alkaline and saline conditions are commonly associated with 
high osmotic pressure, nutrient deficiencies, and disruption of meta-
bolic processes. To investigate the presence of stress conditions, the 
isolated strains were tested across a range of tolerance levels. The 
selected strains exhibited optimal growth under alkaline conditions 
on MSM medium at pH levels ranging from 3 to 11 at 37 °C. These 
conditions represent alkaline soil stress, and the wide pH tolerance 
indicates the stability and adaptability of the strains to high pH soils 
under in vitro conditions. However, minimal growth was observed in 
Pseudomonas sp. and Burkholderia sp. related species when exposed 
to contaminated soils. Additionally, these strains were found to regu-
late micronutrient-transporting genes, which may contribute to their 
adaptability under extreme pH conditions (Hassen et al., 2018; Zhou 
et al., 2018; Dixit et al., 2020).

Finally, the selected strains exhibited resistance to heavy metals, 
highlighting their potential to thrive in contaminated soils and con-
tribute to microbial community stability under environmental stress. 
However, the PGPR isolates showed a strong ability to solubilize and 
tolerate high concentrations of heavy metals, including cadmium, 
iron, copper, zinc, and lead. Under metal-affected alkaline soil condi-
tions, these strains exhibit the ability to withstand heavy metals and 
stimulate their potential to maintain metabolic activity and support 
plant growth and development, which affects the availability and deg-
radation of metals. This heavy metal tolerance further supports their 

FIGURE 6

Relative expression of nutrient transporter and stress-responsive genes in tomato seedlings’ roots under alkaline soil conditions following bacterial 
inoculation. Bar graphs show the relative gene expression levels of PT1 (phosphate transporter-1), AMT1 (ammonium transporter-1), NRT2 (nitrate 
transporter), GR (glutathione reductase), and DRE (dehydration-responsive element) in tomato roots treated with individual bacterial inoculants and a 
bacterial consortium, compared with untreated control plants. Gene expression was quantified under alkaline stress conditions. PT1 expression was 
significantly upregulated in consortium-treated plants (fold change 5.38), indicating enhanced phosphate mobilization. Increased expression of AMT1 
and NRT2 suggests improved nitrogen acquisition through ammonium and nitrate uptake, with a fold change of 1.66 and 2.51. Upregulation of GR and 
DRE reflects enhanced stress tolerance and reactive oxygen species scavenging, indicating improved plant survival mediated by plant growth-
promoting rhizobacteria (PGPR) under alkaline soil stress.
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role in promoting plant growth and maintaining soil health under 
abiotic stress conditions.

In current findings, the inoculation of PGPR significantly 
enhanced the growth and development of tomato seedlings under 
alkaline soil stress conditions. The results indicate that treatments with 
Pseudomonas sp. and Burkholderia sp. had a substantial positive 
impact on the plant fresh weight and dry weight of both roots and 
shoots (Hwang et al., 2021). Under alkaline conditions, comparable 
benefits were noted in several plant physiological and biochemical 
parameters. Notably, the photosynthesis rate significantly increased 
when seeds were treated with bacterial consortia as opposed to indi-
vidual treatments and control groups (Kumar et al., 2022). This 
enhancement supports key physiological processes involved in chlo-
rophyll pigmentation, electron transport, and gas exchange, thereby 
increasing carbon assimilation required for basic growth processes 
and contributing to improved stress tolerance under stress conditions 
(Ashraf and Harris, 2013). Additionally, this treatment helped alleviate 
osmotic stress induced by alkaline conditions as described in the pre-
vious report, without PGPR microbial treatments (Kumar et al., 2024). 
Similarly, research on M. halliana under salt-alkali stress conditions 
showed a reduction in metabolic pathways associated with protein 
expression (Zhu et al., 2020). Our findings suggest that consortium 
treatment maximised total protein content, thereby enhancing cell 
division under alkaline soil stress. In Brassica rapa, alkalinity stress has 
been associated with reduced plant biomass, increased oxidative 
stress, decreased photosynthetic activity, and nutrient absorption 
(Navarro-León et al., 2023). In bacterial inoculation studies, the syn-
thesis of proline and bioactive compounds showed statistically signifi-
cant differences (p < 0.05) under stress conditions. These plants 
exhibited enhanced enzymatic and non-enzymatic activity, particu-
larly through the production of phenolics and flavonoids, which play 
a crucial role in abiotic stress tolerance, as previously reported 
(Burattini et al., 2017). The PGPR bacteria isolated in this study 
improved antioxidant enzymatic activity against salt stress by inhibit-
ing reactive oxygen species (ROS). By upregulating crucial enzymatic 
activity, membrane permeability, and increasing the production of 
metallothionein, all of which support plant growth, regulate defense 
mechanisms against alkaline stress, maintain nutrient uptake, and 
sustain physiological stability in the presence of oxidative stress 
(Rajput et al., 2021; Iftikhar and Shah, 2025). Among the individual 
treatments and control groups, consortia treatments significantly 
enhanced antioxidant activity, along with other isolated strains such 
as Pseudomonas and B. gladioli species, ultimately supporting plant 
growth (Rahman et al., 2018; Khanna et al., 2019).

Our results revealed that nutrient analysis showed a slight but sig-
nificant increase in nutrient uptake in tomato crops treated with bac-
terial consortia compared to individual strains and control groups 
under alkaline conditions. The availability of macronutrients, notably 
nitrogen and phosphorus, as well as essential elements iron, manga-
nese, and zinc, increases nutrient accumulation during the early stage 
of seedling development. This increases nutrient availability in the 
rhizosphere’s soil and more efficient nutrient absorption by plant 
roots, reduces the negative impacts of alkaline stress, and strengthens 
beneficial plant-microbe interactions (Farghaly et al., 2022; Zhao and 
Zhang, 2025). While bacterial consortia treatments initially induced 
mild stress responses in plants, they ultimately contributed to 
enhanced tolerance against alkaline stress by influencing molecular 
regulatory mechanisms. Similar molecular-level responses and plant 
signalling pathways have been observed in Puccinellia tenuiflora and 

Leymus chinensis under stress conditions, highlighting the role of 
microbial interactions in stress adaptation (Guo et al., 2017).

Under alkaline stress, plants struggle to absorb essential nutrients, 
leading to restricted root growth and reduced water uptake from the 
rhizosphere. Our study indicates that bacterial treatments enhance the 
nutritional content of tomato seedlings under stress conditions, sig-
nificantly affecting the expression of nutritional and stress response 
genes between treated and non-treated groups. Specifically, genes 
NRT2, GR, and DRE were upregulated in root-treated samples, while 
PT1 and AMT1 showed high regulation in treatments T2 and T3. 
These genes, involved in phosphate transport and nitrogen assimila-
tion indicates enhanced nutrient uptake under alkaline stress condi-
tions. This molecular response is consistent with the observed 
increases in nutrient uptake and root development in treated plants. 
NRT2 is a key regulator of nitrate and ammonium transport, suggest-
ing improved nitrogen metabolism and maintenance of water balance 
under stress. GR and DRE genes, which are associated with antioxi-
dant enzyme activity (Mhamdi et al., 2010) through the production of 
superoxide dismutase and amylase, regulates stress-adaptive meta-
bolic processes and correlates with enhanced chlorophyll pigmenta-
tion and root growth under stress conditions (Lata and Prasad, 2011). 
The upregulation of these genes in PGPR-treated plants enhances 
nutrient accumulation from the soil rhizosphere.

