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Abstract 

Introduction: Plant growth and productivity are highly affected by several abiotic stress like 

drought. Drought alone causes more annual loss in crop yield than the sum of all other 

environmental stressors. Some plant growth-promoting rhizobacteria (PGPR) can ameliorate 

drought stress and promote plant growth.  PGPR contribute to plant growth through various direct 

and indirect mechanisms, including nitrogen fixation, synthesizing phytohormones, and 

solubilizing mineral nutrients, and can ameliorate abiotic stressors by inducing systemic tolerance 

in the host plant. IST is induced by PGPR-derived elicitors such as phytohormones, volatile organic 

compounds (VOCs), enzymes such as ACC deaminase, antioxidants, and exopolysaccharides. 

Although the role of PGPR in ameliorating drought stress has been demonstrated in earlier work, 

the application of these bacteria at the field level still needs the exploration of efficient inoculants 

and optimization of appropriate formulation to attain optimal growth under drought conditions. 

Despite several reports of drought-tolerant bacteria, there is a lack of information about the efficient 

bacteria recovered from the Shekhawati region of Rajasthan (India). With an annual rainfall of just 

about 600 mm, high summer temperatures, and sandy soils, agriculture in the Shekhawati region 

suffers from severe water scarcity. Therefore, we hypothesised that the bacteria recovered from the 

Shekhawati region might have the ability to survive under less water availability. Therefore, the 

present work aimed to characterize the efficient drought-tolerant bacteria from the rhizosphere of 

wheat plants growing in Rajasthan, India, and characterize their effect on plant growth under 

drought stress through functional studies following transcriptomic, proteomic, and metabolomic 

analysis. Moreover, there is growing interest in harnessing the potential of stress-resilient PGPR in 

conferring plant resistance and enhancing crop productivity in drought-affected agroecosystems. A 

detailed understanding of the complex physiological and biochemical responses will open the 

avenues to stress adaptation mechanisms of PGPR communities under drought. It will pave the way 

for rhizosphere engineering through metabolically engineered PGPR. Therefore, to reveal the 

physiological and metabolic networks in response to drought-mediated osmotic stress, the current 

study focused on investigating the stress adaptation mechanisms of a selected PGPR. Major 

objectives of the present study were: (i) isolation of drought-tolerant bacteria and their 

characterization for plant growth-promoting effects on wheat plants under drought stress, (ii) 

characterization of stress-responsive mechanism(s) under drought stress in selected isolate 

employing metabolomics analysis, (iii) to study the effect of selected PGPR on the expression of 

stress-related genes and metabolites in host plants under drought stress, and (iv) to test the effect 

of selected strain on the proteomic profile of plants grown under drought stress. 
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Methodology: Drought-tolerant rhizospheric bacteria were isolated on selective media containing 

polyethylene glycol (PEG). Recovered isolates were subjected to basic biochemical tests following 

standard protocol and identified based on partial 16S rRNA gene sequence analysis. Bacterial 

isolates were further tested for plant growth-promoting properties such as phosphate solubilization, 

indole acetic acid (IAA) production, siderophore production, ACC deaminase activity, nitrogen 

fixation, ammonia production, and antagonistic activity following standard protocols. Bacterial 

consortia constituting two or more compatible bacteria with different plant growth-promoting 

properties were formed to study their synergistic or additive effect for ameliorating drought. 

Further, the effect of individual bacterial isolates and microbial consortia on the growth of wheat 

crops under drought stress was assayed. For bacterial treatment, surface sterilized seeds were 

bacterized, germinated, and grown under standard laboratory conditions. To impose drought stress, 

plants were not watered after 15 days of germination (plants grown up to the three-leaf stage). 

Based on the results of bacteria-inoculated plant growth under drought stress, Enterobacter 

bugandensis WRS7 (Eb WRS7) was further tested for its ability to ameliorate drought stress in 

wheat plants employing biochemical and molecular following appropriate protocols. Moreover, to 

reveal the physiological and metabolic networks in response to drought-mediated osmotic stress, 

we performed biochemical analyses (including Reactive Oxygen Species (ROS) detection, 

Malondialdehyde (MDA) Assay, estimation of intracellular ion concentration, quantification of 

phytohormone and exopolysaccharide production, and estimation of proline and protein content), 

and applied untargeted metabolomics to investigate the stress adaptation mechanisms of a PGPR 

Eb WRS7. To discover the underlying metabolic signatures and their role in stress tolerance 

mechanisms in bacteria, we employed untargeted gas chromatography-mass spectrometry (GC-

MS) based metabolomics to profile the deregulated metabolite (central and secondary) pool and 

identify core metabolic pathways under stress. In addition, the ability of Eb WRS7 to colonize 

wheat plants was tested by CFU count of bacteria recovered from plants after treatment and ERIC-

PCR-based DNA fingerprinting approach. Furthermore, the abilities of Eb WRS7 to ameliorate 

drought stress in wheat plants were characterized by employing biochemical and molecular 

approaches. After the stress period, plants were harvested and analyzed for biochemical assays such 

as proline content, total soluble sugar estimation, lipid peroxidation estimation, and CAT and SOD 

enzyme activity following standard protocols. Further, the expression of different genes 

contributing to drought stress amelioration was investigated to understand the plant response to 

PGPR inoculation. Gene expression analysis was done using relative quantification by the 2−ΔΔCT 

method. Polar and non-polar metabolites were extracted from the control and Eb WRS7-treated 

wheat plants grown under normal and drought stress, followed by their analysis through GC-MS. 

Finally, differential abundance of proteins under drought stress in bacteria-inoculated wheat plants 
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was studied. For this, proteins were extracted using the TCA- acetone precipitation method from 

treated and control plants, and peptides were analyzed using Orbitrap Fusion Tribrid Mass 

Spectrometer coupled to a Thermo EASY nanoLC 1200 chromatographic system. All the 

experiments were carried out in triplicates unless otherwise stated, repeated in three different 

experimental sets, and plotted as mean ± SD using Prism 8 (Graph Pad software). Statistical 

analysis was performed using an unpaired student’s t-test. Statistical significance: *P ≤ 0.05, **P 

≤ 0.01, ***P ≤ 0.001, and ****P < 0.0001, ns = not significant. 

Result and Discussion: Based on the ability to grow efficiently on PEG-containing media, 9 

bacterial isolates having different morphotypes (8 rhizospheric and 1 endophytic) were selected for 

the test of plant growth-promoting properties and basic biochemical and molecular 

characterization. Based on the 16S rRNA sequence similarity, the test isolates were identified as 

members of different genera, including Enterobacter, Pseudomonas, Kosakonia, Siccibacter, 

Acinetobacter, and Stenotrophomonas. Bacterial isolates showed different plant growth-promoting 

properties, including nitrogen fixation, phosphate solubilization, siderophore production, 

phytohormone (indole acetic acid and gibberellic acid) production, exopolysaccharide secretion, 

and ACC deaminase activity. Based on their PGP activities, different consortia were also 

formulated. Further to test the efficacy of bacterial isolates/consortia as biofertilizers, plant growth 

studies under drought stress conditions under laboratory conditions were conducted.  Results of the 

plant growth promotion test showed that bacterial inoculation leads to increase in plant growth in 

terms of root/shoot length, biomass, and photosynthetic pigments under drought stress. Among the 

tested isolates and consortia, Eb WRS7 was most effective for increasing the growth parameters of 

the wheat plant as well as for protecting them from the deleterious effects of drought stress. 

Therefore, Eb WRS7 was further characterized for stress-responsive mechanism(s) under drought 

stress employing metabolomics analysis. Drought caused oxidative stress and resulted in slower 

growth rates in Eb WRS7. However, Eb WRS7 could tolerate drought stress and did not show 

changes in cell morphology under stress conditions. Overproduction of ROS caused lipid 

peroxidation (increment in MDA) and eventually activated antioxidant systems and cell signalling 

cascades, which led to the accumulation of ions (Na+, K+, and Ca2+), osmolytes (proline, 

exopolysaccharides, betaine, and trehalose), and modulated lipid dynamics of the plasma 

membranes for osmosensing and osmoregulation, suggesting an osmotic stress adaption 

mechanism in PGPR Eb WRS7. Further, GC–MS-based metabolite profiling and deregulated 

metabolic responses highlighted the role of osmolytes, ions, and intracellular metabolites in 

regulating Eb WRS7 metabolism. Our results suggest that understanding the role of metabolites 

and metabolic pathways can be exploited for future metabolic engineering of PGPR and developing 
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bio inoculants for plant growth promotion under drought-affected agroecosystems. Further, the 

ability of Eb WRS7 to confer induced systemic tolerance (IST) in wheat plants was confirmed by 

pot assay, which demonstrated minimum damages to wheat plants in the presence of bacterial 

inoculum under drought stress conditions. Eb WRS7 inoculation in wheat plants exhibited drought 

stress ameliorating properties, including increased osmolyte content (proline and total soluble 

sugar), relative water content, catalase, and superoxide dismutase activity, and decreased lipid 

peroxidation compared to non-inoculated plants. Our biochemical data were coherent with gene 

expression analysis of WRS7-treated plants, which showed altered expression of genes encoding 

antioxidant enzymes (CAT, APX, and GPX), osmolyte synthesis (P5CS, P5CR, and TPS1), 

biosynthesis of stress hormone genes (NCED, WZE, SAMS, ACS1, and ACO encoding proteins for 

the biosynthesis of abscisic acid and ethylene), and calcium transporter (TPC1) in the wheat plant. 

The regulation of the ethylene biosynthesis gene and modulation of TPC1 gene expression by 

PGPR Eb WRS7 in wheat plants highlights its additional role in alleviating drought stress.  

Interestingly, in our study, we found a decrease in the expression of enzymes required for ethylene 

biosynthesis supported by a decreased level of enzymes required for ethylene biosynthesis at the 

protein level.  The colonization study demonstrated the successful colonization of Eb WRS7 in 

wheat plants. Metabolite profile patterns of wheat plants inoculated with Eb WRS7 provide a 

holistic biochemical phenotype of wheat plants under drought conditions. PGPR-induced 

amendments in amino acids, organic acids, lipids, and phytohormones levels, suggesting their role 

in the amelioration of drought tolerance through complex cellular changes characterized by altered 

metabolism in wheat plants. Further, the effect of Eb WRS7 on the proteomic profile of wheat 

plants under drought stress was investigated, which showed that the bacterial inoculation positively 

upregulated the abundance of various proteins responsible for drought tolerance and defense 

response. The observed drought-responsive proteins belong to antioxidant enzymes, 

phytohormone-related proteins, metabolism- and photosynthesis-related proteins, transporters 

proteins, osmotic homeostasis-related proteins, and secondary metabolism-related proteins. 

Overall, the present study indicates that Eb WRS7 alleviates drought stress in wheat plants by 

differentially regulating various metabolic pathways in treated plants, and hence, can be used as a 

potential biofertilizer. However, its pathogenicity must be evaluated before its application at the 

field level. 
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1.1 Wheat: An Important Cereal Crop 

Wheat (Triticum aestivum L) is an important cereal and staple crop grown worldwide, 

contributing around 20% of total dietary calories and more than 25% of protein consumed. It 

occupies around 217 million hectares of land globally to achieve an annual production of 

approximately 731 million tonnes [1–3]. Wheat has been cultivated as a winter and spring crop 

across the world. Winter wheat is grown in cold countries like the USA, Europe, etc., whereas 

spring wheat is grown in Asia, including India [3]. Wheat demand has increased in recent years 

as wheat provides an extensive variety of end products at lower prices in comparison to other 

cereal crops [4]. According to the Food and Agriculture Organization (FAO) estimate, the 

current global annual wheat production is about 680 million tons, and the world will require 

around 840 million tonnes by the year 2050. Still, the production amount is not enough to meet 

the ever-growing demand of the growing population (FAO, 2017). This must be achieved 

through sustainable agriculture and agronomic interventions. Although wheat production is 

likely to increase by 60%, world agriculture faces severe challenges in meeting the demands 

of the increasing population and health safety concerns due to adverse environmental 

conditions, particularly high temperatures, and changes in rainfall distribution (Figure 1.1) [4].  

The impact of climate change on food production is complex and widespread across the globe 

and is also influenced by socio-economic conditions. The loss in yield of cereal crops, 

including wheat, will threaten the food security of people in the Asia-Pacific region the most. 

The projected rise in temperature by 0.5 ℃ in every 10 years will affect the distribution and 

frequency of rainfall and, hence, will be the major cause of grain yield reduction [4]. 
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Figure 1.1. Challenges faced in the Production of wheat at large scale. 

Wheat, grown in the Rabi season (November- April), is the second most cultivated crop in 

India after rice. India is the second largest producer of wheat in the world, contributing to 

around 13% of the global wheat supply [5]. The land under cultivation is around 30.54 million 

hectares nationwide, producing around 94.57 million tonnes of wheat yearly [3]. To feed the 

increasing population, it requires more cultivable land, water, and energy for irrigation. 

However, intensive cropping has resulted in the irrational use of resources, pesticides, and 

chemical fertilizers causing a reduction in natural resources and a consequent decline in total 

production and yield of the crop. In addition to the above challenges, wheat production is 

vulnerable to changes in climatic conditions [3]. It has been predicted that in India, with every 

rise in 1 ℃ temperature, there will be a decline in rain-fed wheat production by 4- 6 million 

tonnes [3]. According to global estimates, abiotic factors like high or low temperature, salinity, 

and drought cause an average loss of 50% to agricultural crops [6]. Moreover, abiotic stressors 

can alter the interaction of crops with pests, making wheat more susceptible to pathogenic 

organisms. Also, a weakened immune system of plants reduces their competing ability with 

weeds. 

1.2 Abiotic Stress: Major Challenge to Wheat Production 

The natural environment for plants experiences a complex set of abiotic stresses and biotic 

stresses. Abiotic stress is defined as environmental conditions that reduce growth and yield 

below optimum levels. Major abiotic stresses faced by plants are salinity, drought, mineral 

toxicity, and extreme temperature (Figure 1.2). These stresses negatively affect the survival, 
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yield, and biomass production of crops by as much as 70% and threaten food safety worldwide 

[6]. Plant responses to these stresses are dynamic and complex. These responses can be either 

reversible or irreversible. The plant responses to stress are dependent on the tissue or organ 

affected by the stress as well as the level and duration of stress (acute vs chronic). Stress 

resistance/tolerance includes both stress avoidance and stress tolerance. Stress avoidance 

means that plants try to maintain unstressed conditions at cellular and tissue levels, whereas, 

in stress tolerance, plants respond to altered environmental conditions. The plant responses at 

a physiological level to abiotic stressors depend on the tissue or organ which are exposed or 

affected directly by the stress. The earliest metabolic responses to abiotic stress include growth 

inhibition, a decrease in protein synthesis, and an increase in protein folding and processing. 

The energy metabolic pathways are affected under severe stress conditions [7]. 

 

Figure 1.2. Different types of stress experienced by the plants in its lifetime. 

1.3 Drought Stress 

Out of the different abiotic stressors mentioned above, drought has negative impacts on wheat 

yield and growth worldwide, causing up to 40% yield losses [8]. Drought stress reduces plant 

growth by decreasing water uptake, modifying biochemical and physiological processes in 

plants ultimately decreasing the plant yield [2, 9]. Irregular rainfall is common in India, 

especially at the time of maturity of wheat, causing pre-harvest sprouting. Consequently, it 

decreases the quality of grains due to early activation of α- amylase enzyme.  
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Since wheat is a water-intensive crop, drought stress negatively impacts its yield and grain 

quality [1, 10]. Drought stress causes damage during all the stages of wheat crop growth. If it 

occurs at the early growth stage, less number of tillers per unit area are developed due to poor 

seed establishment. During mid-stage growth, drought causes reduced dry matter production 

and grains per plant. However, drought incidence at the terminal growth stage reduces carbon 

assimilates production, fertility, and grain weight [2]. In addition to osmotic stress, drought 

affects soil biota, increases soil heterogeneity, limits nutrient accessibility and mobility, and 

increases soil oxygen, often promoting a strong decline in microbial biomass [11]. The drought 

response cascade in plants comprises the activation of complex signalling networks. Initially, 

it includes an increase in cytosolic H+ and Ca2+ ions, generation of reactive oxygen 

intermediates, and the signalling cross-talk between hormones like abscisic acid (ABA), 

ethylene, jasmonic acid (JA) and salicylic acid (SA). This further triggers various physiological 

responses like loss of turgor pressure, stomatal closure, and leaf area reduction, which 

decreases the photosynthetic capacity of the host plant, which negatively affects plant biomass 

and yield; if persists for a longer duration, it ultimately leads to leaf senescence and plant death 

[12].  

Drought tolerance is a complex phenomenon. Plants adapt to various physiological and 

biochemical mechanisms to generate tolerance against drought, which include increased 

stomatal resistance to prevent water loss, development of deep root system, accumulation of 

osmoprotectant and compatible solutes, biosynthesis of secondary metabolites, and 

phytohormone modulation (Figure 1.3) [13]. Wheat plants respond to drought stress through 

various molecular mechanisms, including sensing the stress signal, activating multiple 

signaling pathways, translation, and post-translational modification, governed by genetic and 

epigenetic factors [14]. At the molecular level, several stress-related proteins and enzymes are 

produced, including dehydrins, late embryogenic abundant (LEA) proteins, and glutathione S-

transferase (GST).  



6 
 

 
Figure 1.3. Drought stress tolerance in plants. Plants protect themselves against drought stress 
through various physical, biochemical, and molecular modifications. (Abbreviations: ROS- 
Reactive Oxygen Species; ABA- Abscisic Acid; LEA- Late Embryogenic Abundant proteins). 

There are various practices that can improve plant growth under abiotic stress conditions. One 

of them is the application of chemical fertilizers, which promote plant growth under such 

environmental conditions [15]. However, chemical fertilizers have health and environmental 

concerns. The chemical fertilizer can substantially cause soil, water, and air pollution. The 

excessive use of chemical fertilizer has also impacted soil microorganisms and soil fertility and 

deteriorated the biological and physicochemical health of the arable soil [16, 17]. Secondly, 

breeding programs have been designed to architect a genotype enabling increased water and 

nutrient efficiency. However, it is a slow process and requires proper genetic variability 

detection between plant genotypes or sexually compatible cultivars [18]. Also, it is labor-

intensive, requires skilled people, and is economically unsuitable. Moreover, generating 

genetically modified drought-stress-resistant crops can be an appropriate solution to enhance 

agricultural productivity and modify the genetic composition of a plant [4]. However, its health 

and environmental impacts are not fully known. Also, there are ethical concerns with the use 

of genetically modified crops. Therefore, taking account of the present scenario, biofertilizers 

are suitable alternative to counter the adverse effect of abiotic stress, facilitating the overall 

growth and yield of wheat crops in an eco-friendly manner and promoting sustainable 

agriculture [16]. The biofertilizers are the preparation of efficient soil microorganism or 

microbial communities, mainly isolated from plant rhizosphere or endosphere, when applied 

to soil, seed, or plant surface, colonize, and promote the growth of host plants. The biofertilizer 

provides major limiting nutrients, stimulates plant growth by modulating the level of 
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phytohormones, and ameliorates several biotic and abiotic stress conditions in host plants [16, 

17]. One of the most potential biofertilizers is based on applying Plant Growth Promoting 

Rhizobacteria (PGPR). 

1.4 Plant Growth Promoting Rhizobacteria —The Phyto-Friendly Soil Microbes 

PGPR are free-living, beneficial, aggressively root-colonizing bacteria that thrive in the plant 

rhizosphere, thus promoting plant growth through various mechanisms [16, 17]. The term 

PGPR was introduced by Kloepper and Schroth in 1978. The ideal PGPR are characterized by 

the following inherent distinctiveness: (i) they must be rhizosphere-competent and proficient 

to colonize the root surface; (ii) they must survive and multiply upon inoculation; (iii) they 

must promote plant growth; and (iv) they must be compatible with other bacteria in the 

rhizosphere [16, 19]. PGPR are known to produce and secrete various regulatory chemicals 

near the rhizosphere, influencing plant growth, health, and productivity. They contribute to 

plant growth through nitrogen fixation, synthesizing phytohormones, solubilizing mineral 

nutrients, decomposing organic matter, recycling essential elements, degrading organic 

pollutants, and stimulating root growth. They also make various metals bioavailable to the 

plants by altering the pH of the soil, producing chelator molecules such as siderophores, 

organic acids, and biosurfactants, adsorbing metal ions directly on the root surface, or 

performing various biochemical reactions [17]. They also protect the host plant against 

phytopathogens and promote resistance to various abiotic stresses [16, 17, 20]. Several PGPR 

belonging to the genera Acinetobacter, Aeromonas, Agrobacterium, Allorhizobium, 

Arthrobacter, Azoarcus, Azorhizobium, Azospirillum, Azotobacter, Bacillus, Bradyrhizobium, 

Burkholderia, Caulobacter, Chromobacterium, Delftia, Enterobacter, Flavobacterium, 

Frankia, Gluconacetobacter, Klebsiella, Mesorhizobium, Micrococcus, Paenibacillus, 

Pantoea, Pseudomonas, Rhizobium, Serratia, Streptomyces, Thiobacillus, and others have 

been used as soil inoculums, either alone or in combination, to improve plant growth in various 

studies [16, 17, 20–23]. Many researchers have reported and reviewed the application of PGPR 

and their contribution to promoting plant growth across the plant kingdom [16, 17, 19, 21–23]. 

In addition to promoting plant growth by providing nutrients, some PGPR also ameliorates 

different abiotic stressors, including drought stress. For instance, PGPR-mediated stress-

amelioration and plant growth stimulation have been reported in various crop plants, such as 

maize [24], cucumber [25], mung bean [26], and wheat [27–29]. The capacity of PGPR to 

combat abiotic stressors through 1-aminocyclopropane-1- carboxylate (ACC) deaminase and 
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other mechanisms is known as induced systemic tolerance (IST) in plants [20]. The PGPR-

induced abiotic stress tolerance in plants is critically important in mitigating the negative 

impact of climate change on crop production. Therefore, a systematic study to understand the 

role of PGPR in managing abiotic stressors is essential for sustainable agriculture. 

1.5 Induced Systemic Tolerance (IST) 

PGPR-mediated enhancement of plants’ tolerance to unfriendly environmental conditions, 

such as salinity stress, drought stress, heavy metals stress, high and low temperature, and 

flooding, through elicitation of a so-called process called Induced Systemic Tolerance (IST). 

IST results from PGPR-induced interaction that leads to various physiological and biochemical 

changes that protect host plants from the deleterious effects of abiotic stresses. Several research 

groups have reported the role of PGPR in abiotic stress amelioration (Table 1.1) [2, 30]. IST is 

induced by PGPR-derived elicitors such as phytohormones, volatile organic compounds 

(VOCs), enzymes such as ACC deaminase, antioxidants, and exopolysaccharides (Figure 1.4 

and Figure 1.5) [12]. IST leads to the foundation of an eco-friendly stress management strategy. 

 

Figure 1.4. Overview of mechanisms exhibited by rhizobacteria (PGPR). PGPR directly 
promotes plant growth by improving nutrient acquisition (such as nitrogen fixation, phosphate 
solubilization) and growth augmentation by regulating phytohormone levels. They also make 
various metals bioavailable to the plants by altering the pH of the soil, producing chelator 
molecules such as siderophores, organic acids, and biosurfactants, and adsorption of metal ions 
directly on the root surface. They enhance stress tolerance in plants by osmolyte production, 
ACC deaminase activity, and inducing systemic tolerance in plants. The indirect effects of 
PGPR include the suppression of phytopathogens and the induction of systemic resistance in 
plants against a wide range of pathogenic microbes. 
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Table 1.1. Induced Systemic Tolerance (IST) by PGPR against various abiotic stress. 

Bacteria Host Plant Stress Protection Mechanism/ tolerance 
strategy 

Reference 

Bacillus 
amyloliquefaciens, 
Azospirillum brasilence 

Wheat Heat Reduced regeneration of 
reactive oxygen species, 
reactivation of heat shock 
transcription factors, 
changes in metabolome 

Abd El-Daim et al., 2014 
[46] 

Pseudomonas sp. Tomato Salinity ACC deaminase, Higher 
chlorophyll content 

Ali et al., 2014 [44] 

Bacillus 
amylolequifaciens, 
Bacillus insolitus 
Microbacterium sp., 
Pseudomonas syringa 

Wheat Salinity Restricted Na+ influx due 
to rhizo-sheath formation 
by EPS 

Ashraf et al., 2004 [39] 

Bacillus 
amyloliquefaciens SQR9 

Maize Salinity Enhanced Chlorophyll 
content, improved 
peroxidase/catalase 
activity and glutathione 
content 

Chen et al., 2016 [36] 

Bacillus subtilis Rhizo SF 
48 

Tomato Drought ACC deaminase. 
Increased proline, SOD 
and APX activity. 

Gowtham et al., 2020 [35] 

Pseudomonas 
pseudoalcaligenes, 
Bacillus pumilus 

Rice Salinity Increased concentration of 
glycine betaine 
(compatible solute) 
Decrease in APX, Increase 
in nitrate reductase 
activity 

Jha et al., 2011 [41] 

Bacillus sp. and 
Enterobacter sp. 

Wheat and Maize Drought IAA and Salicylic 
Production 

Jochum et al., 2019 [34] 
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Enterobacter sp. Tomato, Arabidopsis Salinity IAA, Increased expression 
of salt stress responsive 
genes such as DREB2b, 
RD29A, RD29B, RAB18 
Higher APX activities 

Kim et al., 2014 [43] 

Kocuria rhizophila Maize Salinity Regulating 
phytohormones (IAA and 
ABA) and improving 
nutrient acquisition. 
Higher transcript level 
genes GR1 and APX1, 
and genes involved in salt 
tolerance (DREB2A, 
NHX1, NHX2) 

Li et al., 2020 [33] 

Pseudomonas putida, 
Enterobacter cloacae, 
Serratia ficaria, 
Pseudomonas fluorescens 

Wheat Salinity Improved nutrition Nadeem et al., 2013 [42] 

Pseudomonas sp. Maize Drought EPS increased soil 
aggregation and water 
uptake 

Naseem & Bano, 2014 
[38] 

Pseudomonas 
fluorescens DR7 

Foxtail millet Drought ACC deaminase, EPS 
production, increase soil 
moisture, and enhance the 
root adhering soil/root 
tissue ratio 

Niu et al., 2018 [31] 

Cupriavidus necator 1C2 
(B1) and Pseudomonas 
fluorescens S3X (B2) 

Maize Drought Increase nitrogen (N) and 
phosphorous (P) use 
efficiency, accumulation 
of compatible solutes 

Pereira et al., 2020 [32] 

Priestia megaterium Wheat Drought ACC deaminase, IAA, 
antagonistic activities 

Rashid et al., 2021 [27] 
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against plant pathogens. 
Increased chlorophyll and 
proline content 

Pseudomonas aeruginosa Mung bean Drought IAA, Up regulation of 
DREB2A, CAT1, DHN, 
Increased activity of SOD, 
peroxidase (POX), CAT 

Sarma & Saikia, 2014 
[26] 

Bacillus thuringiensis Wheat Drought Production of volatile 
organic compounds. 
Increased activity of 
glutathione reductase 
(G.R.), catalase (CAT), 
superoxide dismutase 
(SOD), Alginate, IAA, 
Reduced emissions of 
stress volatiles 

Timmusk et al., 2014 [37] 

Pseudomonas simiae Glycine max (Soybean) Salinity 4-nitroguaiacol and 
quinoline promote 
soybean seed germination 

Vaishnav et al., 2016 [45] 

Bacillus cereus, Bacillus 
subtilis, Serratia sp. 

Cucumber Drought Expression of genes 
cAPX, rbcL, rbcS, 
Increased chlorophyll 
content 

Wang et al., 2012 [25] 

Bacillus subtilis Arabidopsis thaliana Salinity VOCs regulates HKT1 
expression 

Zhang et al., 2008 [40] 
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Figure 1.5. Microbe-mediated induced systemic tolerance in the plants. Bacteria residing in the rhizospheric region promote plant growth and 
alleviate stress tolerance in plants by synthesizing certain chemicals or modifying different biochemical pathways. (PGPR- Plant Growth-
Promoting Bacteria; IAA- Indole Acetic Acid; ACC deaminase- 1-aminocyclopropane-1-carboxylate deaminase; HKT1- high-affinity K+ 
transporters). 
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1.5.1 ACC Deaminase Activity 

Ethylene is a gaseous phytohormone that directs several developmental processes in plants, 

such as promoting fruit ripening, leaf senescence and wilting, abscission, germination, root 

architecture, and flowering [47]. At low concentrations, ethylene impacts several benefits to 

the plants, but its higher concentration is detrimental and induces defoliation and other cellular 

processes that may deteriorate plant growth. The elevated ethylene level causes root growth 

inhibition, abnormalities in the development of hypocotyl and its elongation, and defoliation 

and growth retardation. These phenomena are collectively called a triple response. Increased 

ethylene biosynthesis is a characteristic phenomenon of plants during environmental stress 

conditions which accelerates senescence and ultimately results in plant growth retardation [47]. 

Many PGPR employ ACC deaminase activity to suppress the stress-induced ethylene level in 

host plants, thereby ameliorating plant stress and promoting plant growth. The ACC 

deaminase-producing bacteria sequester and degrade ACC, an immediate precursor to 

ethylene, to ammonia and α-ketobutyrate, which in turn provide nitrogen and carbon sources 

respectively to them [20, 48]. The ACC deaminase-producing rhizobacteria have been 

identified in a wide range of genera, such as Acinetobacter, Bacillus, Burkholderia, 

Enterobacter, Pseudomonas etc. [20, 35]. Previous studies have reported the efficiency of ACC 

deaminase-producing PGPR in upregulating antioxidant machinery, improving the functioning 

of photosynthetic apparatus that eventually leads to enhanced plant biomass and increased 

stress tolerance [49, 50]. Maxton et al. (2018) reported that inoculation of Burkholderia 

cepacia mitigated the adverse effects of salinity and drought by the proliferation of root system 

and increasing plant biomass in Capsicum annuum [51].  In another study, Murali et al. 

demonstrated the potential of ACC deaminase producing PGPR, Bacillus amyloliquefaciens 

MMRO4, to alleviate drought stress in pearl millets. They found that MMR04 enhanced 

enzymatic and non-enzymatic antioxidants and decreased expression of DREB-1E and ERF-

1B genes, encoding transcription factors dehydration responsive element binding protein-1E 

and ethylene response factor-1B respectively, in pearl millet upon drought stress imposition. 

Also, APX1 and SOD1 gene expression was increased in MMR04-treated plants upon drought 

stress [52]. ACC deaminase-producing PGPR Pseudomonas sp. MRBP4, Pseudomonas sp. 

MRBP13 and Bacillus sp. MRBP10 isolated from maize rhizosphere ameliorates the effect of 

drought stress in maize by significantly affecting total soluble sugar, soil moisture content, and 

relative water content [53]. Therefore, the growth enhancement of plants by ACC deaminase 
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bacteria has motivated scientists to transfer ACC deaminase gene (AcdS) into plants as a future 

approach to minimize the harmful effects of ethylene in plants subjected to adverse 

environmental conditions [20].  

1.5.2 Exopolysaccharide Production 

Many PGPR produce exopolysaccharides (EPS), which help their attachment to plant roots and 

biofilm formation and enhance their mobility under drought and salinity stress [54, 55]. EPS 

formation protects bacteria from oxidative cell death. It also confers resistance to plants against 

drought stress as EPS can act as an emulsifier that quenches ROS and protects biomolecules. 

EPS-producing PGPR can ameliorate osmotic stress caused by drought and salinity and 

promote plant growth in different ways. EPS causes aggregation of soil particles, which 

increases root adhering of soil (RAS) by forming a hydrophilic biofilm around plants’ roots. 

Consequently, it increases nutrient acquisition and water availability by the plants, promoting 

plant growth and biomass under drought stress [56]. Also, EPS prevents soil erosion, increases 

stability of the rhizosphere region, and maintains soil structure under drought conditions [54]. 

For instance, EPS-producing Enterobacter cloacae and Bacillus drentensis enhanced nutrient 

availability and water uptake in mung bean plants through the formation of biofilm in the root 

zone [54, 55]. Bashan et al. (2004) reported that EPS-producing Azospirillum bacteria enhance 

osmotic stress resistance in plants due to changes in the soil structure and aggregation 

properties [57]. Kaci et al. (2005) also observed improvements in soil aggregation properties 

of wheat rhizosphere due to EPS production by rhizobia, thus enhancing plant growth under 

stress [58]. Moreover, some EPS-producing rhizobacteria, such as Bacillus subtilis GB03, can 

also minimize ion toxicity by reducing Na+ influx through the expression of HKT1/K+ 

transporter under salt stress [40, 55]. Few EPS-producing PGPR, for example, Bacillus 

amyloliquefaciens, Bacillus insolitus, Microbacterium sp., and Pseudomonas syringae have 

been reported to improve wheat crop growth by inhibition of Na+ influx during salinity stress 

[29, 38, 39, 59]. Wheat plants inoculated with EPS-producing rhizobacteria could overcome 

salinity stress as rhizo-sheaths formed around plant roots due to EPS-restricted Na+ influx into 

the stele [39]. 

1.5.3 Production of Volatile Organic Compounds (VOCs) 

PGPR-produced volatile organic compounds, like 2, 3-butanediol, and acetoin, constitute an 

important mechanism of plant growth elicitation by PGPRs. These compounds act as signaling 

molecules to mediate plant-microorganism interaction and regulate osmolyte and 
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phytohormone biosynthesis [22, 55, 56]. For instance, as reported by Ryu (2003), VOCs 

secreted by Bacillus amyloliquefaciens IN937a and Bacillus subtilis GB03 enhance 

Arabidopsis plant growth by modulating the expression of genes involved in cell wall structure 

[60]. VOCs produced by Bacillus subtilis GB03 caused the upregulation of transcripts involved 

in auxin homeostasis. They stimulated the biosynthesis of osmolytes, such as choline and 

glycine betaine, thus improving osmotic stress tolerance in Arabidopsis plants [40, 61]. VOCs, 

like 2R and 3R-butanediol, produced by Pseudomonas chlororaphis O6 cause stomatal closure 

in Arabidopsis plants, thus imparting IST to drought. However, various phytohormone 

signalling pathways comprising SA, ethylene, and JA are also involved [62]. Since VOCs are 

species-specific, they are often used as a marker for specific microbial species detection and in 

accessing the nature of interaction among microbial communities [55]. 

1.5.4 Phytohormone Production 

IAA secreted by rhizobacteria interferes with plant developmental processes by changing the 

plant auxin pool. Bacterial IAA provides the plant greater access to soil nutrients by increasing 

root length and surface area. Also, rhizobacterial IAA is an effector molecule in plant-microbe 

interaction as it loosens plant cell walls, hence facilitating more root exudate secretion that 

provides additional nutrients to rhizobia bacteria [19]. Primarily using tryptophan as a 

precursor molecule, at least five different pathways have been described for IAA synthesis in 

bacteria. IAA formation is found in the majority of bacteria belonging to different genera like 

Pseudomonas, Agrobacterium, Enterobacter, klebsiella, etc. [63–67]. Numerous studies report 

that phytohormone-producing soil microbes can help in alleviating abiotic stress in plants. For 

instance, Marulanda et al. (2009) reported that plants inoculated with IAA-producing 

Pseudomonas putida survive drought stress, as there was an increase in root surface area and 

number of root tips, thus enhancing the uptake of nutrients and water [68]. Similarly, 

Azospirillum inoculation in wheat plants enhanced plant growth under water stress through 

changes in the root architecture, increased leaf water content, and water potential [69]. Ghosh 

et al. (2019) have shown the ability of bacterial strains, Pseudomonas aeruginosa PM389, 

Pseudomonas aeruginosa ZNP1, Bacillus endophyticus J13 and Bacillus tequilensis J12, to 

secrete phytohormones under drought stress, suggests their possible contribution to 

ameliorating the adverse effects of osmotic stress in plants [59]. 

Mechanisms involved in PGPR-induced abiotic stress tolerance include changes in root and 

shoot morphology, augmented phytohormones content, increased relative water content, 
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improved antioxidant metabolism, osmotic adjustment, and enrichment of nutrient uptake by 

the plants [2, 12]. Therefore, a better understanding of molecular crosstalk between these 

beneficial microorganisms and plants can be exploited to alter plant metabolism and provide 

resistance to abiotic stresses. 

1.6 Understanding the Role of PGPR-Plant Interactions in Drought-Stress Amelioration 

Employing Omics Studies.  

Understanding the role of plant-microbe interactions is important to improve crop resilience to 

abiotic stresses and maximize crop productivity. Also, studying the complex nature of plant-

microbe interactions in terms of protection against abiotic stresses can offer several strategies 

to increase the productivity of plants in an eco-friendly manner by providing better insights 

into the stress-mitigating mechanisms. Different techniques and approaches incorporating 

genomics, metabolomics, transcriptomics, and proteomics can be used to elucidate plant-

microbe abiotic stress frameworks and generate multi-layered information that can answer 

what is happening in real time within the cells (Figure 1.6). The data generated and analysed 

by these multi-omics technologies is possible through advancement in high-end 

instrumentation and computational integration, which helped in the identification of signal 

molecules, proteins, genes, and gene cascades that connect them to the gene network or 

pathway to describe their function [70]. These molecular techniques will help assess the effects 

of agitations caused by abiotic stress on soil microbiome and plant-microbial interaction [70, 

71]. Culture-neutral molecular techniques are mostly used for deciphering the microbial 

diversity and rhizosphere microenvironments and to get more insight into the molecular basis 

of the plant-microbe associations and microbe-mediated mitigation strategies of abiotic stresses 

in plants.  
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Figure 1.6. Multi-omics approaches and strategies for deciphering Plant-Microbe interactions. These approaches help in the identification, 
characterization, and detection of genes, proteins, and metabolites in response to stress/ microbial interactions. New functions to genes, proteins, 
and metabolites, as well as new metabolic pathways, can also be identified using these approaches. (Abbreviation: ESI- Electrospray ionization; 
MALDI- Matrix-assisted laser desorption/ ionization; G.C.- Gas chromatography; HPLC- High-Performance Liquid Chromatography; L.C.- 
Liquid chromatography; M.S.- Mass Spectrometry; NMR- Nuclear Magnetic Resonance; PCR- Polymerase Chain Reaction; TOF- Time of Flight). 
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Genomics: A large amount of genomic data in the form of sequenced genomes and expression 

profiles is important to know gene loci responsible for abiotic stress tolerance and, thus, for 

breeding for stress alleviation. Therefore, genomics-based technologies are essential for crop 

improvement programs. The genomic study helps in the identification of stress tolerance genes 

and their regulation in plants as well as in rhizobacteria. It helps breeders generate better 

varieties for stress tolerance [70]. 

Whole genome sequencing of PGPR has been widely used for their characterization, such as 

plant growth promotion capability or resistance/tolerance to abiotic stresses [72]. For instance, 

the whole genome of Brevibacterium frigoritolerans ZB201705, isolated from the rhizosphere 

of Maize under salinity and drought stress, was analysed. It revealed that this strain can 

synthesize many proteins, such as histidine-protein kinase/phosphatase DegS, sodium/proline 

symporter, superoxide dismutase (SOD), catalase (CAT), and glutathione peroxidase (GPX), 

involved in the cell response to drought and salt stress [73]. Similarly, Singh et al. (2017) 

analyzed the genome sequence of Enterobacter cloacae SBP-8, a PGPR isolated from the 

rhizosphere of Sorghum bicolor L, and identified genes potentially involved in plant growth-

promoting properties such as those encoding for 1-aminocyclopropane-1-carboxylate 

deaminase (AcdS), phosphate solubilisation, siderophore, and IAA (indole acetic acid) 

production [74]. In another study, whole genome sequencing of three PGPR (Enterobacter 

asburiae CPCRI-1, Pseudomonas putida CPCRI-2, Enterobacter cloacae CPCRI-3) isolated 

from the rhizosphere of plantation crops’ coconut, cocoa, and arecanut respectively. Functional 

annotation of the genes predicted that all three bacteria-encoded genes potentially needed for 

promoting plant growth such as ACC deaminase, siderophores, mineral phosphate 

solubilization, acetoin, butanediol, chitinase, phenazine, 4-hydroxybenzoate, trehalose, 

hydrogen sulfide (H2S) production and quorum sensing molecules. Other identified genes were 

peroxidases, catalases, and superoxide dismutases. Also, genes involved in heat shock 

tolerance, cold shock tolerance, and glycine-betaine production were also identified [75]. 

Similarly, Aloo et al. (2020) analyzed the complete sequence of three PGPR Klebsiella sp. 

strain MPUS7, Serratia sp. strain NGAS9, and Citrobacter sp. strain LUTT5 isolated from 

Solanum tuberosum L. rhizosphere in Tanzania. Their protein-encoding genes were involved 

in potassium, nitrogen, phosphorus, and iron metabolism [76]. Also, Noori et al. (2021) 

presented the assembly of the whole genome of salinity and drought-resistant bacterium 

Pantoea agglomerans ANP8 isolated from root nodules of alfalfa. They identified genes 

involved in IAA production, multiple copies of the gcd gene involved in phosphate 
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solubilization, and genes involved in regulating potassium concentrations, such as the nhaA 

gene [77].  

Transcriptomics: Transcriptomic study of plants in response to PGPR plays an important role 

in the identification of bacterial stimuli transduced to enhance plant growth and stress 

resistance. Transcriptomic studies reveal key gene expression patterns in the host during plant-

microbe interactions. The main purpose of transcriptomic analysis of plants associated with 

bacteria, using gene expression microarray or RNA sequencing (RNA-seq.) approaches, is to 

identify differentially expressed genes under specific environmental conditions [72]. 

Transcriptomic investigation helps in detecting the regulation of actively transcribed genes 

under certain environmental conditions, thus posing an advantage over genomic analysis. For 

instance, Alavi et al. (2013) identified a novel plant growth regulator, spermidine, by 

transcriptome analysis of rapeseed and its symbiont Stenotrophomonas rhizophila during 

abiotic stress [78]. Mellidou et al. (2021) studied the effect of Pseudomonas oryzihabitan 

AXSa06 inoculation on the growth of tomato plants under salinity stress through transcriptomic 

and metabolomic profiling of the host. Different transcript levels upon bacterial inoculation 

have shown salt adaption in plants by efficiently activating antioxidant metabolism, reducing 

stress signals, detoxifying Na+ ions, and effectively assimilating carbon and nitrogen [79]. 