The research findings suggest that bacterial consortia have a more 
significant impact on plant growth and development compared to 
individual bacterial strains. This includes enhanced nutrient uptake, 
nitrogen fixation, and biofilm formation against phytopathogens, 
along with other bacterial activities. Overall, the bacterial consortia 
improved nutrient availability in the soil rhizosphere and stimulated 
phytohormone production, ultimately enhancing plant stress 
tolerance.

These results support the conceptual framework, which is sche-
matically illustrated in Figure 7, demonstrating that bacterial consor-
tia enhance tomato seedling tolerance to alkaline stress through 
modulation of rhizosphere function, nutrient uptake, and plant 
molecular responses. Under high pH conditions, the bacterial consor-
tia improve nutrient availability by modulating rhizosphere processes, 
including phosphate solubilization, siderophore production, antago-
nistic activity, and the production of hydrolytic enzymes. These rhizo-
sphere-mediated activities enhance plant defense mechanisms while 
simultaneously maintaining bacterial tolerance under metal-stress 
conditions. Consequently, the increased bioavailability of macro- and 
micronutrients promotes biomass accumulation, chlorophyll pigmen-
tation, and enhanced antioxidant enzymatic activity, thereby reducing 
osmotic imbalance in treated plants under alkaline stress. These physi-
ological changes are closely associated with molecular-level responses 
by the upregulation of genes involved in nutrient transport and stress 
adaptation. The activation of these stress-responsive genes enhances 
the efficiency of antioxidant enzymes, protecting plant cells from oxi-
dative damage and maintaining membrane stability under stress con-
ditions. Overall, these findings support the performance of consortium 
treatments compared to individual strains and control groups, high-
lighting their effectiveness in promoting plant growth and develop-
ment under alkaline soil conditions.

Our study concludes that PGPR isolates from agricultural 
fields significantly enhance PGPR traits and extracellular activity, 
supporting bacterial survival under stress conditions. This 
enhancement improves nutrient availability in alkaline soil, offer-
ing an effective strategy for soil fertilization and agricultural 
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productivity while addressing nutrient limitations from soil to 
plant roots. These advancements can contribute to large-scale 
crop production, ultimately benefiting human health. Although 
the microbial consortium substantially outperformed individual 
strains in controlled conditions, consortium-based systems may 
include trade-offs such as inter-strain competition, fluctuations in 
community stability over time, and unreliable performance in the 
field. To optimize nutrient acquisition from soil to plant roots, 
future research will focus on microbial consortia interactions at 
the gene expression level and metabolic pathways. The study will 
focus on evaluating tomato yield and fruit nutrient content, as 
well as assessing the impact of PGPR treatments on soil microbial 
communities, root metabolic regulation under diverse environ-
mental conditions, and the broader suitability for agricultural 
systems.

5 Conclusion

This study successfully demonstrated isolated and characterized 
PGPR from agricultural soil. The results show that the two bacterial 
isolates, Pseudomonas sp. and Burkholderia sp., significantly improved 
seed germination, root and shoot length by enhancing both physio-
logical and biochemical features in alkaline soil. These findings con-
tribute to our understanding that these bacterial inoculants facilitate 
nutrient acquisition and alleviate plant growth limitations, proving 
effective as growth promoters for tomato seedlings. However, further 
research is needed to explore and optimize various microbial consor-
tia formulations as a sustainable approach to enhancing crop yield and 
limiting nutrient mobilization in tomato cultivation across environ-
mental soil conditions through long-term studies.

Data availability statement

The data presented in this study are publicly available. The data 
can be found at: https://www.ncbi.nlm.nih.gov/genbank, accession 
numbers OP102696 and PP897814.

Author contributions

KR: Formal analysis, Methodology, Validation, Project adminis-
tration, Data curation, Conceptualization, Supervision, Software, 
Writing  – original draft, Funding acquisition, Investigation, 
Visualization, Resources, Writing  – review & editing. AS: 
Visualization, Investigation, Conceptualization, Validation, 
Supervision, Funding acquisition, Writing  – review & editing, 
Writing – original draft.

Funding

The author(s) declared that financial support was not received for 
this work and/or its publication.

Acknowledgments

The authors gratefully acknowledge the management of the Vellore 
Institute of Technology, Vellore, India, and the Department of VAIAL 
(VIT School of Agricultural Innovations and Advanced Learning) and 

FIGURE 7

Schematic overview of the discussion process.

https://doi.org/10.3389/fmicb.2026.1738650
https://www.frontiersin.org/journals/microbiology
https://www.frontiersin.org
https://www.ncbi.nlm.nih.gov/genbank


Rangasamy and Saleh� 10.3389/fmicb.2026.1738650

Frontiers in Microbiology 17 frontiersin.org

SBST, Vellore Institute of Technology, Vellore, India, for providing 
SEM instrumentation facilities and their support of this study.

Conflict of interest

The author(s) declared that this work was conducted in the 
absence of any commercial or financial relationships that could be 
construed as a potential conflict of interest.

Generative AI statement

The author(s) declared that Generative AI was not used in the 
creation of this manuscript.

Any alternative text (alt text) provided alongside figures in this 
article has been generated by Frontiers with the support of artificial 
intelligence and reasonable efforts have been made to ensure accuracy, 

including review by the authors wherever possible. If you identify any 
issues, please contact us.

Publisher’s note

All claims expressed in this article are solely those of the authors 
and do not necessarily represent those of their affiliated organizations, 
or those of the publisher, the editors and the reviewers. Any product 
that may be evaluated in this article, or claim that may be made by its 
manufacturer, is not guaranteed or endorsed by the publisher.

Supplementary material

The Supplementary material for this article can be found online 
at: https://www.frontiersin.org/articles/10.3389/fmicb.2026.1738650/
full#supplementary-material

References
Abdullahi, I. I., Abdullahi, N., Abdu, A. M., and Ibrahim, A. S. (2016). Proximate, mineral 
and vitamin analysis of fresh and canned tomato. Biosci. Biotechnol. Res. Asia 13, 
1163–1169. doi: 10.13005/bbra/2147

Advance, F, and Welfare, F. (2023) Spiralling tomato prices: issues and concerns Spiralling 
tomato prices: issues and concerns

Ahemad, M., and Khan, M. S. (2010). Phosphate-solubilizing and plant-growth-promot-
ing pseudomonas aeruginosa PS1 improves greengram performance in quizalafop-p-ethyl 
and clodinafop amended soil. Arch. Environ. Contam. Toxicol. 58, 361–372. doi: 10.1007/
s00244-009-9382-z

Alnahdi, H. S. (2012). Isolation and screening of extracellular proteases produced by new 
isolated bacillus sp. J. Appl. Pharm. Sci. 2, 071–074. doi: 10.7324/JAPS.2012.2915

Al-Rashid, J. (2013). AnalytAnalytical protocol for determination of indole 3 acetic acid 
(IAA) production by plant growth promoting Bacteria (PGPB), 3–5.