Likewise, Morcillo et al. (2021) showed that Priestia megaterium TG1-E1 mitigates drought 

stress in tomato plants through comparative transcriptomics analysis. Comparison between the 

transcriptomes of drought-stressed plants with and without TG1-E1 inoculation revealed 

bacteria-induced transcriptome reprogramming, which highlights the role of differentially 

expressed genes belonging to the functional categories, including transcription factors, signal 

transduction, and cell wall biogenesis and organization [80]. In another study, a transcriptomic 

study reveals salt stress alleviation in cotton plants upon inoculation of salt-tolerant PGPR 

Bacillus subtilis and Bacillus pumilus. Their finding revealed that plant hormone signal 

pathways were expressed upon PGPR inoculation along with other metabolic pathways [81]. 

PGPR inoculation also regulates gene expression of stress-responsive genes in host plants. For 

instance, inoculation of PGPR strains Klebsiella sp. IG 3, Enterobacter ludwigii IG 10, and 

Flavobacterium sp. IG 15 up-regulated stress-related genes DREB2A and CAT1 in wheat 

plants exposed to drought stress [28]. Similarly, Barnwal et al. (2017) reported that PGPR 

Arthrobacter protophormiae (SA3) and Dietzia natronolimnaea (STR1) enhance salt and 

drought tolerance in wheat crops by altering endogenous phytohormone levels and modulating 
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the expression of TaCTR1/ TaDREB2 [82]. The CAT1 gene encodes a catalase responsible for 

the elimination of H2O2 and ascorbate peroxidases, whereas the DREB2 gene encodes for a 

transcription factor that interacts with promoter regions of genes involved in drought stress 

responses, regulating their expression and thus enhancing plant tolerance. Furthermore, Ali and 

the group did transcriptomic profiling of maize (Zea mays L.) seedlings in response to 

Pseudomonas putida stain FBKV2 inoculation under drought stress, and they found that the 

genes involved in ethylene biosynthesis, abscisic acid, and auxin signaling, catalase, 

superoxide dismutase, and peroxidase were downregulated whereas genes involved in β-

alanine and choline biosynthesis, heat shock proteins, and late embryogenesis abundant (LEA) 

proteins were upregulated in FBKV2-inoculated seedlings [83].  

Proteomics: Proteins play a vital role in shaping the phenotypic trait during plant stress 

response. Proteins are directly involved in plant stress response both as structural and 

regulatory proteins as they regulate plant epigenome, transcriptome, and metabolome. 

Moreover, protein function depends not only on its molecular structure but also on its cellular 

localization, post-translational modifications, and interacting partners. At the proteome level, 

drought is known to induce impairment in cellular metabolism, including photosynthesis, 

resulting in alterations of several photosynthesis-related proteins (RuBisCo large subunit, FBP 

aldolase), leading to an establishment of new homeostasis [84–86]. Also, drought induces 

differential expression of proteins involved in redox regulation, oxidative defense system, 

amino acid metabolism, carbon metabolism, and molecular chaperone [87]. Moreover, ABA-

responsive marker proteins, such as LEA proteins and PP2C family phosphatases, are strongly 

augmented in different plant species in response to ABA and drought stress and constitute the 

core proteins of ABA signalling pathways. In addition, numerous proteins involved in 

secondary metabolism, including those related to jasmonic acid, are increased in response to 

ABA treatment under drought stress [88]. 

Proteomic analysis helps identify proteins, which reveal quantitative or qualitative differences 

between control and stress treatments. These proteins might play an important role in plant 

stress response [85]. Also, proteomics is a widely used technique to decipher plant-microbe 

interactions which are based on the knowledge of isolation, characterization, and identification 

of complete sets of proteins taking part in the process inside a cell at a given time under specific 

conditions. Proteomic study also helps explore various physiological processes and protein-

protein interactions in plants and microbes. The structure and function of proteins involved in 

plant-microbe interactions are investigated through large-scale proteomics technology 
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involving liquid chromatography-tandem mass spectrometry (LC-MS) in a complex biological 

sample [89]. Implication of proteomics studies in host-microbe interaction led to the generation 

of a deeper understanding of how a biological system is regulated.  Proteomic studies help in 

the identification of several proteins that act as signal molecules to physiological changes 

occurring due to stress as well as to a factor that is responsible for stress alleviation. Therefore, 

a comparative proteomic analysis in non-stressed, stressed, and microbe-associated/inoculated 

plants can help to identify protein targets and networks [70]. The various approaches for 

proteomic analysis include protein/peptide separation and identification and can also provide 

quantification and the characterization of post-translational modifications [72, 90]. Proteomic 

studies for abiotic stress responses have been studied extensively in plants including 

Arabidopsis (Arabidopsis thaliana), rice (Oryza sativa), wheat (Triticum aestivum), barley 

(Hordeum vulgare), Maize (Zea mays), soybean (Soybean max), common bean (Phaseolus 

vulgaris), pea (Pisum sativum), oilseed rape (Brassica napus), potato (Solanum tuberosum) 

and tomato (Lycopersicon esculentum) and have reflected dynamic alteration in protein 

metabolism, proteins of various signalling and regulator pathways, transcription factors, and 

structural and functional proteins (as reviewed by [70]). 

Proteomic studies involve gel-based and gel-free separation techniques. The gel-based 

separation technique involves the separation of proteins based on their molecular weight and 

isoelectric point (pI) using two-dimensional electrophoresis (2DE), followed by identification 

and characterization of resolved proteins by mass spectrometry (M.S.). Although a significant 

amount of information has been gained from the classical gel-based separation technique, it 

has some limitations like visualization of proteins in 2DE is difficult, multiple protein spots 

with similar isoelectric point (pI) renders comparative quantification rather inaccurate. Other 

limitations include reproducibility, extreme pH, or hydrophobic proteins, and automation [89]. 

While gel-based separation is still frequently used for its simplicity, gel-free separation 

techniques have become standard for large-scale proteomics. Most gel-free methods utilize 

multidimensional protein identification technology of liquid chromatography (L.C.) for peptide 

separation, as extensive prefractionation of peptide mixtures significantly increases proteome 

coverage with MS-based peptide sequencing. Strong cation exchange (SCX) combined with 

reversed-phase (RP) chromatography is the most used LC technique, but other complementary 

forms of peptide separation also exist [90]. 
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For unbiased protein identification, Mass Spectrometry (MS) is the most common and widely 

used technique for plant-microbe proteomics, with matrix-assisted laser desorption/ionization 

(MALDI) and electrospray ionization (ESI) as major protein/peptide ionization techniques 

whereas time-of-flight (TOF), quadrupole, ion trap, orbitrap, and Fourier transform ion 

cyclotron resonance (FT-ICR) as mass analysers. Further, quantification of proteomes can be 

performed either through stable isotope labelling or label-free methods. Labelling methods 

include the isotope-coded affinity tag (ICAT) and isobaric tag for relative and absolute 

quantification (iTRAQ). Other labelling techniques include Stable isotope labelling of amino 

acids in cell culture (SILAC) and metabolic labelling through stable isotope of nitrogen (15N 

inorganic salts). Since the cost is an important factor, quantification labelling techniques are 

less preferred being costlier in comparison to label-free methods, which are time-consuming. 

MS/MS-based label-free quantification strategy includes sequential windowed acquisition of 

all theoretical fragment ion mass spectra (SWATH). SWATH™ permits the differentiation of 

isobaric peptides, followed by data mining of unpredicted species [71].  

Proteomic studies in different plant species under drought stress are well documented by many 

researchers [91–94], including in wheat [95–100]. To investigate the mechanism of the plant-

PGPR interaction proteomic approach was conducted by several researchers. Also, a proteomic 

approach was used to study how PGPR helps plants to mitigate environmental stress (Table 

1.2). The proteomic analysis revealed that PGPR influences the expression levels of diverse 

proteins involved in plant growth promotion, plant pathogen inhibition, photosynthesis, and 

antioxidative processes, and transportation across membranes [101]. Banaei-Asl et al. (2015) 

have reported that Pseudomonas fluorescens helped the canola plant (Brassica sp.) to tolerate 

salinity stress through the enrichment of proteins related to energy metabolism and cell division 

[102]. Singh et al. (2017) reported that the wheat plant inoculated with the Klebsiella sp. SBP-

8 under salinity stress had expressed proteins that govern osmotic homeostasis, defense 

activation, cell wall strengthening, ion transportation, and photosynthesis functioning to confer 

stress resistance [103]. To the best of our knowledge, comparative proteomic approach to study 

plant-microbe interaction under environmental stress is not well explored, especially in wheat 

under drought stress (Table 1.2).  
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Table 1.2. Proteomic study to investigate plant- PGPR interaction. 

Plant Bacteria Abiotic Stress Methodology Reference 
Wheat (Triticum 
aestivum) 

Bacillus 
velezensis 5113 

Heat, 
cold/freezing 
and Drought 

2D PAGE-MS Abd El-Daim et 
al., 2019 [114] 

Rice (Oryza 
sativa) 

Azotobacter 
chroococcum W5 
and A41 

No stress LC-MS/MS Bandyopadhyay 
et al., 2022 [109] 

Canola (Brassica 
napus) 

Pseudomonas 
fluorescens FY32 

Salinity Nano-liquid 
chromatograph by 
MS 

Banaei-Asl et al., 
2015 [102] 

Canola (Brassica 
napus) 

Pseudomonas 
putida UW4 

Salinity 2-DE MS Cheng et al., 
2012 [115] 

Sorghum bicolor Pseudomonas sp. No stress LC-MS/MS Dhawi, 2020 
[113] 

Nicotiana 
tabacum 

Bacillus sp. JS No stress 2-DE MALDI-
TOF 

Kim et al., 2018 
[112] 

Maize (Zea 
mays) and 
Tomato 
(Solanum 
lycopersicum) 

Azospirillum 
brasilense sp7 

No stress 2D-PAGE 
MALDI-TOF 
MALDI-
TOF/TOF 

Lade et al., 2018 
[105] 

Arabidopsis 
thaliana 

Herbaspirillum 
seropedicae 

No stress ESI-LC-MS/MS Leandro et al., 
2019 [107] 

Pepper 
(Capsicum 
annuum L.) 

Bacillus 
licheniformis K11 

Drought 2D-PAGE 
MALDI-TOF 

Lim & Kim, 
2013 [116] 

Rice (Oryza 
sativa) 

Stenotrophomonas 
maltophilla and 
Bacillus sp. 

No stress 2D PAGE-MS Naher et al., 
2018 [106] 

Soyabean 
(Glycine max) 

Bradyrhizobium 
japonicum 

No stress iTRAQ 
nanoRPLC-
MS/MS 
(Phosphoproteome 
analysis) 

Nguyen et al., 
2012 [111] 

Maize (Zea 
mays) 

Herbaspirillum 
seropedicae 

No stress Nano LTQ-
Orbitrap 

Nunes et al., 
2021 [110] 

Wheat (Triticum 
aestivum) 

Enterobacter 
cloacae SBP-8 

Salinity MS/MS analysis Singh et al., 
2017 [103] 

Wheat (Triticum 
aestivum) 

Ralstonia 
eutropha Q2-8 

Heavy metal 
(Cadmium and 
Arsenic) 

iTRAQ nanoLC-
MSMS 

Wang et al., 
2018 [117] 

Arabidopsis 
thaliana 

Kosakonia 
radicincitans DSM 
16656 

No stress 2-DE nanoLC-
ESI-MS/MS 

Witzel et al., 
2017 [108] 

Wheat (Triticum 
aestivum) 

Bacillus subtilis No stress Nano-liquid 
chromatograph by 
MS 

Yadav et al., 
2022 [104] 
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Metabolomics: The metabolome of an organism directly correlates with diverse pathways 

operating in the cell, which in turn reflects the availability of corresponding genetic 

information. The metabolome varies largely with alterations in the surrounding environment 

that induce direct physiological changes in a plant. Therefore, differential metabolomics is 

important to acquire detailed knowledge of the metabolome of an organism both in normal and 

under stress, which helps identify typical signature metabolites required for stress tolerance. 

This will help identify alterations induced within the pathways and induction of typical stress-

inducible genes. Plant metabolome study will help in the identification of various signal 

molecules secreted by plants to attract and induce important biochemical pathways in 

colonizing microbial populations [70]. 

Targeted or untargeted metabolomics can be used to measure changes in specific metabolite 

levels in response to a given treatment. Mass spectrometry (MS) and nuclear magnetic 

resonance (NMR) are major approaches to study metabolites in a plant in response to different 

environmental conditions [72]. The high-throughput mass spectrometric profiling of cellular 

metabolites of plant-associated microbes under the influence of stressors could reveal the level 

of interference by the stressor in the overall cellular homeostasis. For instance, Kalozoumis et 

al. (2021) did a metabolomics analysis of tomato leaf upon inoculation with PGPR 

Enterobacter mori strain C3.1 under water and nutrient stress and revealed that combined stress 

affects several stress-related metabolites, including trehalose, myoinositol, and mono palmitin 

[118].  

1.7 Role of Microbiome in Stress Amelioration 

The plant microbiomes (rhizospheric, endophytic, and phyllospheric) and microbiomes of 

extreme habitat (halophilic, acidophilic, alkaliphilic, psychrophilic, thermophilic, and 

xerophilic) with plant growth promoting (PGP) attributes, are natural bioresource, which play 

crucial roles in the maintaining global nutrient balance and ecosystem functions. They have 

emerged as an important and promising tool to enhance plant growth, crop yield, and soil 

fertility [119]. The complex microbiome in the rhizosphere is influenced by various climatic 

conditions such as drought, temperature, salinity, etc., of soil and biotic factors, and physical 

factors, including the presence of metal ions and organic compounds. Host plants’ exudates 

also influence the microbial diversity in the rhizosphere. Hence, exploring both cultivable and 

uncultivable plant microbiomes can enrich our understanding of plant-microbial ecology and 

their interaction within the community under changes in environmental conditions. 
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Metagenomics has enabled researchers to understand microbial ecology and functional genetic 

diversity of various microbes and their interaction with the environment [120].  

Metagenomics helps in the real-time characterization of complex microbial communities in 

environmental samples through nucleotide sequencing. The Metagenomics approach has 

enabled one to acquire data related to the habitat-specific distribution of microbial communities 

with their PGP, biocontrol, antibiotic-producing, and xenobiotic degrading characteristics. For 

metagenomics analysis, targeted or shotgun sequencing are the two main approaches: using 

one or the other approach largely depends on the type of environmental studies to be performed. 

This technique helps discover new species along with their taxonomic profile. DNA sequence 

data generated through Next generation sequencing (NGS) helps to study plants with respect 

to their taxonomy, ecological function, and interactome involving genomics, transcriptomics, 

and metabolomics studies of microbes, which will eventually lead to the identification of the 

mechanism for their survival and interactions [71, 72]. For instance, Xu et al. (2021) used 

genome-resolved metagenomics to explore microbial properties associated with drought 

enrichment phenotypes in the sorghum rhizosphere. They identified carbohydrate and 

secondary metabolite transport and metabolism as pathways related to bacterial enrichment 

under drought [121]. They also revealed that bacterial iron transport and metabolism 

functionality is highly associated with drought enrichment. They have demonstrated that 

drought stress impacted the iron homeostasis within the root and that the  loss of a plant 

phytosiderophore iron transporter affected microbial community composition, leading to 

significant increases in Actinobacteria. Finally, they revealed that application of iron 

exogenously, disrupts the drought-induced enrichment of Actinobacteria, as well as their 

improvement in host phenotype during drought stress. Another metagenomic study revealed 

the soil microbiome's drought tolerance and found that they promote plant growth through 

higher production of phytohormone, IAA [122]. Their findings suggested that there was a 

reliable link between the phenotype and genotype of the soil microbiome that could explain 

mechanisms of plant growth promotion under drought. Methe et al. (2020) used short-read 

metagenomic sequencing to study maize phyllosphere microbiomes under drought stress across 

three physically different locations. They revealed a wide variety of metabolic and regulatory 

processes that differed in drought and normal water conditions and provided key baseline 

information for future selective breeding [123]. Although several studies have been conducted 

on soil microbiomes under different environmental stress conditions, different farming 

conditions, and on different plant species, yet the information is varied depending on degree of 
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stress experienced as well as soil type. Moreover, further studies are required to study the entire 

microbe-microbe, plant-microbe and microbe-environment interactions that are highly 

complicated and complex. Further, the collective effect of the different parameters or stressors 

conditions on the soil microbiome is still lacking. Identification of microorganisms that are 

effective against biotic and abiotic stresses can be used as a consortium to improve host plant 

growth, development, productivity, and tolerance/resistance, which in turn helps in 

understanding the array of processes and genes turned on in response to induced systemic 

resistance (ISR) and systemic acquired resistance (SAR) in plants [124]. 

1.8 Gaps in Existing Research 

Although the role of PGPR in ameliorating abiotic stresses, including drought stress, has been 

demonstrated in earlier work, the application of these bacteria at the field level still needs 

exploration of efficient inoculants and optimization of appropriate formulation to attain optimal 

growth under drought conditions. Moreover, PGPR is known to promote plant growth and 

mitigate deleterious effects of abiotic stressors through different mechanisms described in 

earlier sections. To ameliorate abiotic stressors like drought stress, PGPR must modulate their 

physiological status through changes in stress-related genes and metabolites. They can also 

induce molecular and metabolic changes in the host cells to protect from stress-induced damage 

and influence plant growth under abiotic stress. However, only a few studies have been carried 

out to track changes at molecular and metabolite levels in PGPR interacting with plants under 

drought stress to improve plant growth. Therefore, the present work aimed to characterize the 

efficient drought-tolerant bacteria from the rhizosphere of wheat plants growing in Rajasthan, 

India, and characterize their effect on plant growth under drought stress through functional 

studies following transcriptomic, proteomic, and metabolomic analysis. Based on the literature 

survey, the following gaps were identified in the present study. 

 Despite several reports of drought-tolerant bacteria, there is a lack of information about 

the efficient bacteria recovered from the Shekhawati region of Rajasthan (India). The 

bacteria recovered from this region might have the ability to survive under less water 

availability. Therefore, in the present study, selected drought-tolerant bacteria were 

tested for the plant growth-promoting test on the wheat plant under controlled 

conditions. The ability to enhance plant growth under drought stress can be useful to 

exploit them as suitable biofertilizer agents. 
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 There is growing interest in harnessing the potential of stress-resilient PGPR in 

conferring plant resistance and enhancing crop productivity in drought-affected 

agroecosystem. A detailed understanding of the complex physiological and 

biochemical responses will open the avenues to stress adaptation mechanisms of PGPR 

communities under drought. It will pave the way for rhizosphere engineering through 

metabolically engineered PGPR. Therefore, to reveal the physiological and metabolic 

networks in response to drought-mediated osmotic stress, the current study focused on 

investigating the stress adaptation mechanisms of a selected PGPR. 

 As the PGPR are known to modulate the physiological responses of plants to stressors, 

analysing changes in proteomic profiles driven by PGPR under stress conditions will 

highlight the mechanistic insights of how PGPR helps in mitigating the effects of 

drought stress. Proteomic approaches can elucidate a better discretion of interactions 

occurring between the host plant, PGPR, and environmental stress at the molecular 

level. Applying proteomic techniques will unravel stress-related and antioxidant 

proteins expressed amid plant-microbe interactions under drought stress. Though the 

changes in proteomic profiles have been investigated in plants growing under drought 

stress, to the best of our knowledge, it has not been well explored in response to PGPR 

inoculation under drought stress.  

Anticipating the gap of knowledge in current research, our present work aimed to isolate 

efficient PGPR from plants growing in drought soil of western Rajasthan, India followed by 

their plant growth-stimulating effect on wheat plants in pots under drought stress conditions. 

We also intended to carry out an in-depth analysis (both qualitative and quantitative) of 

osmolytes and other metabolites produced in response to PGPR application in wheat plants 

grown under drought stress. Further, we studied proteome of wheat crop in response to drought 

stress and their alteration by PGPR, which has not been well-explored to the best of our 

knowledge. Regulation of physio- biochemical response of wheat crop under drought stress in 

the presence of efficient PGPR can be used as a suitable stress marker for the selection process.  

1.9 Objective of the Proposed Research:  

This research addresses the role of different mechanisms like phytohormones, ACC deaminase 

enzyme activity, and osmolyte synthesis in the isolated bacterial strains that strongly affect the 

competitiveness of organisms in the environment and plant growth promotion activity. 

Moreover, experimental evidence supports that bacteria with drought-tolerant ability might be 
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a good biofertilizer for plants growing under stress conditions. Thus, the objectives of this 

research work were as follows: 

1. Isolation of drought-tolerant bacteria from wheat rhizosphere and their characterization 

for plant growth promoting effects on wheat plants under drought stress.  

2. Characterization of stress-responsive mechanism(s) under drought stress in selected 

isolate employing metabolomics analysis. 

3. Studying the effect of PGPR on gene expression of stress-related genes and metabolites 

in host plants under drought stress. 

4. Investigating the effect of PGPR on the physiology of host plants employing proteomic 

approaches.  
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2.1 Introduction 

Expanding industrialization, urbanization, and increasing human population have a direct 

impact on the environment as well as on arable land that can be used for different agricultural 

practices [125]. Moreover, both biotic and abiotic stressors, including drought, salinity, 

flooding, heavy metals, temperature, and organic contaminants, adversely affect plant health, 

thus decreasing the yield of crops at large scale. Drought, as an extreme condition, severely 

affects plant growth and food production globally. Fundamental changes to the water cycle, 

particularly the patterns of rainfall and periods of drought, have enhanced drought risk and forced 

farmers to make adjustments in rainfed and irrigated crop production [126]. According to FAO, 

over 34% of crop and livestock production loss incurred due to drought between 2008 and 2018 

in least-developed countries (LDCs) and low to middle-income countries (LMICs). Owing to 

deviated monsoon rains, depleted groundwater, and increasing population, India is at higher 

risk. Being an agricultural country, it can affect a large number of agricultural commodities. 

Further, an increase in temperature is expected to reduce the soil water level, leading to an 

increase in drought occurrence. India contributes around 109.59 million tons of wheat globally 

but as per the agriculture ministry data, wheat production declined by almost 3% to 106.84 

million tonnes due to environmental factors during the 2021-22 crop year. 

Wheat (Triticum aestivum L) is an important cereal and staple crop globally, consumed daily 

by the human population as a main source of protein and carbohydrates. Since wheat is a water-

intensive crop, drought stress negatively impacts its production, including overall yield and 

grain quality, causing huge economic losses worldwide [1, 10, 28]. It reduces plant growth by 

decreasing water uptake and interrupting many physio-biochemical processes, including 

photosynthesis, carbon assimilation, nutrient uptake, plant growth, and development. Drought 

adversely affects CO2 assimilation and transpiration rate, stomata closure, and relative water 

content (RWC), affecting wheat growth and productivity [127]. Therefore, measures to 

overcome drought stress must be addressed.  

The most feasible and cost-effective approach to overcome drought-mediated crop loss is the 

application of PGPR, which is capable of ameliorating drought stress in plants. Such PGPR 

can alleviate abiotic stress in addition to plant growth through properties like phytohormone 

production and macronutrient supplementation and protect plants from the deleterious effects 

of environmental stresses, including drought [27, 28]. The application of PGPR is a promising, 

eco-friendly, and cost-effective alternative to developing productive and sustainable 
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agriculture despite environmental stress [31]. As mentioned in chapter 1, section 1.5, 

rhizobacteria can induce drought endurance and resilience through various direct and indirect 

mechanisms.  

The importance of several PGPR to withstand drought have been reported by several 

researchers in the past few decades. For instance, Priestia megaterium MU2 isolated from 

semi-arid conditions promotes wheat plant growth under drought conditions [27]. 

Exopolysaccharide secreting PGPR and plant growth hormone, salicylic acid can improve 

wheat plant growth under drought stress [29]. Therefore, the understanding of plant growth-

promoting bacteria with drought-tolerant ability can be utilized to ameliorate the stress 

conditions as well as to enhance the growth and yield of the plant. Many drought-tolerant 

bacterial strains have been isolated from different plant crops by different research groups 

(Table 1.1) [27, 31, 37, 128]. Though there are studies reporting the PGPR-mediated drought 

stress amelioration in wheat plants, exploration of more efficient PGPR is still required, which 

can be used as efficient and suitable bioinoculants for protecting plants from adverse effects of 

drought and as a better approach towards sustainable agriculture to a certain extent. Therefore, 

the present work aimed to isolate efficient drought-tolerant bacteria from wheat crops grown 

in the Shekhawati region of Rajasthan, India, and to characterize them for their plant growth-

promoting activities. Also, the optimization of appropriate bio-formulation has been tested to 

attain optimal wheat growth under drought conditions.  

2.2 Materials and Methods 

2.2.1 Isolation of water-stress tolerant rhizobacteria/ endophytic bacteria from wheat 

rhizosphere 

Healthy wheat plants (Triticum aestivum L.) were carefully uprooted from cultivated fields of 

Pilani (28.37°N 75.6°E), Rajasthan, India, in January 2019. To isolate rhizospheric bacteria, 

10 g of rhizospheric soil adhered to roots was weighed, added to 50 ml of 0.85% sodium saline, 

and kept on a shaker for mixing. The soil was allowed to settle, and 1 ml aliquot was inoculated 

to nutrient broth (NB) media containing 10% of polyethylene glycol (PEG-6000) and incubated 

at 30℃ for 24 h on a shaker at 200 rpm to enrich water stress-tolerant bacteria. PEG was added 

to the medium to induce drought stress [129]. One ml of the above culture was re-inoculated 

in NB media containing 10% PEG and incubated as above-stated culture conditions. The 

culture suspension was serial diluted up to 10-6 dilution, and 100 µl of the final dilution was 
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plated onto a solid NB-agar medium containing 10% PEG. The inoculated plates were 

incubated at 30 ℃ for 72 h. Bacterial colonies growing on the above selective medium were 

aseptically picked, sub-cultured, and maintained for further use.  

For isolation of endophytic bacteria, plant roots were rinsed with tap water for 2-3 h, followed 

by surface sterilization with tween-20 and 0.1% HgCl2 for 1 min [130]. Roots were crushed in 

saline with a sterile motor and pestle. The process for enrichment, isolation, and selection of 

endophytic bacteria was followed as per the method described above. 

2.2.2 Molecular characterization of water-stress tolerant rhizobacteria/ endophytic 

bacteria from wheat rhizosphere 

For molecular identification, the genomic DNA of the bacterial isolate was extracted using a 

genomic DNA extraction kit (Qiagen, USA) as per the manufacturer’s instructions. 16S rRNA 

gene was amplified by PCR using a standard method [17]. The rRNA gene was sequenced by 

Sanger Sequencing at Delhi University, South Campus India. The nucleotide sequence was 

compared against the GenBank database using the NCBI-BLAST algorithm and deposited in 

the NCBI database (http://www.ncbi.nlm.nih.gov/BLAST). A phylogenetic tree was 

constructed using the Neighbour-Joining (NJ) method with a bootstrap value 500 in MEGA 

6.0 [131]. 

2.2.3 Biochemical characterization and antibiotic-resistant profile of isolated strains 

Biochemical assays, including Gram staining, IMViC (Indole, Methyl Red, Voges Proskauer, 

Citrate utilization) test, and enzyme assays such as catalase, chitinase, lipase, and amylase were 

performed following standard protocols [132]. Further, antibiotic sensitivity against standard 

antibiotics such as streptomycin (10 µg), tetracycline (10 µg), kanamycin (30 µg), ampicillin 

(10 µg), chloramphenicol (10 µg), and gentamycin (30 µg) were tested using antibiotic discs 

(HTM 002, Hi-media). Briefly, the bacterial culture was spread onto Nutrient Agar media 

plates. The standard antibiotic disc (6 mm) was placed on the surface of the media, and the 

plates were incubated at 37 °C for 24 h. All the experiments were performed in triplicate. The 

results were interpreted by measuring the zone of inhibition diameter using a zone size 

interpretative chart provided by the manufacturer (Himedia). 

An ability of the isolates to utilize different carbohydrates such as xylose, maltose, fructose, 

dextrose, galactose, raffinose, trehalose, sucrose, L-arabinose, mannose, glycerol, salicin, 
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inositol, sorbitol, mannitol, adonitol, α-Methyl-D-glucoside, rhamnose, cellobiose, ONPG, 

esculin hydrolysis, D-arabinose, sorbose, inulin, and mannose was tested using carbohydrate 

utilization test kit (KB 009, Himedia) as per instruction of the manual. 

2.2.4 Test of hydrolytic activity 

Cellulolytic activity: The production of cellulase by the isolates was tested usg Gram’s iodine 

method with slight modifications [133]. Bacterial cultures were point-inoculated onto minimal-

agar medium supplemented with 0.2% carboxymethyl cellulose (CMC) and 0.3% tryptone and 

incubated at 30 °C for four days. Gram’s Iodine solution was poured onto the bacterial growth 

and kept for 5 min at room temperature till the appearance of a clear halo zone. The result was 

interpreted based on the diameter of the clear zone. Further, to measure the cellobiohydrolase 

and glucosidase activity, bacterial culture in its log phase were spot inoculated on JNFb- agar 

plates containing 0.5 mM ammonium chloride and ethanol (6 ml l-1) as nitrogen and carbon 

sources, respectively. The plates were incubated at 30 °C for 3 days. Overlay containing 8 ml 

of 0.05 M potassium phosphate (pH 7.0), 0.7% agarose, and 0.5 µg/ml 4-methylumbelliferyl-

β-cellobioside (MUC) (for glucosidase activity instead of MUC 4-methyllumbelliferyl-β-D 

glucoside (MUG) was used) was applied on the plates and further incubated for 4 to 10 h. Then, 

the plates were illuminated to UV light (302 nm) on a UV-trans-illuminator, and the active 

colonies were identified by the appearance of violet fluorescence [134]. 

Test for pectinolytic activity: For the pectinase test, actively grown bacterial cultures were 

spot-inoculated on NA plates containing 0.5% pectin and incubated at 30 °C 72 h. Colonies 

appearing on plates were overlaid with 2% CTAB (N-cetyl-N, N, N trimethyl-ammonium 

bromide) and further incubated for 30 min at 30 °C, followed by washing with 1 N NaOH 

thrice. Plates were then screened for the appearance of clear zones around the colonies.  

Test for lipase and amylase activity: Lipase activity was determined by streaking the bacterial 

isolates on LB agar plates containing 0.5% tributyrin. Plates were then incubated at 30 °C in 

an incubator shaker. The presence of a halo zone around the streaked colony was considered 

lipase-positive. For amylase assay, bacterial culture was spot-inoculated on 1% starch-agar 

plates and incubated at 28±2 °C for 48 h. Colonies surrounded by a clear halo upon adding 

iodine solution were considered positive for amylase production. 
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2.2.5 Test of Plant growth-promoting (PGP) activities 

Phosphate Solubilization: For the Phosphate solubilization assay, freshly grown bacterial 

culture was point inoculated on NBRIP (National Botanical Research Institute’s Phosphate) 

medium containing insoluble tricalcium phosphate as the sole phosphate source and incubated 

at 28 °C for 4 days. A clear zone formed around the inoculated culture was considered positive 

for phosphate solubilization activity [135]. For the quantification assay, 1.5 ml of a 3-day-old 

culture grown in NBRIP media was pelleted down to 10,000 g for 2 min. The supernatant was 

collected, and 3.5 ml of reagent C (mentioned below) was added to it, appropriately mixed, and 

incubated at room temperature for 1 h. Absorption of the resultant reaction mixture was 

measured at 660 nm against blank. A standard curve was prepared using varying concentrations 

(0-50 µg/ml) of K2HPO4 [136]. 

Reagents used for the quantification of phosphate:  

Reagent A: 10% Ascorbic acid (stored at 4 °C) 

Reagent B: 42% Ammonium molybdate in 1 N H2SO4 

Reagent C: 1 part of Reagent A and 5 parts of Reagent B 

Indole-3-acetic acid (IAA) production: The standard method of [137] was followed to 

determine the ability of bacterial isolates to produce IAA. Bacterial cultures were grown in 

Nutrient broth supplemented with 100 µg/ml of tryptophan for 72 h at 30 °C at 180 rpm. IAA 

production was then determined by the Salkowski Method [138]. Stationary phase culture (1.5 

ml) was collected and centrifuged at 10,000 g for 2 min. To 1 ml of the supernatant, 2 ml of 

the freshly prepared Salkowski reagent was added and kept for 30 min at RT.  The development 

of the cherry-red color was considered a positive test of IAA production. An absorbance of the 

resultant reaction mixture was measured at 530 nm for quantification of IAA. Different 

concentration (0- 100 µg/ml) of pure IAA was used for standard curve preparation.  

Salkowski reagent preparation: 

Solution A: 2 ml of 0.5M FeCl3 in 49 ml of distilled water 

Solution B: 49 ml of 70% perchloric acid 

Prepared solutions A and B separately and mixed as per the requirement. 

Siderophore Production: Siderophore production by the bacterial isolates was assayed using 

the standard chrome azurole S (CAS)-agar method [139, 140]. The bacterial culture was spot 

inoculated on the CAS-agar plates and incubated at 30 °C for 5-6 days. The development of a 
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yellow-orange halo zone around the bacterial growth was considered a positive test for 

siderophore production. The efficiency of siderophore production was measured by calculating 

the siderophore index using the formula (Ds-Dc)/Ds, where Ds and Dc refer to colony diameter 

(in mm) and clear zone diameter (in mm), respectively.  

The composition of chrome azurole S (CAS) dye is as follow: 

Solution 1: Dissolve 0.06 g of CAS in 50 ml of distilled water 

Solution 2: Dissolve 1 mM of FeCl3.6H2O in 10 ml of 10 mM HCl 

Solution 3: Dissolve 0.073 g of CTAB in 40 ml of distilled water 

Dye preparation: Firstly, above-prepared solution 1 and solution 2 were mixed. Then solution 

3 was added for the appearance of a blue colour. Dye was autoclaved and stored in a plastic 

container.  

ACC deaminase activity: ACC deaminase activity of the bacterial isolates was quantified 

following the method of [141]. Bacterial cells were grown in 15 ml of Tryptic soy broth up to 

the late-log phase in a shaking water bath at 200 rpm at 30 ℃. Bacterial cells were collected 

by centrifugation at 8000g for 10 min at 4 ℃. The supernatant was removed, and the cells were 

washed with Dworkin and Foster (DF) salt minimal media and then resuspended in 10 ml of 

DF salt minimal media. To induce ACC deaminase activity, 60 µl of 0.5 M ACC was added to 

cell suspension just before incubation and incubated in a shaking water bath at 200 rpm for 24 

h at 30 ℃. The bacterial cells were harvested by centrifugation, washed twice with 0.1 M Tris- 

HCl (pH 7.6), and resuspended in 0.1 M Tris-HCl (pH 8.5). Bacterial cells were lysed with 30 

µl of toluene and vortexed at high speed for 30 s, and toluenized cell suspension was used 

immediately for ACC deaminase assay. 

For ACC deaminase assay, to the 200 µl of toluenized cells, 20 µl of 0.5 M ACC was added, 

briefly vortexed, and then incubated at 30 ℃ for 15 min. Further, 1 ml of 0.56 M HCl was 

added to the reaction mixture, mixed by vortexing, and centrifuged for 5 min at 8000 g at RT. 

One ml of the resulting supernatant was mixed with 800 µl of 0.56 M HCl. Thereupon, 300 µl 

of 2,4- dinitrophenylhydrazine (0.2% 2,4- dinitrophenylhydrazine in 2 M HCl) was added to 

the above mixture in a glass tube and incubated at 30 °C for 30 min. Following this, 2 ml of 2 

N NaOH was added, and the absorbance was measured at 540 nm in a spectrophotometer. The 

number of µmol of α- ketobutyrate produced is determined by comparing the absorbance of 

the samples to the standard curve of α- ketobutyrate (0.1 to 1.0 µmol) at 540 nm. The quantified 

ACC deaminase was expressed in terms of µmol α-ketobutyrate/mg protein/h.  
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Preliminary screening for nitrogen fixation: Preliminary screening for nitrogen fixation of 

bacterial isolates was carried out by following the standard protocol of [142]. Bacterial isolates 

were streaked on JNFb- medium lacking any organic or inorganic form of combined nitrogen 

and incubated at 30 ℃ for 48 to 72 h and observed for the appearance of bacterial growth. The 

composition (g/litre) of JNFb- was as follows. CaCO3 - 1.0, K2HPO4 - 1.0, MgSO4.7H2O - 0.2, 

FeSO4.7H2O - 0.1, Na2MoO4.2H2O - 0.005, and Sucrose – 5. The pH of the medium was 

maintained to pH 5.5. 

Assay for HCN and ammonia production: Production of HCN and ammonia was determined 

as these traits show the ability of bacteria to suppress the proliferation of fungi in the soil [143]. To 

test ammonia production, a freshly grown culture of the bacterial isolates was inoculated into 

10 ml peptone water and incubated at 37 ℃ for 48 h. following this, Nessler’s reagent (0.5 ml) 

was added and the development of brown to yellow colour was observed as a positive test for 

ammonia production [144]. Assessment of HCN production by bacterial isolates was carried 

out using method of [145]. Each bacterial isolate was inoculated in LB broth amended with 

4.4g/l glycine. The sterile filter paper strip was dipped in picric acid solution (0.5 % picric acid 

in 2% sodium carbonate) and attached to the neck of the flask. The flasks were plugged and 

sealed off tightly with parafilm and incubated at 30 ℃ for 4 days at 150 rpm. Non-inoculated 

flasks were used as a control. A change in colour of filter paper from yellow to brick red was 

considered a positive test for HCN production. No change in colour was recorded as a negative 

reaction. 

2.2.6 Osmotic stress tolerance test 

Since the selected bacterial isolates were to be used to test the effect on ameliorating drought 

stress, we tested the tolerance of different isolates to hyperosmotic stress. To test the ability of 

bacterial isolates to grow under a hyperosmotic environment, LB media was supplemented 

with 10 % polyethylene glycol (PEG-6000). Media without PEG act as a control. The cultures 

were grown at 30℃ with constant shaking at 150 rpm in an incubator shaker. Bacterial growth 

was measured by reading the optical density (OD) at 600 nm using a UV-visible 

spectrophotometer (BioSpectrometer, Eppendorf, Germany). OD600 was measured every hour, 

and then the growth curve was plotted to study its growth pattern.  
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2.2.7 Test of motility 

Considering that motility is required for colonization, different types of motilities, such as 

swimming, swarming, and twitching of the isolates, were tested using a standard protocol [17, 

146].  For the swimming assay, bacterial isolates were inoculated on tryptone swim plates (1% 

tryptone, 0.5% NaCl, 0.3% agar) with a sterile toothpick and incubated at 25 °C for 16 h. 

Motility was assessed qualitatively by examining the circular turbid zone formed away from 

the point of inoculation by the bacterial cells. For swarming assay, the bacterial isolates were 

spot inoculated on swarm plates (NB media containing 0.5% Bacto- agar and 0.5 % dextrose) 

and incubated at 30 °C for 24 h. The swarm plates were dried overnight at room temperature 

before use. To assess twitching motility, bacterial cells were stab-inoculated through a thin 

layer of (approximately 3 mm) LB agar (1% agar) to the bottom of the Petri dish with a 

toothpick and incubated at 30 °C for 24 to 48 h.  The appearance of the hazy zone of growth at 

the interface between the agar and the polystyrene surface was observed.  

2.2.8 Microbial consortia formation 

Bacterial consortia constituting two or more compatible bacteria with different plant growth-

promoting properties were formed to study their synergistic or additive effect for ameliorating 

drought (Table 2.1). To evaluate the compatibility of strains when formulating a bioinoculant 

for plant growth promotion, cross-streak test between co-inoculated strains were performed. 

Table 2.1. Formation of Bacterial consortia based on their plant growth-promoting properties.  

S. No.  Consortium Bacterial Isolate Chosen 
1 Consortium I All the bacterial isolates 
2 Consortium II WRS3 (Phosphate Solubilization & ACC deaminase) + WRS4 

(Phosphate Solubilization & Siderophore) + WRS6 (Siderophore)+ 
WRS7 (IAA) 

3 Consortium III WRS1 (Phosphate Solubilization & ACC deaminase) + WRS3 
(Phosphate Solubilization & ACC deaminase) + WRS7 (IAA) 

4 Consortium IV WRS1 (Phosphate Solubilization & ACC deaminase) + WRS5 
(Phosphate Solubilization & ACC deaminase) + WRS7 (IAA) 

2.2.9 Effect of bacterial isolates on the growth of wheat crop under drought stress 

For the experimental studies, healthy and uniform-sized seeds of wheat variety WH1142 were 

procured from the Indian Institute of Wheat and Barley Research, Karnal (India). For the plant 

growth-promoting test, the inocula of the individual bacterial isolates and microbial consortia 

were prepared. The bacterial culture of each isolate was grown in an LB media, and optical 
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density (OD) at 600 nm was maintained at 0.15 using 1X PBS. For consortia preparation, each 

bacterial isolate was grown separately, harvested by centrifugation at 8000g for 20 min, washed 

once, and resuspended in a sterile 1X phosphate buffer saline (PBS) solution. The culture OD 

was adjusted to attain 2.5×103 CFU mL−1 for use. Different consortia were prepared by mixing 

the respective bacterial cell suspensions in equal ratios by volume (Table 2.1).  

Wheat seeds were surface sterilized by treating with 0.1% HgCl2 for 1 min, followed by 70% 

ethanol for 1 min. The sterile seeds were washed five times with distilled water. Surface-

sterilized seeds were treated with 2.5 × 103 CFU (colony-forming unit) of bacterial inoculum 

at room temperature (RT) for 2 h and dried under aseptic conditions. Five seeds were sown in 

each plastic pot (5″×5″) filled with sterile soil in triplicates and incubated in a plant growth 

chamber (LabTech, South Korea) with a 16:8 photoperiod at 28 ± 2 °C, the humidity of 70%, 

and light intensity of 140 µmol m-2 s-1. Control seeds were incubated with PBS. Murashige and 

Skoog (MS) macronutrient solution was applied to soil as a nutrient solution on alternate days. 

To impose drought stress, plants were not watered after 15 days of germination (plants grown 

up to the three-leaf stage). After 15 days of stress, plants were harvested, and their growth was 

measured based on various parameters, such as percent germination, root and shoot length, 

fresh and dry weight of five randomly collected seedlings, and chlorophyll content. For the 

measurement of photosynthetic pigments, chlorophyll a/b, 1-g fresh leaf samples were 

homogenized in 80% acetone, and pigment was extracted and quantified as per the method of 

[147]. The relative water content (RWC) of wheat plant leaves was determined by following 

the standard protocol [148]. 

2.2.9 Statistical Analysis 

All the experiments were conducted in triplicates, and results were expressed as mean ± 

Standard Error Mean (SEM) (n = 3). Data were analysed by analysis of variance (ANOVA) 

and subsequently by Duncan’s multiple range test at p < 0.05. 