Andy, A. K., Masih, S. A., and Gour, V. S. (2020). Isolation, screening and characterization 
of plant growth promoting rhizobacteria from rhizospheric soils of selected pulses. 
Biocatal. Agric. Biotechnol. 27:101685. doi: 10.1016/j.bcab.2020.101685

Anith, K. N., Nysanth, N. S., and Natarajan, C. (2021). Novel and rapid agar plate methods 
for in vitro assessment of bacterial biocontrol isolates’ antagonism against multiple fungal 
phytopathogens. Lett. Appl. Microbiol. 73, 229–236. doi: 10.1111/lam.13495

Arah, I. K., Ahorbo, G. K., Anku, E. K., Kumah, E. K., and Amaglo, H. (2016). Postharvest 
handling practices and treatment methods for tomato handlers in developing countries: 
a mini review. Adv. Agric. 2016:6436945. doi: 10.1155/2016/6436945

Ariffin, H., Abdullah, N., Umi Kalsom, M. S., Shirai, Y., and Hassan, M. A. (2006). 
Production and characterization of cellulase by Bacillus pumilus EB3. Int. J. Eng. Technol. 
3, 47–53.

Ashraf, M., and Harris, P. J. C. (2013). Photosynthesis under stressful environments: an 
overview. Photosynthetica 51, 163–190. doi: 10.1007/s11099-013-0021-6

Bakker, A. W., and Schippers, B. (1987). Microbial cyanide production in the rhizosphere 
in relation to potato yield reduction and Pseudomonas spp-mediated plant growth-stim-
ulation. Soil Biol. Biochem. 19, 451–457. doi: 10.1016/0038-0717(87)90037-X

Barrera-Galicia, G. C., Peniche-Pavía, H. A., Peña-Cabriales, J. J., Covarrubias, S. A., 
Vera-Núñez, J. A., and Délano-Frier, J. P. (2021). Metabolic footprints of burkholderia 
sensu lato rhizosphere bacteria active against maize fusarium pathogens. Microorganisms 
9:2061. doi: 10.3390/microorganisms9102061

Bhatt, K., and Maheshwari, D. K. (2020). Zinc solubilizing bacteria (Bacillus megaterium) 
with multifarious plant growth promoting activities alleviates growth in Capsicum 
annuum L. 3 Biotech 10:36. doi: 10.1007/s13205-019-2033-9

Burattini, C., Mattoni, B., and Bisegna, F. (2017). The impact of spectral composition of 
white LEDs on spinach (Spinacia oleracea) growth and development. Energies 10:1383. 
doi: 10.3390/en10091383

Cappuccino, J. C., and Sherman, N. (1992). Microbiology: a laboratory manual. New 
York, NY, 125–179.

Castaldi, S., Petrillo, C., Donadio, G., Piaz, F. D., Cimmino, A., Masi, M., et al. (2021). 
Plant growth promotion function of bacillus sp. strains isolated from salt-pan rhizosphere 
and their biocontrol potential against macrophomina phaseolina. Int. J. Mol. Sci. 22:3324. 
doi: 10.3390/ijms22073324

Chavan, J. J., Gaikwad, N. B., Kshirsagar, P. R., and Dixit, G. B. (2013). Total phenolics, 
flavonoids and antioxidant properties of three Ceropegia species from Western Ghats of 
India. S. Afr. J. Bot. 88, 273–277. doi: 10.1016/j.sajb.2013.08.007

Chu, T. N., Tran, B. T. H., Van Bui, L., and Hoang, M. T. T. (2019). Plant growth-promot-
ing rhizobacterium Pseudomonas PS01 induces salt tolerance in Arabidopsis thaliana. 
BMC. Res. Notes 12:11. doi: 10.1186/s13104-019-4046-1

Cottenie, A. (1980). Soil and plant testing as a base for fertilizer recommendation. Rome: 
FAO Soils Bulletin No 38/2, FAO.

Dixit, V. K., Misra, S., Mishra, S. K., Tewari, S. K., Joshi, N., and Chauhan, P. S. (2020). 
Characterization of plant growth-promoting alkalotolerant Alcaligenes and Bacillus 
strains for mitigating the alkaline stress in Zea mays. Antonie Van Leeuwenhoek 113, 
889–905. doi: 10.1007/s10482-020-01399-1

dos Santos, I. B., Pereira, A. P. d. A., de Souza, A. J., EJBN, C., JTC, O., and Queline, M. C. 
(2021). Selection and characterization of Burkholderia spp. for their plant-growth pro-
moting effects and influence on maize seed germination. Front. Soil Sci. 1:805094. doi: 
10.3389/fsoil.2021.805094

Egamberdieva, D., Wirth, S., Bellingrath-Kimura, S. D., Mishra, J., Arora, N. K., et al. 
(2019). Salt-tolerant plant growth promoting Rhizobacteria for enhancing crop produc-
tivity of saline soils. Front. Microbiol. 10:2791. doi: 10.3389/fmicb.2019.02791

Fahsi, N., Mahdi, I., Mesfioui, A., Biskri, L., and Allaoui, A. (2021). Plant growth-promot-
ing rhizobacteria isolated from the jujube (Ziziphus lotus) plant enhance wheat growth, 
Zn uptake, and heavy metal tolerance. Agriculture 11:316. doi: 10.3390/
agriculture11040316

FAO (2021). FAOSTAT analytical brief 60 agricultural production statistics 2000–2021 
FAOSTAT crops and livestock production introduction. Agricultural production statistics 
2000–2021, vol. 60: FAO, 1–17.

Farghaly, F. A., Nafady, N. A., and Abdel-Wahab, D. A. (2022). The efficiency of arbuscular 
mycorrhiza in increasing tolerance of Triticum aestivum L. to alkaline stress. BMC Plant 
Biol. 22:490. doi: 10.1186/s12870-022-03790-8

Ferreira, C. M. H., Soares, H. M. V. M., and Soares, E. V. (2019). Promising bacterial 
genera for agricultural practices: an insight on plant growth-promoting properties and 
microbial safety aspects. Sci. Total Environ. 682, 779–799. doi: 10.1016/j.
scitotenv.2019.04.225

Fiodor, A., Ajijah, N., Dziewit, L., and Pranaw, K. (2023). Biopriming of seed with plant 
growth-promoting bacteria for improved germination and seedling growth. Front. 
Microbiol. 14:1142966. doi: 10.3389/fmicb.2023.1142966

Ganesh, J., Hewitt, K., Devkota, A. R., Wilson, T., and Kaundal, A. (2024). IAA-producing 
plant growth promoting rhizobacteria from Ceanothus velutinus enhance cutting propa-
gation efficiency and Arabidopsis biomass. Front. Plant Sci. 15:1374877. doi: 10.3389/
fpls.2024.1374877

https://doi.org/10.3389/fmicb.2026.1738650
https://www.frontiersin.org/journals/microbiology
https://www.frontiersin.org
https://www.frontiersin.org/articles/10.3389/fmicb.2026.1738650/full#supplementary-material
https://www.frontiersin.org/articles/10.3389/fmicb.2026.1738650/full#supplementary-material
https://doi.org/10.13005/bbra/2147
https://doi.org/10.1007/s00244-009-9382-z
https://doi.org/10.1007/s00244-009-9382-z
https://doi.org/10.7324/JAPS.2012.2915
https://doi.org/10.1016/j.bcab.2020.101685
https://doi.org/10.1111/lam.13495
https://doi.org/10.1155/2016/6436945
https://doi.org/10.1007/s11099-013-0021-6
https://doi.org/10.1016/0038-0717(87)90037-X
https://doi.org/10.3390/microorganisms9102061
https://doi.org/10.1007/s13205-019-2033-9
https://doi.org/10.3390/en10091383
https://doi.org/10.3390/ijms22073324
https://doi.org/10.1016/j.sajb.2013.08.007
https://doi.org/10.1186/s13104-019-4046-1
https://doi.org/10.1007/s10482-020-01399-1
https://doi.org/10.3389/fsoil.2021.805094
https://doi.org/10.3389/fmicb.2019.02791
https://doi.org/10.3390/agriculture11040316
https://doi.org/10.3390/agriculture11040316
https://doi.org/10.1186/s12870-022-03790-8
https://doi.org/10.1016/j.scitotenv.2019.04.225
https://doi.org/10.1016/j.scitotenv.2019.04.225
https://doi.org/10.3389/fmicb.2023.1142966
https://doi.org/10.3389/fpls.2024.1374877
https://doi.org/10.3389/fpls.2024.1374877


Rangasamy and Saleh� 10.3389/fmicb.2026.1738650

Frontiers in Microbiology 18 frontiersin.org

Gao, M., Zhou, J. J., Wang, E. T., Chen, Q., Xu, J., and Sun, J.-g. (2015). Multiphasic char-
acterization of a plant growth promoting bacterial strain, Burkholderia sp. 7016 and its 
effect on tomato growth in the field. J. Integr. Agric. 14, 1855–1863. doi: 10.1016/
S2095-3119(14)60932-1

Gashash, E. A., Osman, N. A., Alsahli, A. A., Hewait, H. M., Ashmawi, E., Alshallash, K. S., 
et al. (2022). Effects of plant-growth-promoting rhizobacteria (PGPR) and cyanobacteria 
on botanical characteristics of tomato (Solanum lycopersicon L.) plants. Plants 11:2732. 
doi: 10.3390/plants11202732

Gohil, R. B., Raval, V. H., Panchal, R. R., and Rajput, K. N. (2022). Plant growth-pro-
moting activity of Bacillus sp. PG-8 isolated from fermented panchagavya and its effect 
on the growth of Arachis hypogea. Front. Agron. 4:805454. doi: 10.3389/
fagro.2022.805454

Guo, M., Li, S., Tian, S., Wang, B., and Zhao, X. (2017). Transcriptome analysis of genes 
involved in defense against alkaline stress in roots of wild jujube (Ziziphus acidojujuba). 
PLoS One 12:e0185732. doi: 10.1371/journal.pone.0185732

Hassen, W., Neifar, M., Cherif, H., Najjari, A., Chouchane, H., Driouich, R. C., et al. 
(2018). Pseudomonas rhizophila S211, a new plant growth-promoting rhizobacterium 
with potential in pesticide-bioremediation. Front. Microbiol. 9:34. doi: 10.3389/
fmicb.2018.00034

Helal, D. S., El-khawas, H., and Elsayed, T. R. (2022). Molecular characterization of endo-
phytic and ectophytic plant growth promoting bacteria isolated from tomato plants 
(Solanum lycopersicum L.) grown in different soil types. J. Genet. Eng. Biotechnol. 20:79. 
doi: 10.1186/s43141-022-00361-0

Hu, L., Lv, X., Zhang, Y., du, W., Fan, S., and Kong, L. (2024). Transcriptomic and 
Metabolomic profiling of root tissue in drought-tolerant and drought-susceptible wheat 
genotypes in response to water stress. Int. J. Mol. Sci. 25:10430. doi: 10.3390/
ijms251910430

Hwang, H. H., Chien, P. R., Huang, F. C., Hung, S. H., Kuo, C. H., Deng, W. L., et al. 
(2021). A plant endophytic bacterium, burkholderia seminalis strain 869t2, promotes plant 
growth in arabidopsis, pak choi, chinese amaranth, lettuces, and other vegetables. 
Microorganisms 9:1703. doi: 10.3390/microorganisms9081703

Hwang, H. H., Huang, Y. T., Chien, P. R., Huang, F. C., Wu, C. L., Chen, L. Y., et al. (2025). 
A plant endophytic bacterium Burkholderia seminalis strain 869T2 increases plant growth 
under salt stress by affecting several phytohormone response pathways. Bot. Stud. 66:7. 
doi: 10.1186/s40529-025-00453-3

Iftikhar, M., and Shah, A. A. (2025). Green-synthesized ZnO and MgO nanoparticles 
modulate physiology and antioxidant defense in maize under alkaline stress. Funct. Plant 
Biol. 52:FP25200. doi: 10.1071/FP25200

Irabor, A., and Mmbaga, M. T. (2017). Evaluation of selected bacterial endophytes for 
biocontrol potential against Phytophthora blight of bell pepper (Capsicum annuum L.). J. 
Plant Pathol. Microbiol. 8:424. doi: 10.4172/2157-7471.1000424

Jadhav, H., Shaikh, S. S., and Sayyed, R. (2017). “Role of hydrolytic enzymes of rhizoflora 
in biocontrol of fungal phytopathogens: an overview” in Rhizotrophs: plant growth promo-
tion to bioremediation. ed. S. Mehnaz (Singapore: Springer), 183–203.