2.3 Results 

2.3.1 Isolation and molecular characterization of water-stress tolerant rhizobacteria/ 

endophytic bacteria from wheat rhizosphere 

Bacterial colonies growing actively on NB media supplemented with 10% PEG were selected 

and sub-cultured several times to enrich water stress-tolerant bacteria. Based on the efficiency 
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of growing on PEG-containing media and the difference in morphological features, 9 bacterial 

isolates (8 rhizospheric and 1 endophytic) were selected for the test of plant growth-promoting 

properties and basic biochemical and molecular characterization. For molecular identification, 

1.5 kb of the 16S rRNA gene of the isolates was amplified by PCR and sequenced. The 

nucleotide sequence was analyzed by comparing it with 16S rRNA genes available at the 

GenBank database of the National Centre for Biological Information (NCBI) using the BLAST 

algorithm (http://www.ncbi.nlm.nih.gov/BLAST) to find the closest match to type strain. 

Based on the sequence similarity, the test isolates were identified as members of different 

genera, including Enterobacter, Pseudomonas, Kosakonia, Siccibacter, Acinetobacter, and 

Stenotrophomonas and a phylogenetic tree was constructed to find diversity amongst them 

(Figure 2.1). The sequence of the resulting amplicon was submitted to the NCBI GenBank 

database for the accession number. The various bacterial species isolated in the present study 

with their accession number are listed in Table 2.2.  

 

Figure 2.1. A phylogenetic tree was constructed using the Neighbour-Joining (NJ) method with 
a bootstrap value of 500 to find similarities amongst isolated bacterial species based on 16S 
rRNA gene sequences. Numbers at the branching points are bootstrap values >50% 
(percentages of 1000 re-samplings). The bar shows a sequence divergence of 0.05 nucleotides. 

Evolutionary analysis was conducted using Mega software version 6.0. 
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Table 2.2. The closest affiliations of the representative isolate in the GenBank according to the 
16S rRNA gene sequences. 

Isolates Closest Match# Query Coverage 
(%) 

Percent Identity 
(%) 

Accession 
Number 

WRS1 Kosakonia 
cowanii strain 
QS24-21 

100 99.09 MW453052 

WRS3 Siccibacter 
turicensis strain 
WTB61 

100 99.54 MW453053 

WRS4 Acinetobacter 
pittii strain Bi 

99 98.84 MW453054 

WRS5 Kosakonia 
cowanii strain 
SP1 

100 98.87 MW453055 

WRS6 Pseudomonas 
putida strain SMB 

100 99.73 MW453056 

WRS7 Enterobacter 
bugandensis 
strain XM29 

100 99.16 MW453057 

WRS8 Kosakonia 
cowanii strain P4 

100 98.86 MW453058 

WRS9 Comamonas 
kerstersii strain 
8943 

100 98.82 MW453059 

WEP Stenotrophomonas 
maltophilia strain 
MGT19 

100 99.17 MW453060 

# All closest matches were type strains 

2.3.2 Biochemical characterization 

All the isolates were screened for various biochemical characteristic features. Results of basic 

biochemical tests are given in Table 2.3. All the isolates were found to be gram-negative and 

catalase positive. With respect to the IMViC test, WRS3, WRS4, and WRS9 showed positive 

results for methyl red, whereas others showed negative results for indole and methyl-red test. 

Only isolates WRS1 and WRS7 were found to be positive for the Voges-Proskauer test. Isolates 

WRS3, WRS4, WRS5, and WRS6 were found to be positive for urease production.  The Nitrate 

reductase test was used to determine the ability of an organism to reduce nitrate (NO3-) to nitrite 

(NO2-) using the enzyme nitrate reductase. Nitrate reductase test was positive for most isolates 

except for WRS5, WRS6, and WRS8.   
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Table 2.3 Biochemical characterization of various drought-tolerant bacteria 

Isolate Gram 

staining 

Catalase Indole MR VP Urease Nitrate 

reductase 

WRS1 Negative + - - - - + 

WRS3 Negative + - + - + + 

WRS4 Negative + - + - + + 

WRS5 Negative + - - - - + 

WRS6 Negative + - - - + - 

WRS7 Negative + - - + - + 

WRS8 Negative + - - - - + 

WRS9 Negative + - + - - + 

WEP Negative + - - - - + 

Bacterial isolates were also characterized based on their ability to utilize different carbon 

sources. Therefore, the recovered isolates were subjected to carbohydrate and substrate 

utilization tests to evaluate their efficacy in utilizing various substrates. It is evident from Table 

2.4 that all the isolates were found to utilize fructose, dextrose, galactose, trehalose, sucrose, 

mannose, and sorbose. The tested isolates except WEP were found to utilize the xylose and L- 

L-arabinose. Only WRS5 and WRS7 were able to utilize maltose as a carbon source. A negative 

result was observed for raffinose in WRS-3,6,8,9 and WEP and for melibiose in WRS8 and 

WEP. For the substrate utilization test, it is evident from Table 2.5 that all the isolates were 

found to utilize esculin hydrolysis, whereas none of them utilized adonitol. Except for WRS8, 

WRS9, and WEP, all showed positive tests for citrate. All tested isolates, but WRS8 showed 

negative results for phenylalanine deaminase. All tested isolates showed positive results for 

cellobiose except for WRS6, WRS8, and WEP.  

On comparison of three strains of Kosakonia- WRS1, WRS5, and WRS8, we found that they 

are gram-negative and catalase-positive, whereas they showed negative results for Indole and 

MRVP test. All three isolates gave nitrate reductase test positive but gave urease test negative. 

Based on the carbon utilization test, all three strains can utilize xylose, fructose, dextrose, 

galactose, trehalose, sucrose, L-arabinose, mannose, and sorbose. In contrast, raffinose and 

melibiose were only utilized by WRS1 and WRS5. Also, they were able to utilize different 

substrates.  

Among the antibiotic sensitivity test, most of the isolates were found to be sensitive to 

streptomycin, gentamycin, and kanamycin except WEP. WRS6 and WEP were resistant to 
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antibiotic tetracycline. For chloramphenicol, all were sensitive except WRS4 and WRS6, while 

all were resistant to ampicillin (Table 2.6). 

Since hydrolytic activities such as cellulolytic and pectinolytic activities are required for 

endophytic colonization, the bacterial isolates were tested for the same. WRS3, WRS7, and 

WEP were found to be positive for cellulase activity. All isolates were cellobiohydrolase 

positive except for WRS-6, 7, 8, and WEP. Only WRS-1, 6, 8, and 9 showed β- glucosidase 

activity. WRS-4, 6, 9, and WEP were found to be pectinase positive. Since amylases are 

required to degrade organic matter in soil (starch), the production of amylase by bacteria is 

considered as an important plant growth-promoting property. The amylase test was shown by 

isolates WRS5, WRS6, WRS7 and WRS8. None of the isolates showed lipase activities (Table 

2.7).  
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Table 2.4. Carbohydrate utilization efficacy of drought-tolerant bacterial isolates 

Isolate Xylose Maltose Fructose Dextrose Galactose Raffinose Trehalose Melibiose Sucrose L-
Arabinose 

Mannose Sorbose 

WRS1 + - + + + + + + + + + + 
WRS3 + - + + + - + + + + + + 
WRS4 + - + + + + + + + + + + 
WRS5 + + + + + + + + + + + + 
WRS6 + - + + + - + + + + + + 
WRS7 + + + + + + + + + + + + 
WRS8 + - + + + - + - + + + + 
WRS9 + - + + + - + + + + + + 
WEP - - + + + - + - + - + + 

 

Table 2.5. Substrate utilization efficacy of drought-tolerant bacterial isolates 

Isolate ONPG Lysine 
utilization 

Ornithine 
utilization 

Phenylalanine 
deaminase 

H2S 
production 

Citrate Malonate 
utilization 

Esculin 
hydrolysis 

Adonitol Rhamnose Cellobiose Saccharose 

WRS1 + - - - - + - + - + + + 

WRS3 + - - - - + + + - + + + 

WRS4 - - - - - + + + - + + + 

WRS5 - - - - - + + + - + + - 

WRS6 - + - - - + + + - - - + 

WRS7 - - + - - + + + - + + + 

WRS8 - - - + - - + + - - - - 

WRS9 - - + - - - + + - - + + 

WEP - - - - - - - + -  -- - 
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Table 2.6. Antibiotic sensitivity test of bacterial isolates 

Isolate Streptomycin Tetracycline Kanamycin Ampicillin Chloramphenicol Gentamycin 
WRS1 Sensitive Moderately 

Sensitive 
Moderately 
Sensitive 

Resistant Sensitive Sensitive 

WRS3 Sensitive Moderately 
Sensitive 

Moderately 
Sensitive 

Resistant Sensitive Sensitive 

WRS4 Sensitive Sensitive Moderately 
Sensitive 

Resistant Resistant Sensitive 

WRS5 Sensitive Moderately 
Sensitive 

Moderately 
Sensitive 

Resistant Sensitive Sensitive 

WRS6 Moderately 
Sensitive 

Resistant Moderately 
Sensitive 

Resistant Resistant Sensitive 

WRS7 Moderately 
Sensitive 

Moderately 
Sensitive 

Moderately 
Sensitive 

Resistant Sensitive Sensitive 

WRS8 Sensitive Moderately 
Sensitive 

Moderately 
Sensitive 

Resistant Sensitive Sensitive 

WRS9 Moderately 
Sensitive 

Sensitive Moderately 
Sensitive 

Resistant Sensitive Sensitive 

WEP Resistant Resistant Resistant Resistant Moderately 
Sensitive 

Resistant 

 

Table 2.7. Test of hydrolytic enzymatic assay by drought tolerant bacteria 

Isolate Cellulase Cellobiohydrolase β- 
glucosidase 

Pectinase Amylase Lipase 

WRS1 - + + - - - 

WRS3 + + - - - - 

WRS4 - + - + - - 

WRS5 - + - - + - 

WRS6 - - + + + - 

WRS7 + - - - + - 

WRS8 - - + - + - 

WRS9 - + + + - - 

WEP + - - + - - 

2.3.3 Test of plant growth promotion (PGP) activities 

Bacterial isolates were screened qualitatively and/or quantitatively for their various PGP 

activities. The results of PGP properties have been summarized in Table 2.8. All the isolates 

were found to be positive for phosphate solubilization, indole acetic acid production, and ACC 

deaminase activity, while only WRS4, WRS6, WRS7, and WEP showed positive results for 

siderophore production. Nitrogen fixation tests were qualitatively evaluated by their growth on 

nitrogen-free JNFb- media. Most of the isolates showed dense growth on the JNFb, which 

indicated positive for nitrogen fixation. Based on the quantitative estimation, the highest 
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phosphate solubilization was observed in WRS3 (15.19 ± 1.15 µg/ml), followed by WRS1 

(13.54 ± 2.25 µg/ml), and WRS7 (12.26 ± 1.72 µg/ml). Similarly, the highest production of 

indole acetic acid was recorded in WRS7 (1.42 ± 0.12 µg/ml), followed by WRS9 (0.38 ± 0.065 

µg/ml) and WRS6 (0.28 ± 0.073 µg/ml). Since the ACC deaminase activity of PGPR appears 

to be important in inducing systemic tolerance in plants against drought stress, the efficiency 

of bacterial isolates to utilize ACC as a nitrogen and carbon source was determined 

quantitatively. WRS3 showed the highest ACCD activity of 1.32 ± 0.011 µmol/mg protein/h., 

followed by WRS5 (0.78 ± 0.003 µmol/mg protein/h) and WRS1 (0.74 ± 0.014 µmol/mg 

protein/h). All the isolates showed positive tests for ammonia production but negative results 

for HCN production. Hence, based on plant growth-promoting properties, WRS1, WRS3, 

WRS6, and WRS7 were identified as the most potential isolates to promote plant growth. 

Table 2.8. Plant growth-promoting features of bacterial isolates. 

 Nutrient Uptake Phytostimulants Stress 
Tolerance 

Biocontrol 
Activity 

Isolate Phosphate 
solubilization 

(µg/ml) 

Siderophore 
Index 

N2 

Fixation 

IAA production 
(µg/ml) 

ACC 
Deaminase 

activity 
(µmol/mg 
protein/h) 

HCN 
Production 

WRS1 13.54±2.25 - + 0.19±0.247 0.74±0.014 - 

WRS3 15.19±1.15 - + 0.14±1.87 1.32±0.011 - 

WRS4 7.72±0.03 0.215 + 0.06±0.11 0.46±1.14 - 

WRS5 12.77±1.08 - + 0.16±1.04 0.78±0.003 - 

WRS6 8.12±0.09 0.548 + 0.28±0.073 0.51±0.059 - 

WRS7 12.26 ±1.72 0.447 + 1.42±0.12 0.46 ± 0.01 - 

WRS8 11.62±1.23 - + 0.15±0.009 0.59±2.14 - 

WRS9 2.23±0.19 - + 0.38±0.065 0.51±0.18 - 

WEP 1.37±0.27 0.443 + 0.08±0.17 0.54±1.27 - 

2.2.4 Osmotic stress tolerance test 

All the bacterial isolates were able to grow in PEG-supplemented culture media, although 

growth was slower in comparison to the respective untreated control. Their growth pattern is 

represented in Figure 2.2. At 12 h, growth retardation was seen from 14.68% to 48.8%. WRS5 

(14.68% decreased growth) was found to be the most tolerant isolate, followed by WRS4 

(20.63%) and WRS7 (35.17%). 
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Figure 2.2. Osmotic stress tolerance of bacterial isolates. The ability of bacterial isolates to grow under a hyperosmotic environment was tested in 
LB media supplemented with 10 % polyethylene glycol (PEG-6000). Media without PEG was used as a control. Bacterial growth was measured 
by taking the optical density (OD600) of the culture at every 2 h. Each value represents the mean ± SE of 4 replicate samples. 
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2.3.5 Test of motility 

Bacterial motility is required by a microorganism for its successful colonization on or inside 

the host plant. Therefore, bacterial isolates were screened for three types of motility behaviours: 

swimming, swarming, and twitching. In the swimming test, bacterial cells formed the circular 

turbid zone; in swarming, they spread on the media plates, whereas in the case of twitching, 

the isolates were found to be attached to the media containing plastic plate surfaces. All the 

strains showed swimming and twitching motility, but strains WRS4, WRS6, WRS9, and WEP 

lack the swarming motility (Figure 2.3). 

2.2.7 Effect of bacterial isolates on the growth of wheat crop under drought Stress 

Pot-based plant growth studies were conducted to study the effect of bacterial isolates, 

individually or synergistically, on drought stress amelioration in the wheat plant. Inoculation 

with all the isolates significantly increased the growth of wheat plants in terms of various 

growth parameters tested. It is apparent from Table 2.9 A that the highest significant (P<0.05) 

growth in total length was observed for WRS7 (11.50%) followed by WRS5 (8.68%) as 

compared to uninoculated control under well-watered conditions. WRS7 was found to be the 

best isolate which enhanced the increase in all the growth parameters, such as root length 

(15.94%), shoot height (9.76%), fresh weight (16.46%), dry weight (20.83%), chlorophyll a 

(33.36%), and chlorophyll b (3.37%) content under well- watered conditions (Table 2.9 A).  

Similarly, an increase in root length (10.76%), fresh weight (24.49%), and dry weight 

(33.33%), was observed following inoculation of WRS5.  

Following induction of drought stress, the reduction in shoot length (17.75%), root length 

(44.29%), fresh weight (27.71%), dry weight (25%), chlorophyll a (23.17%), and chlorophyll 

b (17.40%) was observed in control plants. Under drought stress, WRS7 was found to be the 

best isolate to promote plant growth, followed by WRS1, WRS5, and WRS4. As compared to 

uninoculated control plants, treatment of wheat seeds with WRS7 showed an enhanced increase 

in all the growth parameters, such as root length (96.29%), shoot height (16.54%), fresh weight 

(16.67%), dry weight (16.66%), chlorophyll a (33.53%), and chlorophyll b (29.89%) content, 

when tested under drought stress. (Table 2.9 B). WRS1-inoculated plants also showed 

enhanced growth under drought stress in terms of total length (49.38%), root length (97.53%), 

shoot length (14.23%), dry weight (27.78%), and chlorophyll a (10.51%).  
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Figure 2.3. Test of motility shown by drought tolerant bacterial isolates: (A) swarming assay (B) swimming Assay, and (C) twitching Assay. 
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Table 2.9 (A). Plant growth promotion test following inoculation of isolates under non-stressed conditions. 

Isolates Shoot Length 
(cm) 

Root Length (cm) Total Length (cm) Fresh wt. Dry wt. Chl. a (mg g-

1FW) 
Chl. b (mg g-

1FW) 

CONTROL 23.66±0.55 21.83±0.67 45.70±0.07 2.49±0.44 0.24±0.03 11.39±0.72 5.63±1.03 

WRS1 24.13±0.21* 24.11±0.28** 48.65±0.87** 2.78±0.03** 0.28±0.02** 12.45±1.53* 5.34±0.32 

WRS3 21.42±0.03 20.661.02 43.31±1.99 2.68±0.05 0.26±0.11 11.31±2.06 4.60±1.10 

WRS4 24.27±0.05* 20.92±0.09 45.45±0.49 2.71±0.04** 0.27±0.02 10.92±2.83 4.65±0.60 

WRS5 23.39±0.09 24.18±1.34*** 48.67±1.15** 3.10±0.04** 0.32±0.01** 11.35±3.60 4.63±0.54 

WRS6 21.81±0.11 21.12±1.20 43.61±1.98 2.78±0.04 0.28±0.02 13.59±1.83** 6.11±0.66* 

WRS7 25.97±0.09* 25.31±0.19*** 50.96±0.17*** 2.90±0.02** 0.29±0.02** 15.19±1.65*** 5.82±0.43 

WRS9 23.06±0.50 13.78±0.22 37.15±0.67 2.81±0.02** 0.25±0.02 14.14±2.46** 5.60±1.22 

WEP 23.65±0.58 18.28±0.22 43.06±0.28 2.63±0.04 0.27±0.02 14.65±1.09** 6.82±0.43* 

‘*’ indicates statistical significance: *P ≤ 0.05, **P ≤ 0.01, ***P ≤ 0.001, and ****P < 0.0001
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Table 2.9 (B). Plant growth promotion test following inoculation of isolates under drought- stressed conditions. 

Isolates Shoot Length 
(cm) 

Root Length (cm) Total Length (cm) Fresh wt. Dry wt. Chl. a (mg g-1FW) Chl. b (mg g-

1FW) 
Control 19.46±0.48 12.16±0.28 31.55±0.66 1.80±0.49 0.18±0.01 8.75±0.69 4.65±2.50 

WRS1 22.23±0.22** 24.02±3.36**** 47.13±5.05**** 1.96±0.23** 0.23±0.01** 9.67±1.69* 3.76±1.97 

WRS3 18.28±0.11 19.56±0.44*** 38.06±1.12*** 1.82±0.06 0.19±0.02 7.82±0.86 4.08±0.34 

WRS4 20.24±0.08 24.13±1.00**** 45.36±2.08**** 1.98±0.07** 0.22±0.01** 9.20±0.19* 4.26±0.63 

WRS5 20.19±0.13 24.54±1.65**** 45.24±2.62**** 1.91±0.65** 0.21±0.02** 11.14±3.38** 4.74±0.50 

WRS6 20.17±0.28 15.70±0.42 36.24±1.08** 1.87±0.64 0.19±0.01 10.80±0.26** 4.84±0.08 

WRS7 22.68±1.44*** 23.87±0.47**** 46.04±0.83**** 2.10±0.09** 0.21±0.01** 15.59±1.50**** 6.04±0.11*** 

WRS9 19.03±0.61 16.68±0.92 35.17±1.03** 1.86±0.05 0.17±0.02 9.52±2.97* 3.64±1.27 

WEP 19.74±0.40 11.61±0.23 32.00±0.13 2.05±0.81** 0.21±0.65** 10.35±7.42* 4.95±4.32 

‘*’ indicates statistical significance: *P ≤ 0.05, **P ≤ 0.01, ***P ≤ 0.001, and ****P < 0.0001. 
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Among the tested consortia, all could increase plant growth under well-watered conditions 

(Table 2.10 A), except consortium IV. The highest significant growth in total length was 

observed for Consortium I (29.96%), followed by Consortium III (22.89%) and Consortium II 

(18.68) as compared to uninoculated control under well-watered conditions. However, growth 

retardation was observed in consortium IV-treated plants (10.80%). A significant increase in 

shoot length of 41.81%, 41.34%, and 43.18% was observed in consortia I, II, and III-treated 

plants, respectively. Consortium I was found to be best for increasing root length (18.37%), 

whereas a decrease in root length (22.59%) was observed in Consortium IV. A decrease in 

chlorophyll content was observed in all the consortia under well-watered conditions. No 

significant increase was observed in fresh and dry weights in any consortia. 

Almost all the consortia show the ability to ameliorate drought stress in wheat plants (Table 

2.10 B). As compared to uninoculated control plants, treatment of wheat seeds with different 

consortia under drought stress showed an enhanced total plant growth with the highest 

significant difference with consortium II (64.29%), followed by consortium I (58.34%), III 

(44.59%) and consortium IV (14.50%). The highest increase in root length (74.59%) and shoot 

length (63.34%) was observed in Consortium II, followed by Consortium I. Compared to 

individual isolates, WRS7 and WRS1, none of the consortia showed improved plant growth 

under drought stress. 
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Table 2.10 (A). Plant growth promotion test following inoculation of consortia under non-stressed conditions. 