Jeyanthi, V., and Kanimozhi, S. (2018). Plant growth promoting rhizobacteria (PGPR)-
prospective and mechanisms: a review. J. Pure Appl. Microbiol. 12, 733–749. doi: 10.22207/
JPAM.12.2.34

Jung, B. K., Hong, S. J., Park, G. S., Kim, M.-C., and Shin, J.-H. (2018). Isolation of 
Burkholderia cepacia JBK9 with plant growth-promoting activity while producing pyr-
rolnitrin antagonistic to plant fungal diseases. Appl. Biol. Chem. 61, 173–180. doi: 
10.1007/s13765-018-0345-9

Kalozoumis, P., Savvas, D., Aliferis, K., Ntatsi, G., Marakis, G., Simou, E., et al. (2021). 
Impact of plant growth-promoting Rhizobacteria inoculation and grafting on tolerance 
of tomato to combined water and nutrient stress assessed via metabolomics analysis. 
Front. Plant Sci. 12:670236. doi: 10.3389/fpls.2021.670236

Kalyandurg, P. B., Catara, V., Ortiz, R., and Vetukuri, R. R. (2022). Plant growth-promoting 
activity of Pseudomonas aeruginosa FG106 and its ability to act as a biocontrol agent against 
potato, tomato and taro pathogens. Biology 11:140. doi: 10.3390/biology11010140

Khanna, K., Jamwal, V. L., Kohli, S. K., Gandhi, S. G., Ohri, P., Bhardwaj, R., et al. (2019). 
Role of plant growth promoting bacteria (PGPRs) as biocontrol agents of Meloidogyne 
incognita through improved plant defense of Lycopersicon esculentum. Plant Soil 436, 
325–345. doi: 10.1007/s11104-019-03932-2

Khatun, A., Farhana, T., Sabir, A. A., Islam, S. M. N., West, H. M., Rahman, M., et al. 
(2018). Pseudomonas and Burkholderia inhibit growth and asexual development of 
Phytophthora capsici. Z. Naturforsch. C 73, 123–135. doi: 10.1515/znc-2017-0065

Khoso, M. A., Wagan, S., Alam, I., Hussain, A., Ali, Q., Saha, S., et al. (2024). Impact of 
plant growth-promoting rhizobacteria (PGPR) on plant nutrition and root characteristics: 
current perspective. Plant Stress 11:100341. doi: 10.1016/j.stress.2023.100341

Kumar, G. P., Desai, S., Amalraj, E. L. D., and Reddy, G. (2014). Isolation of fluorescent 
Pseudomonas spp. from diverse agro-ecosystems of India and characterization of their 
PGPR traits. J. Bacteriol. 5, 13–24. doi: 10.3923/bj.2015.13.24

Kumar, K., Jaiswal, A., Koppolu, U. M. K., and Kumar, K. R. R. (2024). Alkaline stress 
disrupts growth, biochemistry, and ion homeostasis of chickpea (Cicer arietinum L.) 
roots. Front. Agron. 6:1497054. doi: 10.3389/fagro.2024.1497054

Kumar, R., Swapnil, P., Meena, M., Selpair, S., and Yadav, B. G. (2022). Plant growth-
promoting rhizobacteria (PGPR): approaches to alleviate abiotic stresses for enhancement 

of growth and development of medicinal plants. Sustainability 14:15514. doi: 10.3390/
su142315514

Lata, C., and Prasad, M. (2011). Role of DREBs in regulation of abiotic stress responses 
in plants. J. Exp. Bot. 62, 4731–4748. doi: 10.1093/jxb/err210

Läuchli, A., and Grattan, S. R. (2012). “Soil pH extremes” in Plant stress physiology. ed. S. 
Shabala (Oxfordshire: CABI), 194–209.

Li, X., Li, S., Wang, J., and Lin, J. (2020). Exogenous abscisic acid alleviates harmful effect 
of salt and alkali stresses on wheat seedlings. Int. J. Environ. Res. Public Health 17:3770. 
doi: 10.3390/ijerph17113770

Liu, D., Ma, Y., Rui, M., Lv, X., Chen, R., Chen, X., et al. (2022). Is high pH the key 
factor of alkali stress on plant growth and physiology? A case study with wheat 
(Triticum aestivum L.) seedlings. Agronomy 12:1820. doi: 10.3390/
agronomy12081820

Madhurama, G., Sonam, D., Urmil, P. G., and Ravindra, N. K. (2014). Diversity and bio-
potential of endophytic actinomycetes from three medicinal plants in India. Afr. J. 
Microbiol. Res. 8, 184–191. doi: 10.5897/ajmr2012.2452

Madriz-Ordeñana, K., Pazarlar, S., Jørgensen, H. J. L., Nielsen, T. K., Zhang, Y., 
Nielsen, K. L., et al. (2022). The Bacillus cereus strain EC9 primes the plant immune 
system for superior biocontrol of fusarium oxysporum. Plants 11:687. doi: 10.3390/
plants11050687

Mazuecos-Aguilera, I., Anta-Fernández, F., Crespo-Barreiro, A., 
Martínez-Quesada, A., Lombana-Larrea, L., and González-Andrés, F. (2025). Plant 
growth-promoting rhizobacteria enhanced induced systemic resistance of tomato 
against Botrytis cinerea phytopathogen. Front. Plant Sci. 16:1570986. doi: 10.3389/
fpls.2025.1570986

Mekonnen, H., Kibret, M., and Assefa, F. (2022). Plant growth promoting rhizobacteria 
for biocontrol of tomato bacterial wilt caused by Ralstonia solanacearum. Int. J. Agron. 
2022, 1–9. doi: 10.1155/2022/1489637

Mhamdi, A., Hager, J., Chaouch, S., Queval, G., Han, Y., Taconnat, L., et al. (2010). 
Arabidopsis GLUTATHIONE REDUCTASE1 plays a crucial role in leaf responses to 
intracellular hydrogen peroxide and in ensuring appropriate gene expression through 
both salicylic acid and jasmonic acid signaling pathways. Plant Physiol. 153, 1144–1160. 
doi: 10.1104/pp.110.153767

Mittal, V., Singh, O., Nayyar, H., Kaur, J., and Tewari, R. (2008). Stimulatory effect of 
phosphate-solubilizing fungal strains (aspergillus awamori and Penicillium citrinum) on 
the yield of chickpea (Cicer arietinum L. cv. GPF2). Soil Biol. Biochem. 40, 718–727. doi: 
10.1016/j.soilbio.2007.10.008

Mohebi, S., Parham, M., Sharifirad, G., and Gharlipour, Z. (2018). Estimating the carbo-
hydrate content of various forms of tobacco by phenol-sulfuric acid method. J Educ 
Health Promot 6:90. doi: 10.4103/jehp.jehp

Msimbira, L. A., and Smith, D. L. (2020). The roles of plant growth promoting microbes 
in enhancing plant tolerance to acidity and alkalinity stresses. Front. Sustain. Food Syst. 
4, 1–14. doi: 10.3389/fsufs.2020.00106

Mukherjee, P., Roychowdhury, R., and Roy, M. (2017). Phytoremediation potential of 
rhizobacterial isolates from Kans grass (Saccharum spontaneum) of fly ash ponds. Clean 
Techn. Environ. Policy 19, 1373–1385. doi: 10.1007/s10098-017-1336-y

Nakahara, H., Matsuzoe, N., Taniguchi, T., and An, P. (2022). Effect of Burkholderia sp. 
and Pseudomonas spp. inoculation on growth, yield, and absorption of inorganic compo-
nents in tomato ‘Micro-tom’ under salinity conditions. J. Plant Interact. 17, 277–289. doi: 
10.1080/17429145.2022.2035439

Navarro-León, E., Grazioso, A., Atero-Calvo, S., Rios, J. J., Esposito, S., and Blasco, B. 
(2023). Evaluation of the alkalinity stress tolerance of three Brassica rapa CAX1 TILLING 
mutants. Plant Physiol. Biochem. 198:107712. doi: 10.1016/j.plaphy.2023.107712

Nithya, K., Muthukumar, C., Dhanasekaran, D., Kadaikunnan, S., Alharbi, N. S., 
Khaled, J. M., et al. (2016). Production, optimization and partial characterization of ther-
mostable and alkaline amylase from Bacillus licheniformis KSU-6. Int. J. Agric. Biol. 18, 
1188–1194. doi: 10.17957/IJAB/15.0227

Pal, G., Saxena, S., Kumar, K., Verma, A., Sahu, P. K., Pandey, A., et al. (2022). Endophytic 
Burkholderia: multifunctional roles in plant growth promotion and stress tolerance. 
Microbiol. Res. 265:127201. doi: 10.1016/j.micres.2022.127201

Palumbo, J. D., O’Keeffe, T. L., and Abbas, H. K. (2007). Isolation of maize soil and rhi-
zosphere bacteria with antagonistic activity against aspergillus flavus and fusarium ver-
ticillioides. J. Food Prot. 70, 1615–1621. doi: 10.4315/0362-028X-70.7.1615

Pandey, S., and Gupta, S. (2020). Evaluation of Pseudomonas sp. for its multifarious plant 
growth promoting potential and its ability to alleviate biotic and abiotic stress in tomato 
(Solanum lycopersicum) plants. Sci. Rep. 10:20951. doi: 10.1038/s41598-020-77850-0

Park, H. A., Hayden, M. M., Bannerman, S., Jansen, J., and Crowe-White, K. M. (2020). 
Anti-apoptotic effects of carotenoids in neurodegeneration. Molecules 25:3453. doi: 
10.3390/molecules25153453

Paungfoo-Lonhienne, C., Lonhienne, T. G. A., Yeoh, Y. K., Donose, B. C., Webb, R. I., 
Parsons, J., et al. (2016). Crosstalk between sugarcane and a plant-growth promoting 
Burkholderia species. Sci. Rep. 6:37389. doi: 10.1038/srep37389

Phuyal, N., Jha, P. K., Raturi, P. P., and Rajbhandary, S. (2020). Total phenolic, flavonoid 
contents and antioxidant activities of fruit, seed, bark extracts of Zanthoxylum armatum 
dc. J. Trop. Med. 2020:8780704. doi: 10.1155/2020/2803063

https://doi.org/10.3389/fmicb.2026.1738650
https://www.frontiersin.org/journals/microbiology
https://www.frontiersin.org
https://doi.org/10.1016/S2095-3119(14)60932-1
https://doi.org/10.1016/S2095-3119(14)60932-1
https://doi.org/10.3390/plants11202732
https://doi.org/10.3389/fagro.2022.805454
https://doi.org/10.3389/fagro.2022.805454
https://doi.org/10.1371/journal.pone.0185732
https://doi.org/10.3389/fmicb.2018.00034
https://doi.org/10.3389/fmicb.2018.00034
https://doi.org/10.1186/s43141-022-00361-0
https://doi.org/10.3390/ijms251910430
https://doi.org/10.3390/ijms251910430
https://doi.org/10.3390/microorganisms9081703
https://doi.org/10.1186/s40529-025-00453-3
https://doi.org/10.1071/FP25200
https://doi.org/10.4172/2157-7471.1000424
https://doi.org/10.22207/JPAM.12.2.34
https://doi.org/10.22207/JPAM.12.2.34
https://doi.org/10.1007/s13765-018-0345-9
https://doi.org/10.3389/fpls.2021.670236
https://doi.org/10.3390/biology11010140
https://doi.org/10.1007/s11104-019-03932-2
https://doi.org/10.1515/znc-2017-0065
https://doi.org/10.1016/j.stress.2023.100341
https://doi.org/10.3923/bj.2015.13.24
https://doi.org/10.3389/fagro.2024.1497054
https://doi.org/10.3390/su142315514
https://doi.org/10.3390/su142315514
https://doi.org/10.1093/jxb/err210
https://doi.org/10.3390/ijerph17113770
https://doi.org/10.3390/agronomy12081820
https://doi.org/10.3390/agronomy12081820
https://doi.org/10.5897/ajmr2012.2452
https://doi.org/10.3390/plants11050687
https://doi.org/10.3390/plants11050687
https://doi.org/10.3389/fpls.2025.1570986
https://doi.org/10.3389/fpls.2025.1570986
https://doi.org/10.1155/2022/1489637
https://doi.org/10.1104/pp.110.153767
https://doi.org/10.1016/j.soilbio.2007.10.008
https://doi.org/10.4103/jehp.jehp
https://doi.org/10.3389/fsufs.2020.00106
https://doi.org/10.1007/s10098-017-1336-y
https://doi.org/10.1080/17429145.2022.2035439
https://doi.org/10.1016/j.plaphy.2023.107712
https://doi.org/10.17957/IJAB/15.0227
https://doi.org/10.1016/j.micres.2022.127201
https://doi.org/10.4315/0362-028X-70.7.1615
https://doi.org/10.1038/s41598-020-77850-0
https://doi.org/10.3390/molecules25153453
https://doi.org/10.1038/srep37389
https://doi.org/10.1155/2020/2803063


Rangasamy and Saleh� 10.3389/fmicb.2026.1738650

Frontiers in Microbiology 19 frontiersin.org

Pranaw, K., Pidlisnyuk, V., Trögl, J., and Malinská, H. (2020). Bioprospecting of a novel 
plant growth-promoting bacterium Bacillus altitudinis KP-14 for enhancing Miscanthus 
× giganteus growth in metals contaminated soil. Biology (Basel) 9:305. doi: 10.3390/
biology9090305

Prasad, A. A., and Babu, S. (2017). Compatibility of Azospirillum brasilense and 
Pseudomonas fluorescens in growth promotion of groundnut (Arachis hypogea L.). An. 
Acad. Bras. Cienc. 89, 1027–1040. doi: 10.1590/0001-3765201720160617

Qessaoui, R., Bouharroud, R., Furze, J. N., el Aalaoui, M., Akroud, H., Amarraque, A., 
et al. (2019). Applications of new Rhizobacteria Pseudomonas isolates in agroecology via 
fundamental processes complementing plant growth. Sci. Rep. 9:12832. doi: 10.1038/
s41598-019-49216-8

Qingwei, Z., Lushi, T., Yu, Z., Yu, S., Wanting, W., Jiangchuan, W., et al. (2023). Isolation 
and characterization of phosphate-solubilizing bacteria from rhizosphere of poplar on 
road verge and their antagonistic potential against various phytopathogens. BMC 
Microbiol. 23:221. doi: 10.1186/s12866-023-02953-3

Rahman, M., Sabir, A. A., Mukta, J. A., MMA, K., Mohi-Ud-Din, M., Miah, M. G., et al. 
(2018). Plant probiotic bacteria Bacillus and Paraburkholderia improve growth, yield and 
content of antioxidants in strawberry fruit. Sci. Rep. 8:2504. doi: 10.1038/
s41598-018-20235-1