Isolates Shoot Length 

(cm) 

Root Length 

(cm) 

Total Length 

(cm) 

Fresh wt. (g) Dry wt. (g) Chl. a (mg g-

1FW) 

Chl. b (mg g-

1FW) 

Control 21.77±0.30 22.13±0.37 44.32±0.29 2.53±0.44 0.56±0.29 10.55±0.23 5.18±0.36 

Consortia I 30.87±0.50**** 26.20±0.22*** 57.60±0.40**** 2.86±0.57* 0.72±0.16*** 9.01±0.036* 4.31±0.18 

Consortia II 30.77±0.03**** 21.53±0.27 52.60±0.49**** 2.97±0.15** 0.67±0.18** 6.78±0.19**** 5.09±0.04 

Consortia III 31.17±0.35**** 23.40±0.32 54.47±0.31**** 2.78±0.04* 0.63±0.71* 3.88±0.02**** 3.42±0.23** 

Consortia IV 22.20±0.31 17.13±0.44**** 39.53±0.47* 2.10±0.04** 0.28±0.17*** 4.14±0.06**** 4.05±0.17 

‘*’ indicates statistical significance: *P ≤ 0.05, **P ≤ 0.01, ***P ≤ 0.001, and ****P < 0.0001. 

 

Table 2.10 (B). Plant growth promotion test following inoculation of consortia under drought- stressed conditions. 

Isolates Shoot Length 

(cm) 

Root Length 

(cm) 

Total Length 

(cm) 

Fresh wt. (g) Dry wt. (g) Chl. a (mg g-

1FW) 

Chl. b (mg g-

1FW) 

Control 18.37±0.25 12.07±0.28 30.80±0.24 1.49±0.64 0.14±0.31 8.85±0.17 1.38±0.71 

Consortia I 30.13±0.36**** 18.79±0.54**** 48.77±0.51**** 1.78±0.13* 0.18±0.25** 4.20±0.14**** 6.17±0.07**** 

Consortia II 30.00±0.49**** 21.06±0.32**** 50.60±0.40**** 1.68±0.25 0.16±0.11* 9.28±0.13 5.95±0.28**** 

Consortia III 29.67±0.51**** 14.93±0.54** 44.53±0.49**** 1.71±0.14* 0.17±0.02* 4.80±0.13**** 5.65±0.16**** 

Consortia IV 22.33±0.50** 12.77±0.22 35.27±0.42*** 1.70±0.04** 0.12±0.11* 7.52±0.36** 3.89±0.33**** 

‘*’ indicates statistical significance: *P ≤ 0.05, **P ≤ 0.01, ***P ≤ 0.001, and ****P < 0.0001. 
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2.2.8 Effect of bacterial isolates on relative water content and seed germination of wheat 

crop under drought stress 

Relative water content (RWC) is an important indicator of water status in plants and influences 

the ability of the plant to recover from stress, affecting its yield [149]. Therefore, RWC was 

measured in uninoculated and bacteria-inoculated plants under normal and drought-stressed 

conditions. RWC decreased by 33.24% in control plants (without bacteria) under drought 

stress, whereas bacteria inoculation increased RWC compared to non-stressed plants (bacteria 

inoculated well-watered plants). The maximum change was observed in WRS4 (11.07%), 

whereas the least change was observed in WRS9 (1.07%) and WEP (-0.19%) in comparison to 

bacteria-inoculated non-stressed plants. (Figure 2.4 A). However, in comparison to 

uninoculated drought-stressed plants (stressed control plants), inoculation with WRS1 (270%), 

WRS3 (137%), WRS4 (181%), WRS6 (92%), WRS7 (365%), and WRS9 (98%) showed 

increased relative water content (RWC). The highest increase in RWC was observed in plants 

inoculated with WRS7, which enhanced RWC under both normal (90.28%) and osmotic stress 

conditions (365.16%) with respect to un-inoculated plants (Figure 2.4 A). Further, wheat seeds 

were pre-treated with different isolates to see the effect of bacterial isolates on seed 

germination. However, seed germination was not found to be affected by bacterial inoculation 

as there was no significant change with respect to control (Figure 2.4 B). 

 

Figure 2.4. The impact of bacterial isolates on drought stress amelioration in wheat. (A) 
Relative water content (RWC) of the whole plant after 15 days of the drought treatment. Each 
bar represents mean ± SE (n = 30). (B) Seed germination percentage of 100 seeds with and 
without bacterial inoculation under standard conditions. Symbol ‘*’ represents significant 
differences among different treatments (p < 0.05). (Abbreviations: NS- Non-Stressed; S- 
Stressed). 
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2.4 Discussion 

Although, the role of PGPR in mitigating the adverse effects of drought stress has been 

exclusively studied by many researchers [150–154], the suitable bacteria or consortium is 

unavailable to promote plant growth at the field level under actual farming conditions, which 

necessitates further exploration of efficient drought-tolerant PGPR. Therefore, the present 

work aimed to isolate and characterize the efficient drought-tolerant bacteria from wheat plants 

growing in the Shekhawati region of Rajasthan. In the present study, we selectively isolated 

nine drought-tolerant bacteria and characterized them for their plant growth-promoting abilities 

under osmotic stress caused by drought.  To the best of our knowledge, very few studies have 

been carried out to characterize drought-tolerant bacteria associated with wheat plants in this 

region. Therefore, the result of the current study is a valuable addition to understanding the 

properties of PGPR associated with plants growing in the stressed condition of the Shekhawati 

region of Rajasthan. 

Most of the bacterial isolates recovered in the present study exhibited ACC deaminase activity, 

indole acetic acid (IAA) and siderophore production, solubilization of inorganic phosphate, 

fixation of atmospheric nitrogen, and HCN production. The bacterial isolates were also 

subjected to biochemical assessment, antibiotic sensitivity, and substrate utilization tests. The 

ability of the bacterial isolates to utilize various carbon sources helps them to survive under 

deficiency conditions of their conventional carbon sources. Their growth pattern under osmotic 

stress was also studied to monitor their survival so that they can further be used as inoculum 

for plant growth promotion tests under osmotic stress conditions. Their motility was also tested 

to evaluate their ability to colonize hosts efficiently. Based on their PGP activities, different 

consortia were also formulated and tested to promote wheat plant growth under drought stress. 

In the current study, Kosakonia cowanii, Siccibacter turicensis, and Comamonas kerstersii 

WRS9 showed plant growth properties and promoted wheat plant growth under drought stress. 

The above-mentioned bacterial species are not known to be established PGPR. Similar to our 

study, Rashid et al. (2021) isolated drought-resilient PGPR Priestia megaterium (MU2) and 

Bacillus licheniformis (MU8) from wheat plants [27]. Gontia-Mishra et al. (2017) isolated 

ACC deaminase-producing bacteria from the wheat rhizosphere and subsequently evaluated 

their effect on growth enhancement of wheat seedlings under drought and salinity stress [155]. 

They have also reported that isolated PGPR exhibit various plant growth-promoting properties 

and can ameliorate drought stress effects in the host plant.  
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As the ACC deaminase activity of PGPR is one of the important PGPs for inducing systemic 

tolerance to plants [20], we quantitatively analysed the ACC deaminase activity of bacterial 

isolates. In the current study, a wide range of ACC deaminase activity (µmol/mg protein/h) 

from 0.46 to 1.32 has been shown by bacterial isolates, falling in the range reported in earlier 

studies [17, 141, 156, 157]. Siccibacter turicensis WRS3 showed promising ACCD activity, 

followed by Kosakonia cowanii WRS5 and K. cowanii WRS1. Similar to our finding, 

Ojuederie and Babalola (2023) found ACCD-producing PGPR Pseudomonas sp. MRBP4 (0.41 

± 0.09 µmol/mg protein/h), Pseudomonas sp. MRBP13 (0.93 ± 0.23 µmol/mg protein/h) and 

Bacillus sp. MRBP10 (0.64 ± 0.33 µmol/mg protein/h) isolated from Maize rhizosphere 

ameliorate the effect of drought stress in Maize [157]. Out of different PGPs, phytohormones 

secreted as secondary metabolites by bacteria can act as phytostimulants and prominently 

impact plant growth and metabolism under stress and non-stress conditions [128]. In the 

present study, all the bacterial isolates were able to produce varying levels of IAA from 0.06 

to 1.42 µg/ml. In the current study, maximum IAA production was shown by Enterobacter 

bugandensis WRS7 (1.42 µg/ml). Production of IAA by E. bugandensis TJ6 was also reported 

by Wang et al. (2020) [158]. Three strains of Kosakonia cowanii (WRS1, WRS5, and WRS8) 

produced almost similar levels of IAA (0.15-0.19 µg/ml), which was much lesser than K. 

cowanii MGR1 (26.17 µg/ml) and K. cowanii KAS 1 (9 µg/ml) as reported in earlier studies 

[158]. Similar to our observation, previous studies have shown the IAA production by many 

bacterial species, including Pseudomonas fluorescens, P. putida, P. aeruginosa Bacillus 

subtilis, B. endophyticus, Serratia marcescens, Klebsiella pneumoniae, and Enterobacter 

cloacae [17, 128, 159, 160].  

We also tested for phosphate solubilisation properties in all the isolates. The presence of such 

activities increases the applicability of PGPR as a bioinoculant for facilitating plant growth The 

highest phosphate solubilisation ability was shown by PGPR strains Siccibacter turicensis 

WRS3 (15.19 µg/ml) followed by Kosakonia cowanii WRS1 (13.54 µg/ml) and Enterobacter 

bugandensis WRS7 (12.26 µg/ml). Phosphate solubilisation from the above species has been 

reported in a couple of studies. For instance, Panigrahi and Rath (2019) reported phosphate 

solubilization by Kosakonia cowanii MK834804 (7.200µg/ml) [161], whereas Kiprotich et al. 

(2023) reported phosphate solubilization by Enterobacter bugandensis KB2 (11.03 ± 9 µg/ml) 

[162]. Phosphate solubilization by Siccibacter turicensis has also been reported in earlier 

studies [153]. 

Rhizospheric bacteria were also characterized based on their ability to fix atmospheric nitrogen 

and make it bioavailable. The nitrogen-fixing bacteria, both free-living and symbiotically 
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associated with leguminous plants, convert the atmospheric nitrogen into ammonia with the 

help of the nitrogenase enzyme. Biological nitrogen fixation by these microbes can minimize 

the use of chemical nitrogen fertilizer and can be promising for sustainable agriculture in an 

eco-friendly manner. In the present study, all the isolates gave preliminary nitrogen test 

positive, but further experiments such as acetylene reduction assay and 15N methods are 

required to confirm their ability to fix atmospheric nitrogen.  

Ammonia production by the rhizobacteria is one of the important properties that can indirectly 

benefit plants, as accumulated ammonia in the soil can suppress the proliferation of fungus 

growth by inhibiting the growth of fungal spores[163]. Another important property of 

rhizobacteria that indirectly promotes plant growth is the production of small molecular weight 

compounds, known as siderophores, which can inhibit the growth of pathogens by competing 

for iron, thus augmenting induced systemic resistance (ISR) in plants against certain pathogenic 

diseases [164]. In the present study, Acinetobacter pittii WRS4, Pseudomonas putida WRS6, 

Enterobacter bugandensis WRS7 and Stenotrophomonas maltophilia WEP, were able to 

produce siderophore on CAS- agar plates. Previous studies have shown siderophore production 

by several bacterial species belonging to different genera like Enterobacter bugandensis [158, 

165], Siccibacter turicensis C2 [153], Pseudomonas [166, 167], Serratia [168], Klebsiella [17], 

Mesorrhizobium [169]. Hydroxamate- and catechol-type siderophore is reported in 

Acinetobacter sp. isolated from the rhizosphere of Pennisetum glaucum [143]. Hydroxamate-

type siderophores production was also reported in E. bugandensis isolated from mangrove 

sediments [165]. 

Bacteria can also restrict pathogen growth by secreting hydrolytic enzymes such as β-1,3-

glucanase, protease, chitinase, and lipase, and hence can be exploited as biocontrol agents to 

overcome the infestation if several microbial diseases in plants [170]. Other than antagonistic 

behaviour, these hydrolytic enzymes by bacteria may be required for endophytic colonization 

inside the host plant. In the current study, the bacterial isolates have shown most of the 

hydrolytic activity, if not all. Like our observation, Sayahi et al. (2022) reported that PGPR S. 

turicensis C2 produces hydrolytic enzymes (proteases, cellulases, cellulase, and lipases).  

Chitinase, protease, cellulase, and endoglucanase activities were reported in endophytic 

bacteria Kosakonia oryzae, K. pseudosacchari, K. oryziphila, K. arachidis, and K. 

radicincitans [171].  Saxena et al. (2023) functionally characterized bacterial isolates isolated 

from Neem gum based on hydrolytic enzyme production and found that E. bugandensis 

PNGSC2 produces pectinase, whereas E. bugandensis PNGAIA7 showed cellulase activity.  
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Also, Stenotrophomonas panacihumi PN3N8 and Acinetobacter vivianii PN3DN6 showed 

lipase and pectinase activity [172]. 

Colonization of root surfaces by rhizobacteria is a crucial step for establishing plant-microbe 

interaction. Therefore, we investigated the colonization potential of test isolates as root 

colonization by PGPR is an important trait for plant growth stimulation and survival of bacteria 

under stress conditions [17]. All forms of motility shown by bacteria are required for 

chemotactic response and root colonization. In response to specific root exudates, bacteria 

induce flagellar motility that directs their colonization on the plant root surface [173]. This 

chemotaxis response is followed by attachment or invasion of these bacteria on the root surface 

or to the interior of plant tissue. In our study, most of the bacterial isolates showed the presence 

of all tested motility. However, these motilities can be required for different functions. For 

instance, twitching motility (mediated by type IV pili) is responsible for colonization inside the 

plants [174] and for biofilm development [175].  

Drought stress disturbs the water use efficiency of a plant, reducing plant growth and rate of 

photosynthesis, causing membrane damage, and affecting the activity of various enzymes 

[176]. The role of PGPR in mitigating the adverse effects of drought stress has been exclusively 

studied [145, 150, 152]. To test the efficacy of bacterial isolates as biofertilizers, we conducted 

plant growth studies under drought-stress conditions and their amelioration under laboratory 

conditions. From the growth promotion results, E. bugandensis WRS7 emerged as the best 

isolate in terms of protecting plants from the deleterious effects of drought stress. It was evident 

from our results that E. bugandensis WRS7-inoculated plants showed better root and shoot 

length and increased RWC, FW, and DW under water-stressed conditions (Table 2.9 A), 

suggesting the ability of WRS7 to mitigate the negative effects of drought. Our results are also 

supported by previous studies on PGPR-mediated drought stress mitigation [24, 27, 28, 177]. 

However, this is the first study to report enhanced growth of wheat plants by E. bugandesis 

under drought-stress conditions. Increased root length increases root surface area, which in turn 

helps in more water absorption from the soil under drought stress. Our study found increased 

chlorophyll content in PGPR-primed plants, indirectly improving plant photosynthetic 

efficiency and energy metabolism. Earlier studies have also established increased 

photosynthetic efficiency and chlorophyll content in PGPR-inoculated plants [178, 179]. The 

effectiveness of these isolates opens the possibility of evaluating the performance at the field 

scale and even with different crop plants. The pot experiments suggest that inoculation of 

bacterial isolates protects the plants against adverse effects of drought stress. In brief, the 
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observed result in this study indicates that such multifarious PGPR holds great potential to be 

used as a biofertilizer in drought soil. 

Different consortia of bacteria formulated in this study have also revealed their ability to confer 

IST to drought stress in the wheat plant, which is manifested by better plant growth in bacteria-

treated plants than in control plants. Significantly higher chlorophyll content in consortia-

treated plants suggests their ability to maintain photosynthesis efficiency under drought 

conditions. Consortium II worked best under drought-stressed conditions in the present study, 

but its efficacy was less than that of individual isolates. With respect to E. bugandensis WRS7, 

plant biomass and chlorophyll a decreased by 40% and 42%, respectively. These results suggest 

that although individual isolates are compatible to each other, they might not be working 

synergistically to promote plant growth. Few studies have been reported where attempts were 

made to enhance plant growth by using microbial consortium. For example, a consortium of 

Streptomyces species improved fruit quality in bell pepper, induced plant defence priming, and 

changed microbial communities of the rhizosphere [180]. PGPR microbial consortium 

formulated using Paenibacillus sp. strain B2 and Arthrobacter sp. strain AA have protected 

wheat plants against Zymoseptoria tritici and drought stress and provided effective and durable 

ISR [181]. 

Based on their plant growth-promoting attributes, the individual isolates and the consortia were 

tested for their effectiveness in improving the growth of wheat plants under drought stress 

under laboratory set-up. Inoculation of strain E. bugandensis WRS7 significantly enhanced 

plant growth for different morphological parameters, such as root length, shoot height, and 

fresh and dry weight, tested under drought stress compared to un-inoculated plants. Therefore, 

we further restricted our studies to Enterobacter bugandensis WRS7 and performed 

biochemical and molecular studies to understand whether selected PGPR assists plants' 

physiological changes and adaption mechanism under drought stress. 
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CHAPTER III 

Characterization of Stress-responsive Mechanism(s) under Drought Stress in 

Enterobacter bugandensis WRS7 Employing Metabolomics Analysis 
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3.1 Introduction 

Drought is a major abiotic stress that undermines crop productivity and quality and may lead 

to plant death under prolonged conditions. Drought induces osmotic stress in plants and 

modulates a number of physiological and biochemical processes, including stomatal closure, 

decreased photosynthesis and respiration, altered root system architecture and root exudation, 

and the onset of oxidative stress [182]. Drought also substantially affects soil biota, as it 

increases soil heterogeneity, restricts nutrient mobility and accessibility, and increases soil 

oxygen, frequently resulting in a drastic decrease in microbial biomass [11]. During 

drought, plant systems actively trigger specific signalling and metabolic responses to 

maintain osmotic balance by promoting root elongation for water uptake from the soil, 

stomata closure to reduce water loss, adjusting osmotic and biochemical processes within 

tissues, activating phytohormones (e.g., abscisic acid) signalling, and producing and 

mobilizing antioxidant and metabolites [183]. Traditional breeding and genetic 

engineering approaches have continuously been applied to design drought -tolerant 

transgenic plants. Unfortunately, these methods are time-consuming, expensive, and 

difficult to apply in the field [184].  

In an agroecosystem, plants are inhabited by a large number of microbiota. Interaction between 

plant roots, soil, and microbes forms a most complex zone known as the rhizosphere [185]. 

Plant root exudates mediate the interactions and selection of beneficial soil microbial 

communities or PGPR, thus playing a key role in plant-microbial communication, which 

is crucial for both counterparts [186, 187]. PGPR colonize the rhizosphere/endo-rhizosphere 

and confer specific functions to their hosts, such as ameliorating abiotic stress tolerance (e.g., 

drought) and triggering systemic resistance against biotic stress factors [188]. PGPR support 

plant growth, health, and productivity through various direct and indirect mechanisms, such as 

the facilitation of nutrient acquisition, the production of phytohormones and lytic enzymes, 

and the accumulation of osmolytes, antioxidants, and secondary metabolites [189, 190]. 

Climate change-driven environmental stresses alter the rhizosphere properties and 

functioning, thus having a direct impact on the plant-microbe interactions and eventually 

on crop growth and yield [184]. Sustainable and efficient crop production to feed a growing 

world population in the era of global climate change requires alternate and eco-friendly 

approaches. Rhizosphere engineering, by harnessing the potential of PGPR, is an alternative to 

traditional approaches to increase crop resilience against drought [191, 192]. Certain PGPR 

have unique metabolic capabilities and exhibit various tolerance and adaptation mechanisms 

to drought stress. It includes thickening of the cell wall, maintaining the dormant stage (spore 
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formation), accumulation of osmolyte/compatible solutes (proline, trehalose, glycine betaine), 

ions (Na+, K+), and exopolysaccharide (EPS) production to overcome reduced water potential 

for maintaining normal cell physiology [59, 193]. The drought-tolerant PGPR maintains the 

biologically active state of the plasma membrane in response to drought/osmotic stress by 

modifying the fatty acid composition and maintaining the ratio of unsaturated to saturated fatty 

acid, thereby ensuring the fluidity and rigidity of the plasma membrane [194]. 

There is growing interest in harnessing the potential of stress-resilient PGPR and its subsequent 

application to induce stress tolerance mechanisms in plants [184]. Rhizosphere engineering 

based on genetically/metabolically engineered PGPR with improved performance under 

stress is one of the most important strategies critically required to achieve sustainable crop 

production in drylands. Developing genetically modified PGPR is simpler and less time-

consuming than plants with a higher level of genetic complexity.[191, 192] Hence, developing 

more effective PGPR strains with longer shelf lives and improved stress adaptation requires 

identifying and investigating useful metabolic pathways associated with the production of 

secondary metabolites and complex stress-responsive pathways modulated in response to 

specific stress environments [189, 195]. We hypothesize that plant-associated-PGPR undergo 

morphological and physiological reprogramming under abiotic stress and produces metabolites 

that protect bacteria and the associated plants from the harmful effects of a given stress. To 

date, little is known about the drought tolerance mechanisms of PGPR and how their 

biochemical and metabolic characteristics can influence plant performance under 

drought/osmotic stress. Therefore, it is necessary to comprehend the physiology and 

metabolism of stress-resistant PGPR and their interaction with plants before implementing 

them in intensive farming practices to enhance plant performance under drought stress.  

Metabolomics holds the potential to identify and characterize metabolites and biochemical 

pathways and their dynamic responses to changes in the environment, e.g., stress [196, 197]. 