Rajalakshmi, K., and Banu, N. (2015). Extraction and estimation of chlorophyll from 
medicinal plants. Int. J. Sci. Res. 4, 209–212. doi: 10.21275/v4i11.nov151021

Rajput, V. D., Harish, Singh, R. K., Verma, K. K., Sharma, L., Quiroz-Figueroa, F. R., et al. 
(2021). Recent developments in enzymatic antioxidant defence mechanism in plants with 
special reference to abiotic stress. Biology (Basel). 10:267. doi: 10.3390/biology10040267

Rakesh, B., Hima Bindu, K., and Praveen, N. (2021). Variations in the l-dopa content, 
phytochemical constituents and antioxidant activity of different germlines of mucuna 
pruriens (l.) dc. Asian J. Chem. 33, 1881–1890. doi: 10.14233/ajchem.2021.23293

Rangasamy, K., and Saleh, A. M. (2025). Bio-priming of tomato seedlings with bacterial 
consortium against fusarium oxysporum: a study on morphological parameters and 
molecular profiling. Front. Microbiol. 16:1606896. doi: 10.3389/fmicb.2025.1606896

Rasheed, R., Ashraf, M. A., Ahmad, S. J. N., Parveen, N., Hussain, I., and Bashir, R. (2022). 
Taurine regulates ROS metabolism, osmotic adjustment, and nutrient uptake to lessen 
the effects of alkaline stress on Trifolium alexandrinum L. plants. S. Afr. J. Bot. 148, 
482–498. doi: 10.1016/j.sajb.2022.05.023

Reang, L., Bhatt, S., Tomar, R. S., Joshi, K., Padhiyar, S., Vyas, U. M., et al. (2022). Plant 
growth promoting characteristics of halophilic and halotolerant bacteria isolated from 
coastal regions of Saurashtra Gujarat. Sci. Rep. 12:4699. doi: 10.1038/s41598-022-08151-x

Saia, S., Rappa, V., Ruisi, P., Abenavoli, M. R., Sunseri, F., Giambalvo, D., et al. (2015). Soil 
inoculation with symbiotic microorganisms promotes plant growth and nutrient trans-
porter genes expression in durum wheat. Front. Plant Sci. 6:815. doi: 10.3389/
fpls.2015.00815

Salehi, B., Sharifi-Rad, R., Sharopov, F., Namiesnik, J., Roointan, A., Kamle, M., et al. 
(2019). Beneficial effects and potential risks of tomato consumption for human health: 
an overview. Nutrition 62, 201–208. doi: 10.1016/j.nut.2019.01.012

Samira, M., Mohammad, R., and Gholamreza, G. (2010). Carboxymethyl-cellulase and 
filter-paperase activity of new strains isolated from Persian gulf. Microbiology Journal 1, 
8–16. doi: 10.3923/mj.2011.8.16

Sarkar, S., Mondal, M., Ghosh, P., Saha, M., and Chatterjee, S. (2020). Quantification of 
total protein content from some traditionally used edible plant leaves: a comparative 
study. J. Med. Plants Stud. 8, 166–170. doi: 10.22271/plants.2020.v8.i4c.1164

Sayyed, R. Z. (2019). Plant growth promoting Rhizoabcteria for sustainable stress manage-
ment, volume 2: Rhizobacteria in biotic stress management. Berlin: Springer.

Schwyn, B., and Neilands, J. B. (1987). Universal chemical assay for the detection and 
determination of siderophores. Anal. Biochem. 160, 47–56. doi: 
10.1016/0003-2697(87)90612-9

Shektar, C. (1999). An effcient microbiological growth medium for screening phosphate 
solubilizing microorganisms. FEMS Microbiol. Lett. 170, 265–270. doi: 10.1111/
j.1574-6968.1999.tb13383.x

Shrivastava, P., and Kumar, R. (2015). Soil salinity: a serious environmental issue and 
plant growth promoting bacteria as one of the tools for its alleviation. Saudi J Biol Sci 22, 
123–131. doi: 10.1016/j.sjbs.2014.12.001
Simonetti, E., Roberts, I. N., Montecchia, M. S., Gutierrez-Boem, F. H., Gomez, F. M., and 
Ruiz, J. A. (2018). A novel Burkholderia ambifaria strain able to degrade the mycotoxin 
fusaric acid and to inhibit fusarium spp. growth. Microbiol. Res. 206, 50–59. doi: 10.1016/j.
micres.2017.09.008
Singh, I. (2018). Plant growth promoting Rhizobacteria (PGPR) and their various mecha-
nisms for plant growth enhancement in stressful conditions: a review. Eur. J. Biol. Res. 8, 
191–213. doi: 10.5281/zenodo.1455995
Singh, A., Patani, A., Patel, M., Vyas, S., Verma, R. K., Amari, A., et al. (2023a). Tomato seed 
bio-priming with Pseudomonas aeruginosa strain PAR: a study on plant growth parameters 
under sodium fluoride stress. Front. Microbiol. 14:1330071. doi: 10.3389/fmicb.2023.1330071
Singh, A., Yadav, V. K., Chundawat, R. S., Soltane, R., Awwad, N. S., Ibrahium, H. A., et al. 
(2023b). Enhancing plant growth promoting rhizobacterial activities through consortium 
exposure: a review. Front. Bioeng. Biotechnol. 11:1099999. doi: 10.3389/fbioe.2023.1099999
Sritongon, N., Boonlue, S., Mongkolthanaruk, W., Jogloy, S., and Riddech, N. (2023). The 
combination of multiple plant growth promotion and hydrolytic enzyme producing rhi-
zobacteria and their effect on Jerusalem artichoke growth improvement. Sci. Rep. 13:5917. 
doi: 10.1038/s41598-023-33099-x
Stephen, J. M., and Saleh, A. M. (2023). Homofermentative lactobacilli isolated from 
organic sources exhibit potential ability of lactic acid production. Front. Microbiol. 
14:1297036. doi: 10.3389/fmicb.2023.1297036

Suárez-Moreno, Z. R., Caballero-Mellado, J., Coutinho, B. G., Mendonça-Previato, L., 
James, E. K., and Venturi, V. (2012). Common features of environmental and potentially 
beneficial plant-associated Burkholderia. Microb. Ecol. 63, 249–266. doi: 10.1007/
s00248-011-9929-1

Sultana, S., Alam, S., and Karim, M. M. (2021). Screening of siderophore-producing salt-
tolerant rhizobacteria suitable for supporting plant growth in saline soils with iron limita-
tion. J. Agric. Food Res. 4:100150. doi: 10.1016/j.jafr.2021.100150

Sunaratiya, A., and Kapgate, R. P. (2021). Sustainable agriculture: a review. AgriCos 
e-Newletter 2, 3–18. doi: 10.3763/ijas.2009.0400

Vijayakumar, M., Kohila, P., and Suganyakanna, S. (2021). Assessment of per se perfor-
mance of tomato (Solanum lycopersicum L.) hybrids TNAU tomato hybrid CO4 and Arka 
Vishesh in Salem District of Tamil Nadu. IARJSET 8. doi: 10.17148/iarjset.2021.8881

Wang, H., Liu, R., You, M. P., Barbetti, M. J., and Chen, Y. (2021). Pathogen biocontrol 
using plant growth-promoting bacteria (PGPR): role of bacterial diversity. Microorganisms 
9:1988. doi: 10.3390/microorganisms9091988

Xie, H., Pasternak, J. J., and Glick, B. R. (1996). Isolation and characterization of mutants 
of the plant growth-promoting rhizobacterium Pseudomonas putida GR12-2 that over-
produce indoleacetic acid. Curr. Microbiol. 32, 67–71. doi: 10.1007/s002849900012

Xu, F., Liang, Y., Wang, X., Guo, Y., Tang, K., and Feng, F. (2023). Synergic mitigation of 
saline-alkaline stress in wheat plant by silicon and Enterobacter sp. FN0603. Front. 
Microbiol. 13:1100232. doi: 10.3389/fmicb.2022.1100232

Yang, S., Xu, Y., Tang, Z., Jin, S., and Yang, S. (2024). The impact of alkaline stress on plant 
growth and its alkaline resistance mechanisms. Int. J. Mol. Sci. 25:13719. doi: 10.3390/
ijms252413719

Zhao, J., and Zhang, Q. (2025). Promoting plant yield and quality improvement in saline 
alkali land by using biomass organic fertilizer and reducing chemical fertilizer measures. 
BMC Plant Biol. 25:1525. doi: 10.1186/s12870-025-07586-4

Zhou, X., Tahvanainen, T., Malard, L., Chen, L., Pérez-Pérez, J., and Berninger, F. (2024). 
Global analysis of soil bacterial genera and diversity in response to pH. Soil Biol. Biochem. 
198:109552. doi: 10.1016/j.soilbio.2024.109552

Zhou, C., Zhu, L., Ma, Z., and Wang, J. (2018). Improved iron acquisition of Astragalus 
sinicus under low iron-availability conditions by soil-borne bacteria Burkholderia cepacia. 
J. Plant Interact. 13, 9–20. doi: 10.1080/17429145.2017.1407000

Zhu, Y., Jia, X., Wu, Y., Hu, Y., Cheng, L., Zhao, T., et al. (2020). Quantitative proteomic analy-
sis of Malus halliana exposed to salt-alkali mixed stress reveals alterations in energy metabo-
lism and stress regulation. Plant Growth Regul. 90, 205–222. doi: 10.1007/s10725-019-00563-6

https://doi.org/10.3389/fmicb.2026.1738650
https://www.frontiersin.org/journals/microbiology
https://www.frontiersin.org
https://doi.org/10.3390/biology9090305
https://doi.org/10.3390/biology9090305
https://doi.org/10.1590/0001-3765201720160617
https://doi.org/10.1038/s41598-019-49216-8
https://doi.org/10.1038/s41598-019-49216-8
https://doi.org/10.1186/s12866-023-02953-3
https://doi.org/10.1038/s41598-018-20235-1
https://doi.org/10.1038/s41598-018-20235-1
https://doi.org/10.21275/v4i11.nov151021
https://doi.org/10.3390/biology10040267
https://doi.org/10.14233/ajchem.2021.23293
https://doi.org/10.3389/fmicb.2025.1606896
https://doi.org/10.1016/j.sajb.2022.05.023
https://doi.org/10.1038/s41598-022-08151-x
https://doi.org/10.3389/fpls.2015.00815
https://doi.org/10.3389/fpls.2015.00815
https://doi.org/10.1016/j.nut.2019.01.012
https://doi.org/10.3923/mj.2011.8.16
https://doi.org/10.22271/plants.2020.v8.i4c.1164
https://doi.org/10.1016/0003-2697(87)90612-9
https://doi.org/10.1111/j.1574-6968.1999.tb13383.x
https://doi.org/10.1111/j.1574-6968.1999.tb13383.x
https://doi.org/10.1016/j.sjbs.2014.12.001
https://doi.org/10.1016/j.micres.2017.09.008
https://doi.org/10.1016/j.micres.2017.09.008
https://doi.org/10.5281/zenodo.1455995
https://doi.org/10.3389/fmicb.2023.1330071
https://doi.org/10.3389/fbioe.2023.1099999
https://doi.org/10.1038/s41598-023-33099-x
https://doi.org/10.3389/fmicb.2023.1297036
https://doi.org/10.1007/s00248-011-9929-1
https://doi.org/10.1007/s00248-011-9929-1
https://doi.org/10.1016/j.jafr.2021.100150
https://doi.org/10.3763/ijas.2009.0400
https://doi.org/10.17148/iarjset.2021.8881
https://doi.org/10.3390/microorganisms9091988
https://doi.org/10.1007/s002849900012
https://doi.org/10.3389/fmicb.2022.1100232
https://doi.org/10.3390/ijms252413719
https://doi.org/10.3390/ijms252413719
https://doi.org/10.1186/s12870-025-07586-4
https://doi.org/10.1016/j.soilbio.2024.109552
https://doi.org/10.1080/17429145.2017.1407000
https://doi.org/10.1007/s10725-019-00563-6


Rangasamy and Saleh� 10.3389/fmicb.2026.1738650

Frontiers in Microbiology 20 frontiersin.org

Glossary

PGPR - Plant growth promoting rhizobacteria

DDW - Double distilled water

CPG - Casamino Acid-Peptone-Glucose Broth

PDB - Potato dextrose broth

PDA - Potato dextrose agar

NBRIP - National Botanical Research Institute’s Phosphate

IAA - Indole-3-acetic acid

CAS - Chrome Azurol S

HCN - Hydrogen cyanide

NCBI - National Center for Biotechnology Information

BLAST - Basic local alignment search tool

MSM - Minimal salt medium

SDW - Sterile distilled water

PBS - Phosphate buffered saline

DPPH - 1,1, diphenyl-2-picrylhydrazyl

AlCl3 - Aluminum chloride

qRT-PCR - Quantitative reverse transcription polymerase chain 
reaction

PCR - Polymerase chain reaction

DNA - Deoxyribonucleic acid

rDNA - Recombinant DNA

RNA - Ribonucleic acid

cDNA - Complementary DNA

TAQ - Thermus aquaticus

MgCl2 - Magnesium chloride

DNTPs - Deoxynucleotide triphosphates

ANOVA - Analysis of variance

NAF - National Agro Foundation

SPAD - Soil plant analysis development

NaOCl - Sodium hypochlorite

Cd - Cadmium

Fe - Iron

Co - Cobalt

Zn - Zinc

Pb - Lead

NRT - Nitrate transporter

GR - Glutathione reductase

DREB - Dehydration responsive element binding

PT - Phosphate transporter

AMT - Ammonium transporter

NaCl - Sodium chloride

HCL - Hydrochloric acid

NaOH - Sodium hydroxide

Ofl - Ofloxacin

CIP - Ciprofloxacin

Gen - Gentamicin

Ceft - Ceftazidine

Tet - Tetracycline

Amox - Amoxicillin

Van - Vancomycin

Chl - Chloramphenicol
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