This information is utilized to manipulate novel metabolic pathways involved in 

drought/osmotic tolerance in PGPR. Therefore, to investigate the physiological and 

biochemical capabilities of stress-resilient PGPR, we studied the physicochemical parameters 

of Enterobacter bugandensis WRS7 (hereafter Eb WRS7). This bacterium showed its ability 

to grow under drought/osmotic stress and improved wheat plant growth under drought stress 

(Chapter II). Furthermore, to discover the underlying metabolic signatures and their role in 

stress tolerance mechanisms, we employed untargeted gas chromatography-mass spectrometry 

(GC-MS) based metabolomics to profile the deregulated metabolite (central and secondary) 

pool and identify core metabolic pathways under stress.  
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3.2 Materials and Methods 

3.2.1 Eb WRS7 culture conditions and drought exposure  

Eb WRS7, a PGPR isolated from wheat rhizospheric soil under drought stress conditions, was 

used in the present study. Eb WRS7 showed different plant growth-promoting properties, 

including nitrogen fixation, phosphate solubilisation, siderophore production, and ACC 

deaminase activity (Chapter II). A phylogenetic tree was constructed using the Neighbor-

Joining (NJ) method with a bootstrap value 500 in MEGA 6.0 [131]. For all the experiments, 

Eb WRS7 was grown in LB media. To test the ability of Eb WRS7 to grow under a water 

stress-mediated hyperosmotic environment, LB media was supplemented with different 

concentrations (0 to 25 %) of polyethylene glycol (PEG-6000). The cultures were grown at 

30℃ with constant shaking at 150 rpm in an incubator shaker. Bacterial growth was measured 

by reading the optical density (OD) at 600 nm using a UV-visible spectrophotometer 

(BioSpectrometer, Eppendorf, Germany). OD600 was measured every hour, and then the growth 

curve was plotted to study its growth pattern.  

3.2.2 Morphophysiological and biochemical analyses 

Field Emission Scanning Electron Microscopy 

To check the osmotic efficiency of Eb WRS7, its cellular morphology of non-stressed and 

osmotic-stressed cells (10% PEG) were studied through Field Emission Scanning Electron 

Microscopy (FESEM) following standard protocol. One ml of 24 h grown bacterial cells was 

pelleted down and washed with phosphate buffer saline (PBS) twice. Cells were then 

suspended in 2.5% glutaraldehyde solution and kept overnight incubated in the dark at 4 ℃. 

Cell pellet was collected through centrifugation (5000 g for 5 min) and washed three times with 

PBS. The sample was then dehydrated with 30, 50, 70, 80, and 90% ethanol with 10 min 

incubation each. The cell pellet was dehydrated with 100% ethanol. Finally, SEM stubs were 

prepared by applying adhesive tape and adding bacterial samples. The fixed bacterial cells were 

sputter coated with gold and subjected to FE-SEM (FEI-APREO SEM, Thermo Fisher 

Scientific, USA) to investigate the morphological changes in bacterial cells under drought 

stress. 

Reactive Oxygen Species (ROS) detection  

To measure the level of intracellular ROS, a stress marker, in control and stressed bacterial 

cells of Eb WRS7, the cell-permeable free radical sensor 2’,7’-dichlorodihydrofluorescein 

diacetate (H2DCFDA) was used [198]. Briefly, 1 mL of bacterial culture grown in LB media 
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supplemented with (control) and without 10% PEG (stressed) was collected at 6, 12, and 24 h. 

Bacterial cells were harvested through centrifugation, washed with 1X PBS, and resuspended 

in PBS. H2DCFDA (10 µM) was added to the cells and incubated in the dark for 30 min at 

room temperature (RT). The ROS generation was detected using a Fluorimeter (Fluoroskan 

Ascent, Thermo Scientific) at excitation/emission at 485 nm/ 535 nm, respectively.  

Malondialdehyde (MDA) Assay 

MDA is one of the final products of the peroxidation of polyunsaturated fatty acids in cells. An 

increase in free radicals causes the overproduction of MDA and is commonly known as a 

marker of oxidative stress and the antioxidant status of the cell. Lipid peroxidation was 

determined by observing the formation of a thiobarbituric acid-reactive substance (TBARS). 

Bacterial cells from non-stressed and stressed conditions were harvested at 6, 12, and 24 h, 

washed with 0.85 % NaCl once, and then suspended in 0.25 % SDS by gentle swirling, TBA 

buffer reagent was added, followed by 60 min incubation at 95 ℃. Tubes were then allowed to 

cool to RT by incubating on ice for 10 min. Then, the reaction mixture was centrifuged at 3000 

g, and the supernatant was collected. The adduct formation of MDA-thiobarbituric acid (TBA) 

was measured at 532 nm by using a spectrophotometer (BioSpectrometer Eppendorf, 

Germany). The concentration of MDA formed was calculated by comparing the absorbance 

obtained from experimental samples to the standard curve obtained using the malondialdehyde 

(MDA). The extent of lipid peroxidation was expressed in nanomoles of MDA. 

Estimation of intracellular ion concentration  

The inductively coupled plasma-optical emission spectroscopy (ICP-OES) method was 

performed to determine the concentrations of intracellular potassium (K+), sodium (Na+), and 

calcium (Ca+2) ions in the bacterial cell under control and stress conditions as described 

previously [199]. Briefly, 10 mL bacterial culture was collected at 6, 12, and 24 h of growth 

under control and stress conditions and centrifuged at 3000 g for 15 min. The supernatant was 

decanted, and residual media was completely removed. The cell pellet was dried at RT for 24 

h, followed by its digestion with 1 mL of 30% nitric acid, and incubated at RT for 48 h. Later, 

the solution was sonicated using a probe sonicator (ultrasonic cell disruptor, Microson, USA) 

at 10 Hz with 10-second pulses for 5 cycles. Samples were then centrifuged at 20,000 g for 20 

min. The supernatant was filtered through 0.2 µm syringe filters, and the filtrate was diluted 

five times with sterilized, deionized water. Samples were then analyzed by ICP-OES (Optima 

8000 PerkinElmer, USA). Standard curves for K+, Na+, and Ca+2 were prepared for quantitative 

estimation. Ion concentration was normalized using bacterial optical density at 600 nm. 
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Quantification of phytohormone production 

For IAA and GA detection, the protocol of Ghosh et al. was followed with slight modifications 

[59]. Phytohormones secreted by bacterial isolate were extracted using an equal volume of 

ethyl acetate and kept for 48-h incubation at 150 rpm at 4 °C. The organic layer was separated 

and evaporated using a rotary evaporator under a vacuum. The residue was re-dissolved in 

methanol, filtered through a 0.22μ filter, and then subjected to HPLC analysis (HPLC 1260, 

Agilent Technology, USA) using a C-18 column (4.6 × 150 mm x 4 μm). The column was 

washed with 80% methanol and equilibrated with an isocratic flow of acetonitrile and 10 mM 

ammonium acetate buffer (pH 4.2) in a 70:30 (v/v) ratio at a flow rate of 2.0 mL/min [59, 200]. 

The same solvent system was used to separate phytohormones, and 20 μl of the sample was 

injected at a flow rate of 1 mL/min. Detection of peaks respective to phytohormones was done 

using a UV–visible detector (VWD detector) at a wavelength of 254 nm and 280 nm for GA 

and IAA, respectively. A standard curve (area under the curve vs. concentration) was prepared 

and extrapolated using different concentrations of commercially available phytohormones to 

quantify IAA and GA. Later, the samples were subjected to HRMS (Agilent Technologies 6545 

Q-TOF LC/MS) to confirm the presence of IAA. The sample was prepared as stated above. 

The Solvent system used for HRMS analysis was a mixture of acetonitrile and water in a 40:60 

(v/v) ratio at a 3.0 mL/min flow rate. 

Quantification of exopolysaccharide production 

Eb WRS7 was analyzed for its ability to produce EPS under no stress and osmotic stress 

according to the method of Sandhya et al. with slight modifications [201]. Briefly, a 3-day-old 

culture grown in LB (with and without 10% PEG) was centrifuged at high speed (13000 g) for 

30 min at 4 ℃, and the supernatant was collected. To the supernatant, two-volume of chilled 

absolute alcohol was added and kept overnight at 4℃. The precipitated EPS was harvested by 

centrifugation at 10,000 g for 20 min and suspended in water. Precipitated EPS was estimated 

for total carbohydrate content following the method of Dubois et al. (1956) [202]. Glucose 

standards for different concentrations were used for the standard curve preparation and 

carbohydrate quantification in EPS. 

Protein content estimation 

Total cellular protein in the bacterial cell was determined by lysing the cell pellet obtained from 

the 3-day-old culture under normal and osmotic stress conditions with 5 mL of lysis buffer 

[201]. The cell suspension was sonicated, cell lysate was collected through centrifugation at 

13000 g for 10 min, and total protein was estimated using the standard Bradford method [203]. 
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Proline content estimation 

The free proline accumulated in bacterial cells under normal and osmotic-stress conditions was 

estimated as per a previously described method [204]. Cell pellets obtained from 72 h grown 

cultures were lysed. The supernatant (1 mL) obtained was treated with 2 mL of 3% aqueous 

sulphosalicylic acid, followed by incubation for 30 min. After incubation, the solution was 

centrifuged at 8000g for 20 min at 4℃, and the supernatant was collected. The obtained 

supernatant was treated with 2 mL glacial acetic acid and 2 mL acid ninhydrin and incubated 

at 100℃ in a water bath for 1 h. The reaction was terminated by keeping the tubes in ice. Four 

ml of toluene was added to each reaction mixture and mixed well. The chromophore containing 

the toluene layer was collected, and the absorbance was measured spectrophotometrically at 

520 nm against toluene as blank. The concentration of free proline was calculated from the 

standard curve prepared using different concentrations of L-proline. 

3.2.3 Fatty Acid Methyl Ester analysis 

In order to comprehend the fatty acid profile under osmotic stress, the fatty acid composition 

of PGPR Eb WRS7 was analysed in accordance with a standard protocol [205]. The bacterial 

cells were grown in only LB media (control) and LB media containing 10% PEG (stressed) for 

24 h. Cells were harvested by centrifugation at 1000 g for 5 min and sonicated in lysis buffer 

containing 50 mM Tris-Cl (pH 7.6), 1.1 mM dithiothreitol, 1 mM PMSF, and 0.2% lysozyme. 

The resulting supernatant was extracted using a mixture of methanol and chloroform in a 1:2 

ratio followed by centrifugation at 6000 g for 10 min. The supernatant was diluted with the 

same solvent system ten times and kept on a shaker at 160 rpm for 3 h for phase separation. 

The lower organic phase was collected and concentrated using a rotary evaporator, dissolved 

in toluene, and converted to fatty acid methyl ester (FAME) by the trans-esterification reaction. 

Later, samples were subjected to GC-MS analysis (GCMS-TQ8040, Shimadzu Corporation, 

Japan). GC was operated at split-less injector mode with the following conditions: initial oven 

temperature of 50℃ held for 2 min and temperature ramping from 50 to 250℃ at a rate of 10 

℃ per min. MetaBoAnalyst 5.0 was used for the Hierarchical heat map construction. 

3.2.4 Metabolite extraction, derivatization, and GC-MS analysis 

Polar and non-polar metabolites were extracted from the bacterial cells grown in only LB media 

(control) and LB media containing 10% PEG (stressed) for 24 h for GC-MS Analysis. Cell 

pellets were sonicated in lysis buffer using a sonicator probe using three cycles of 10 s pulses 

at 40 Hz on ice. Cells were centrifuged at 20,000 g for 5 min. Metabolites from the supernatant 

were extracted using a 2:1 ratio of chloroform and methanol. Then, 100 µl of each solvent layer 
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was collected and evaporated to dryness using a rotary vacuum concentrator. The dried 

supernatant was suspended in 1 mL methanol. As mentioned below, 200 µl was aliquoted in a 

fresh microcentrifuge tube, followed by evaporation to dryness and derivatization. To each 200 

µl of the dried sample, 30 µl of methoxyamine hydrochloride was added, heated at 70 ℃ for 

45 min, and then cooled at room temperature to derivatize the samples. After that, 50 µl of 

MSTFA was added and heated at 40 ℃ for 90 min. Later, derivatized samples were transferred 

to auto-sampler vials for analysis. 1 µl of the derivatized sample was loaded on Shimadzu 

capillary column SH-RXi-5SilMS (30 m × 0.32 mm × 0.25µm) through autosampler in splitless 

mode at 250 ℃. The constant flow rate of 1 mL/min of helium gas was maintained. Initially, 

the GC program was started at 60 ℃ for 1 min, followed by temperature ramping of 10 ℃/ 

min to 180 ℃ with a temperature hold of 2 min, followed by second ramping of 4 ℃/ min till 

the final temperature reached 300 ℃ and held constant for 10 minutes. Data acquisition 

involved a mass range of 50 to 650 m/z. Peaks were identified using the NIST 14 library. The 

metabolomics data were obtained in .qgd file format for analysis. MetaBoAnalyst 5.0 was used 

for the statistical analysis. 

3.2.5 Statistical Analysis 

All the experiments were carried out in triplicates unless otherwise stated, repeated in three 

different experimental sets, and plotted as mean ± SD using Prism 8 (Graph Pad software). 

Statistical analysis was performed using an unpaired student’s t-test. Statistical significance: 

*P ≤ 0.05, **P ≤ 0.01, ***P ≤ 0.001, and ****P < 0.0001, ns = not significant. The experiment 

used four replicates of each control and stressed sample for GC-MS analysis. After data 

normalization, all significant metabolites were analyzed using unsupervised principal 

component analysis (PCA) to observe the overall distribution trend among samples. 

Differential metabolites were screened according to Variable importance in Projection (VIP) 

>1 and p < 0.05. Univariate analysis and metabolic pathway enrichment analyses were 

performed using the online tool MetaboAnalyst 5.0 (https://www.metaboanalyst.ca). 

3.3 Result 

3.3.1 Cell growth and morphological responses under osmotic stress  

To identify bacterial isolate Eb WRS7, a 1.5 kb 16S rRNA gene of the isolate was amplified 

by PCR and sequenced. The sequence of the resulting amplicon was submitted to the NCBI 

GenBank under the accession number MW453057. Based on the sequence similarity, the 

isolate was identified as Enterobacter bugandensis with a close match to E. bugandensis strain 

https://www.metaboanalyst.ca/
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XM29, with 99.16% similarity (Chapter II). Phylogenetic analysis showed that the sequence 

of 16S rRNA of the same genus clustered together (Figure 3.1). 

 

Figure 3.1. Phylogenetic tree constructed using the neighbour-joining method with bootstrap 
value 500 between isolate Eb WRS7 and reference bacterial sequences retrieved from GenBank 
database of National Centre for Biotechnology Information (NCBI) based on 16S rRNA gene 
sequences. Isolate WRS7 clustered among the genus Enterobacter. Evolutionary analysis was 
conducted using Mega software version 6.0. 

First, we asked whether and to what extent the cells of Eb WRS7 could tolerate and survive the 

osmotic stress. To test this, we exposed cells to a range of PEG (5 to 25 %) concentrations and 

measured the optical density (600 nm). The growth curve showed maximum cell growth under 

control (no PEG exposure) conditions, while significant growth retardation was observed with 

increasing concentrations of PEG (Figure 3.2 A and B). Although cells can sustain up to 25% 

PEG, there was a significant loss in cell growth, whereas E. coli cells can sustain up to 20% 

PEG (Figure 3.2 C).  In all the tested doses of PEG, Eb WRS7 could withstand 10% PEG 

concentration and showed about 50% survival of Eb WRS7 as compared to the control. 

Therefore, 10% PEG was selected to induce drought/osmotic stress in all the subsequent 

experiments to analyze the physiological, biochemical, and molecular responses. After testing 

the growth defect in Eb WRS7 in response to osmotic stress, we observed the changes in 

cellular morphology directly related to the osmotic tolerance efficiency. Small (100 nm to 250 

nm in size) vesicle-like structures were also observed in PEG-exposed cells. FE-SEM analysis 

showed that Eb WRS7 maintained cellular integrity upon exposure to 10% PEG (Figure 3.3). 
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Figure 3.2. Effect of water stress on growth of Eb WRS7. (A) Growth curve of Eb WRS7 
based on the OD at 600 nm and (B) CFU of Eb WRS7 based on the number of viable colonies 
(CFU) present on an agar plate, multiplied by the dilution factor of Eb WRS7 both under 
normal (0 % PEG) and osmotic- stressed (5 to 25 % PEG) conditions at an interval of 1 hour. 
(C) Growth curve of E. coli based on the number of viable colonies (CFU) present on an agar 
plate, multiplied by the dilution factor of E. coli under normal (0 % PEG) and osmotic stressed 
(5 to 25 % PEG) conditions at an interval of 1 hour. Each point represents mean ± SE of 4 
replicate samples. 
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Figure 3.3. Scanning electron microscopic images of Eb WRS7 cells under (A) non-stressed and (B) osmotic (10% polyethylene glycol) stressed 
conditions. Osmotic stress-exposed cells do not show any significant morphological changes. Small vesicle-like structures (inside red circles) were seen. 
Similar appearances were found in separate experiments. Two left-side images (with single cell) were captured at 200,000X magnification (Bar-400nm). 
Two right-side images (with multiple cells) were captured at 50,000X (Bar-1m) and 100,000X magnification (Bar-500nm). 
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3.3.2 Physiological and biochemical responses under osmotic stress 

Cell growth and morphology analysis indicated that PEG-induced osmotic stress slowed down 

the growth of Eb WRS7. However, we did not observe significant morphological alterations in 

cells grown with 10% PEG. To determine whether decreased cell growth resulted from 

oxidative stress and membrane damage, we measured the accumulation of intracellular ROS 

and conducted lipid peroxidation assays in control and osmotically stressed cultures. At 6 h of 

growth of PEG-treated cells, there was a significantly high level of both ROS (81.33 %) and 

MDA (179.59 %) as compared to non-stressed cells (Figure 3.4). After that, a gradual decline 

in both ROS and MDA contents was observed at 12 and 24 h, suggesting the stress adaptation 

and tolerance of Eb WRS7 under osmotic stress. 

 

Figure 3.4. Eb WRS7 responses under osmotic-stressed conditions. (A) Reactive Oxygen 
Species (ROS) detection by H2DCFDA and expressed as relative fluorescence unit (RFU) at 
535/590 nm, (B) Membrane lipid peroxidation products were determined as TBARS (MDA-
TBA adduct) and are reported as nmol MDA equivalents/109 cells. The error bars indicate 
standard deviations from three independent cultures assayed in triplicate. The error bar refers 
to the mean ± SD of three independent measurements. Horizontal bars with asterisks (*) 
indicate statistical significance between two values based on a student’s t-test. Statistical 
significance: *P ≤ 0.05, **P ≤ 0.01, ***P ≤ 0.001, and ****P < 0.0001, ns = not significant. 
Abbreviations: MDA- Malondialdehyde; TBA- thiobarbituric acid. 

ROS and MDA analysis pointed out that osmotic stress triggers oxidative stress in the cells. 

We expected that stress exposure would activate the ROS-mediated signaling cascades and 

eventually promote stress-responsive pathways for cell survival in response to stress events. 

Since the uptake and release of ions, especially K+, Na+, and Ca+2, are involved in 

osmoregulation, we measured the intracellular concentration of K+, Na+, and Ca+2 to understand 

the mechanism of osmotic stress tolerance in Eb WRS7. The content of these ions significantly 
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increased at 6 h but decreased gradually at 12 and 24 h under osmotic stress. At 24 h, a 

significant difference in ionic concentration under stress and non-stress conditions was found 

only for Ca2+ (Figure 3.5). The Na+ concentrations were significantly different at 6, 12, and 24 

h, showing 182.33 ± 4.426, 154.465 ± 5.933, and 27.22 ± 0.938 mM respectively under osmotic 

stress. In contrast, K+ was relatively low and measured to be 91.325 ± 0.148, 40.393 ± 0.061, 

and 4.557 ± 0.054 mM, respectively. Similarly, the level of Ca2+ decreased with an increase in 

time duration of stress, with a maximum of 14.825 ± 0.594 mM after 6 h of osmotic stress. We 

observed an increase of 75% in Na+ till 12 h of stress compared to control conditions, whereas 

K+ content first increased to 185.12% at the initial hour of stress, which further decreased to 

47% after 24 h compared to control conditions. Interestingly, we observed a very high 

concentration (̴ 15 mM) of Ca2+ during the initial hour of stress, which further decreased to  ̴5 

mM after 24 h of stress condition (Figure 3.5c).  

 

Figure 3.5. Intracellular ion concentration in Eb WRS7 (A) Sodium ion, (B) Potassium ion, 
and (C) Calcium ion. The error bar refers to the mean ± SD of three independent measurements. 
Horizontal bars with asterisks (*) indicate statistical significances between two values based 
on a student’s t-test. Statistical significance: *P ≤ 0.05, **P ≤ 0.01, ***P ≤ 0.001, and ****P < 
0.0001, ns = not significant. 

Both spectrometric and HPLC methods confirmed the production of phytohormones IAA and 

gibberellic acid (GA) by the given isolate. The water stress caused a significant increase of 

23.11% and 119.31% in the level of the phytohormones IAA and GA, respectively (Figure 

3.6), compared to non-stressed conditions. Further, the presence of IAA was confirmed by 

HRMS analysis. A mass peak of 175.066 was detected in mass spectra at 0.126-min retention 

time, which may correspond to IAA (Figure 3.7). 
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Figure 3.6. Quantification of secreted Indole Acetic Acid (IAA) and Gibberellic Acid (GA) of 
Eb WRS7 under osmotic-stress conditions. The concentration of the secreted phytohormones 
is expressed in μg/g bacterial fresh weight (FW). Each bar represents the mean ± SE of 5 
biological replicates. Symbol ‘*’ represents a significant difference between test samples. 

 

Figure 3.7. HRMS spectra of secreted IAA by Eb WRS7. (A) chromatogram; (B) Mass 
Spectrum; and (C) Mass Spectrum Peak List. 

We tested EPS production, along with the ability of Eb WRS7 to modulate endogenous proline 

and cellular protein under osmotic stress. In response to PEG-induced osmotic stress condition, 

there was an about 3-fold increase in EPS concentration. We also observed 1.8-fold higher free 

proline levels in stressed cells than in control cells. Finally, there was an increment in the total 

cellular protein content after 72 h under stress conditions (Figure 3.8). 
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Figure 3.8. Quantification of (A) cell-free proline, (B) exopolysaccharide (EPS) production, 
and (C) total cellular protein in Eb WRS7 under non-stressed and osmotic-stressed (10% PEG) 
conditions. Each bar represents the mean± SE of three replicate samples. ‘*’ represents the 
significant difference between osmotic-stressed versus non-stressed conditions based on a 
student’s t-test. Statistical significance: *P ≤ 0.05, **P ≤ 0.01, ***P ≤ 0.001, and ****P < 
0.0001, ns = not significant. 

3.3.3 Plasma membrane lipid dynamics under osmotic stress 

Since membrane lipids are crucial in protecting an organism from the adverse effects of 

osmotic stress, we analyzed the fatty acid profile of Eb WRS7 by GC-MS analysis. Saturated 

hydrocarbons such as triacontane, pentacosane, and tetradecane were detected at 0% PEG (non-

stressed condition) along with unsaturated hydrocarbons such as heptadecene and nonadecene. 

At 10% PEG (osmotic stress), the hydrocarbon composition of the extract changed, showing 

the presence of saturated (hexadecane, heptadecane, triacontane, docosane, tetradecane) and 

unsaturated (9-eicosene, 1-dodecene, 1-heptadecene, 1-nonadecene, and 1-pentadecene) 

hydrocarbons (Figure 3.9a and Table 3.1). Some short-chain fatty acids like valeric acid were 

also detected under stressed conditions. Fatty alcohols like 1-dodecanol, 1-heptacosanol, and 

n-tetracosanol-1 were observed in both stressed and non-stressed conditions. The saturated 

fatty acids C16:0 and C18:0 and the monounsaturated fatty acid C18:1 were found as the 

predominant lipid components in non-stressed bacterial cells. A hierarchical heatmap was 

drawn using Metaboanalyst 5.0 software to represent the change in the fatty acid profile (Figure 

3.9b), which showed the qualitative distribution of fatty acids under control and stress 

conditions. Heatmap clustering showed that saturated fatty acids like myristic and palmitic 

acids were less in stressed bacterial cells. In contrast, branched-chain fatty acids like 

isopalmitic acid were dominant in stressed bacterial cells. 
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Figure 3.9. Change in fatty acids composition of Eb WRS7 cells exposed to osmotic stress. (A) Normalized abundance of saturated and unsaturated fatty 
acids and (B) Heatmap hierarchical clustering of detected fatty acids. A hierarchical tree was performed to detect fatty acids in control (non-stressed) and 
osmotic stress treatment using Metaboanalyst 5.0 software. Each colored cell on the map represents the peak intensity. Columns correspond to two 
conditions in replicates (n=3), while rows represent different metabolites detected. On the top of the heatmap, control samples are represented in red, while 
stressed samples are represented in green. A dark blue to dark red color gradient denotes lower to higher expression. 
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Table 3.1. The membrane fatty acid composition of Eb WRS7 was grown in normal (without PEG) and osmotic stressed (with 10% PEG) conditions.  

S. No. Formula Compound (methyl ester/ Hydrocarbon) Name of fatty acid Corresponding Acid Condition FC* 

1 C13H26O2 Dodecanoic acid- methyl ester Lauric Acid C12:0 Both 1.779 
2 C15H30O2 Tetra decanoic acid- methyl ester Myristic Acid C14:0 Both -0.985 
3 C21H42O2 Eicosanoic acid-methyl ester Arachidic acid C20:0 Non-stressed -2.412 
4 C16H32O2 Pentadecanoic acid, methyl ester Pentadecylic acid C15:0 Both 1.897 

5 C16H32O2 Pentadecanoic acid, 14-methyl-, methyl 
ester Isopalmitic acid C16:0 Both 0.488 

6 C17H32O2 Hexadecanoic acid, methyl ester Palmitic Acid C16:0 Both -1.357 
7 C19H36O2 8- octadecenoic acid, methyl Ester Oleic Acid C18:1 Both -1.07 
8 C19H38O2 Octadecanoic acid, methyl ester Stearic Acid C18:0 Both -0.550 

9 C19H38O2 Heptadecanoic acid, 16-methyl-, methyl 
ester Methyl isostearate C18:0 Non-stressed -2.455 

10 C28H56O2 Heptacosanoic acid, methyl ester  C27:0 Stressed 2.497 
11 C6H12O2 Pentanoic acid, methyl ester valeric acid C5:0 Stressed 2.412 
12 C10H20O3 3-Hydroxydecanoic acid 3-hydroxycaproic acid C10:0 Stressed 2.408 
13 C22H44O2 Heneicosanoic acid, methyl ester  C21:0 Stressed 2.392 
14 C19H36O2 Cyclopentanetridecanoic acid, methyl ester  C18:0 Stressed 2.459 
15 C17H34O 9- Heptadecanone  C17:0 Non-stressed -2.437 
16 C30H62 Triacontane  C30:0 Both -0.624 
17 C14H30 Tetradecane  C14:0 Both -0.875 
18 C16H34 Hexadecane  C16:0 Stressed 2.737 
19 C17H36 Heptadecane  C17:0 Stressed 2.484 
20 C22H46 Docosane  C22:0 Stressed 2.361 
21 C12H26 Dodecane  C12:0 Stressed 2.411 
22 C17H34 1-Heptadecene  C17:1 Both -0.191 
23 C19H38 1-Nonadecene  C19:1 Both -0.278 
24 C20H40 9-Eicosene  C20:1 Stressed 2.410 
25 C15H30 1-Pentadecene  C15:1 Stressed 2.494 
26 C12H26O 1-Dodecanol  C12:0 Both -1.502 
27 C27H56O 1-Heptacosanol  C27:0 Both -0.336 
28 C24H50O 1-Tetracosanol  C24:0 Both 1.206 

*FC= Fold change w. r. t. normal condition (n= 3).
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3.3.4 Metabolic responses under osmotic stress 

To study the role of metabolites and identify the metabolic pathways participating in osmotic 

stress tolerance, we extracted intracellular metabolites and performed GC-MS-based 

untargeted metabolomics of Eb WRS7 grown under normal and osmotic stress conditions 

(PEG-10%). We identified 33 significantly deregulated metabolites (fold change ≥ 1.9) in 

control vs. stress-exposed cells. Based on their chemical structure, functions, and associated 

metabolic pathways, annotated metabolites were categorized into different classes, such as 

organic acids (TCA cycle metabolites), sugar/carbohydrates, amino acids, polyamines, 

phytohormones, and osmolytes (Figure 3.10a). Metabolites of glycolysis, TCA cycle pathways, 

and sugar/carbohydrates are significantly higher in stress-exposed cells than in control cells. 

Similarly, polyamines (putrescine and cadaverine), phytohormones (indole acetic acid and 

gibberellic acid), and osmolytes (trehalose, proline, glycine betaine, and ethanolamine) were 

also over-accumulated in stress exposed cells. Osmotic stress also resulted in a higher level of 

some amino acids such as aspartate, proline, glutamate, and tryptophan, whereas amino acids 

like leucine, tyrosine, and lysine were significantly reduced (Figure 3.10a). 
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Figure 3.10. Change in intracellular metabolites of Eb WRS7 cells exposed to osmotic stress 
(PEG- 10%). (A) Normalized abundance of different metabolites, (B) Scores Plot (PC1 vs. 
PC2) of partial least-squares- discriminant analysis (PLS-DA) of metabolites. Each ring 
represents the distribution of biological replicates. The pink color denotes control samples, 
whereas the green color represents stressed samples. (C) Volcano map depicting contributory 
metabolites to the differences in two conditions, with fold change threshold (x-axis) =2 and t-
tests threshold (y-axis) =0.1. (D) Heatmap hierarchical clustering of detected intracellular 
metabolite pools. Hierarchical trees were drawn based on detected metabolites in control (non-
stressed) and osmotic stress treatment. Columns correspond to two conditions in replicates, 
while rows represent different metabolites detected. 

The biological replicates clustered together, whereas metabolites under normal and stressed 

conditions clustered differently. Principle component analysis (PCA) was used to visualize 

variance between the two conditions, which showed a similar clustering pattern. A total 

variance of 85.1% (PC 1= 78.6% and PC 2= 6.5%) was observed (Figure 3.10B). Considering 

the control (non-stressed) condition as a reference, 26 metabolites were significantly 

upregulated (shown in red), whereas 7 were significantly downregulated (shown in blue) in 

stress-exposed cells, as shown in the volcano plot (Table 3.2 and Figure 3.10C). Annotated 

metabolites were further processed by hierarchical clustering to provide an intuitive 

visualization of metabolite changes under tested conditions (Figure 3.10D). The heat map 

obtained from the selected metabolites indicates that some metabolites are upregulated while 

others are downregulated under osmotic stress (Figure 3.10D). Finally, metabolite enrichment 

analysis revealed the functions and involvement of these metabolites in various metabolic 

pathways. Based on this observation, we conclude that the TCA cycle, glyoxylate, 

dicarboxylate metabolism, alanine, aspartate and glutamate metabolism, and fatty acid 

biosynthesis metabolic pathways are significantly more active in response to osmotic stress in 

Eb WRS7 (Figure 3.11A, B).   
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Table 3.2. Significantly altered intracellular metabolites of Eb WRS7. The fold change shows 
metabolite levels from Eb WRS7 with osmotic stress (by PEG 10%) compared to the non-
stressed condition.  

S. No. Metabolites Log 2 (Fold Change) 
1. 1-Dodecene 3.406 
2. Sorbose 3.2082 
3. L-Hydroxyproline -3.0187 
4. L-Leucine -2.8512 
5. 2,3 Butanediol 2.844 
6. Glycerate 2.8413 
7. Capric acid 2.7461 
8. L-Valine 2.7076 
9. Homocysteine -2.697 
10. L-Tyrosine -2.6581 
11. Dodecanoic acid 2.6116 
12. Homoserine 2.5187 
13. Gamma-Aminobutanoic acid 2.517 
14. Maltose 2.5027 
15. Glyoxylate -2.4979 
16. Benzeneacetic acid 2.4945 
17. Boric acid 2.4891 
18. Guaiacol 2.467 
19. L-lysine -2.4569 
20. Tocopherol 2.4213 
21. 1-Pentadecene 2.4108 
22. L-Aspartic acid 2.4041 
23. Docosane 2.3378 
24. Benzoic acid 2.1249 
25. Nonadecanoic acid -2.0448 
26. 2-Propanol 1.9509 
27. Methylmalonate 1.5216 
28. Sucrose 1.4431 
29. Cadaverine 1.3913 
30. D-Gluconate 1.3558 
31. Trehalose 1.1505 
32. D-Arabinose 1.1025 
33. Pyruvic acid 1.0769 
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Figure 3.11. Dot plot of KEGG pathway enrichment of metabolites corresponding to (A) Non-stressed and (B) Osmotic stressed in Eb WRS7. The top 25 
enriched pathway terms are displayed. The P-value indicates the enrichment level of the pathway term and ranges from 0 to 1. 
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3.3 Discussion 

The rhizosphere microbiome is considered one of the effective and better alternative 

approaches for sustainable agriculture and a reasonable solution to meet the twin challenges of 

food security and environmental stability. This approach offers several advantages, including 

the capability of PGPR to confer abiotic stress tolerance through modulating plant 

physiological and biochemical traits [11]. Developing drought-tolerant PGPR (bioinoculant) 

seems a promising solution to improve crop productivity under drought-prone agroecosystems. 

However, despite an increased application of PGPR, our understanding of the stress adaptation 

mechanisms of PGPR communities under drought is still incomplete. In this study, we contend 

that a comprehensive understanding of the complex physiological and biochemical responses 

to drought will pave the way for rhizosphere engineering through PGPR and, ultimately, the 

exploitation of these responses to increase the drought resistance of crop production. Among 

all the isolates recovered in our study, PGPR Eb WRS7 showed plants' best growth-promoting 

and abiotic stress tolerance ability under drought stress (Chapter II). Being isolated from a 

drought-prone agroecosystem and considering its role in ameliorating plant growth under 

drought stress, we hypothesized that this PGPR might have unique stress adaptation abilities.  

To prove our hypothesis, we initially assessed the growth and morphology of this bacterium 

upon drought exposure. Since dehydrating agents like PEG can reduce bacterial growth, Eb 

WRS7 growth was studied at different concentrations of PEG. It is evident from Figure 3.2A 

that Eb WRS7 showed better growth and survival under osmotic stress conditions than E. coli, 

used as control, at higher PEG concentration (Figure 3.2C). However, slower growth was 

observed than its non-stressed counterparts. Under stress conditions, bacterial cells might have 

directed their energy flow towards activating the protection mechanisms, which might have 

affected their growth [128, 206]. Previous reports also described the tolerance of PGPR 

Pseudomonas sp. and Bacillus sp. under osmotic stress [59, 206]. There were no significant 

morphological changes, but we observed the formation of vesicle-like structures in response to 

osmotic stress. Vesicle formation is influenced by bacterial growth stage and stress insults. 

These vesicles might serve some specialized function, such as nutrient acquisition or biofilm 

formation, and play an important role in host-microbe interactions, hence offering stress 

tolerance under stressful environmental conditions [207, 208]. McMillian et al. (2021) reported 

that outer membrane vesicles from Pseudomonas syringae and P. fluorescens activate plant 

immune response in Arabidopsis thaliana against pathogenic bacteria [209]. Membrane 

vesicles play an essential defense function in mitigating osmotic and oxidative stress [210]. The 
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latest study described the role of vesicles in mitigating the osmotic stress in E. coli when 

exposed to titanium dioxide nanoparticles, showing that osmotic stress and cell vesiculation 

are associated with nanoparticle resistance [211]. However, factors stimulating vesicle 

generation and their specialized functions in PGPR have not been well studied; therefore, 

specific experiments are required to know the exact function of this vesicle-like structure in 

future studies. 

The primary signal caused by drought is hyperosmotic stress, which often induces complex 

secondary effects such as oxidative stress, damage to cellular macromolecules, and consequent 

metabolic dysfunction. Oxidative stress triggers over-accumulation of the cells' ROS. Excess 

ROS production induces lipid (polyunsaturated fatty acids) peroxidation in the cells, as 

evidenced by a high content of MDA, a common biomarker of oxidative stress, and determines 

the antioxidant status of the cell [212]. Lipid peroxidation alters the membrane structure, 

affecting its fluidity and damaging its integrity [213]. We observed an initial increase in ROS 

and MDA followed by a decline at 24 h, indicating adaptive responses of this bacteria against 

stress. ROS production is a normal physiological process and plays a vital role in cell signaling 

and homeostasis [214]. Over-accumulation of ROS is, however, kept under tight control by a 

versatile and cooperative antioxidant system. ROS functions as a secondary messenger that 

triggers adaptive responses by activating signal transduction pathways, limiting intracellular 

ROS concentration and hence maintaining the cell's redox homeostasis [214].  

The common osmoadaptation mechanisms of bacteria include accumulating or releasing 

solutes such as inorganic ions (often K+, Na+, and Cl-) and organic osmolytes to attenuate water 

fluxes (efflux/influx) to counter the variations in external osmotic pressure [215, 216]. In 

bacteria, K+ is the most abundant inorganic ion in the cell cytosol and, therefore, is the most 

suitable candidate for osmotic adjustment purposes under stress conditions. The 

electrochemical gradients favor K+ loss and accumulation of Na+ into the cell via specific ion 

transport systems and play a significant role in maintaining normal cell turgor. The imbalance 

in the cytosolic K+/Na+ ratio dramatically impacts cell metabolism and may trigger 

programmed cell death [217]. In E. coli, it has been reported that osmotic shock causes an 

increase in intracellular Na+ over K+ concentration [218]. We also observed higher Na+ 

concentrations than K+ in stressed cultures, suggesting inorganic ions' role in maintaining 

osmotic balance in Eb WRS7. However, more experimental data are needed to support our 

hypothesis. It is well established that hyperosmotic stress induces a rapid rise in intracellular 

Ca2+ concentration in plants and may reflect the activities of biochemical and metabolic 
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components to counter osmotic stress [219]. Interestingly, we also observed higher Ca2+ 

concentration, suggesting the role of this secondary messenger in activating the osmo-

adaptation mechanism in this PGPR. A previous report shows that Ca2+ affects several bacterial 

physiological processes, including chemotaxis, cell differentiation (spore development and 

heterocyst formation), and membrane transport [220]. We also recorded high Ca2+ under stress 

conditions, which might be involved in an osmotic stress signalling pathway. 

Microorganisms preferentially accumulate organic solutes like glutamate, glycine betaine, 

proline, and trehalose, decreasing water potential without interfering with cellular metabolism. 

These osmolytes maintain osmotic potential and scavenge ROS, thus preventing cellular 

damage from oxidative stress without any adverse effects on cellular macromolecules [201, 

217]. We observed around a two-fold increase in proline content under stress. Microorganisms 

can increase their function and survival in hostile environments by improving their local 

habitat.  

Phytohormones secreted as secondary metabolites by bacteria can act as phytostimulants and 

prominently impact plant growth and metabolism under stress and non-stress conditions [59]. 

Bacteria-secreted phytohormones modulate plant hormone levels in a similar way as exogenous 

phytohormone application does. As previously reported, bacterial IAA stimulates primary root 

elongation and helps form lateral roots, affecting the root architecture and helping plants 

survive under stressful conditions [148, 221]. Gibberellic acid is a growth hormone involved 

in cell elongation and division and responds to abiotic stress. Also, GAs produced by PGPR 

improve plant growth and yield [222]. Similar to our observations regarding increased IAA 

and GA production under drought stress, some research groups also reported increased 

production of phytohormones by PGPR under drought stress. Ghosh et al. reported enhanced 

production of auxin and GA by Bacillus and Pseudomonas strains under osmotic stress [59], 

whereas Bhatt et al. reported the same for Enterobacter strain P-39 under osmotic stress [223]. 

Since drought limits substrate availability and reduces nutrient diffusion, bacteria preferably 

start synthesizing extracellular polymeric substance (EPS) as an effective drought adaptation 

method. EPS functions like a sponge, slowing the drying process and thus retaining water by 

allowing action at low water potential [224]. Our results also indicate increased EPS 

(predominantly containing polysaccharides, protein, and DNA) production and a significant 

increase in protein content after 72 h in stressed cells. This might be because of the enhanced 

production of bacterial extracellular protein to produce EPS, which protects them against 
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desiccation [224]. Bacterial cellular protein contributes to exopolysaccharide (EPS) production 

under stress conditions [59], which in turn forms a sheath around the bacterial colonies and 

protects them from osmotic stress by decreasing water loss [201]. EPS exhibits high antioxidant 

properties, protecting bacteria from ROS-dependent cell death [225]. EPS produced by bacteria 

not only helps them tolerate osmotic stress but also improves the quality and fertility of the 

soil, acts as a nutrient facilitator, reduces ion toxicity, and maintains plant health under abiotic 

stress [54]. 

Microbes tune their membrane lipid composition to maintain membrane fluidity and properties 

in response to environmental changes. Global patterns of lipid remodelling can provide insights 

into fundamental principles of membrane adaptation [226, 227]. Lipid determination by FAME 

analysis is an accurate reflection and can be used to quantify total lipids. Using FAME-based 

lipidomics, we examined the total lipid fraction of this PGPR to understand the role of fatty 

acids in regulating membrane dynamics. The change in fatty acid composition, especially 

carbon length and degree of saturation under stressed conditions, indicates the adaption of 

bacteria to tolerate osmotic stress, increasing the cytoplasmic membrane's fluidity. They also 

play an important role in membrane stability and permeability [228]. Under stressed conditions, 

there was an increase in cyclopropane fatty acids. The bacterial production of the cyclopropane 

ring is related to changes in the composition of the membrane fatty acids. It represents one of 

the most important adaptive microbial responses that favor the stress tolerance of several 

bacteria [229]. Cyclopropane membrane lipids have been associated with resistance to 

oxidative stress in Mycobacterium tuberculosis, organic solvent stress in E. coli, and acid stress 

in E. coli and Salmonella [230]. It has been reported that in the membrane of Lactococcus 

lactis, osmotic stress induces high levels of cyclopropane fatty acid (∆C19:0) [231]. Although 

the mechanism is not yet known, researchers believe that a change in the fatty acid composition 

of the lipid membrane may regulate glycine betaine transporter activity [193]. Earlier studies 

showed a different profile of fatty acids under stress conditions, which might help bacterial 

cells survive the changing environment by maintaining the cell membrane as an iso-osmotic 

barrier [207]. Therefore, the present study highlighted that bacteria change their membrane 

composition in changing environments for survival. 

To get a deeper insight into the stress adaption mechanism, we evaluated the metabolic 

responses of this PGPR (Eb WRS7) under drought. To better understand the mechanism of 

osmolarity and adaptability, we employed GC-MS-based untargeted metabolomics to 

determine the change in primary and secondary metabolites under drought stress. Deregulation 
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in these intracellular metabolites indicated the operation of central carbon and nitrogen 

metabolism in response to osmotic stress and provided deeper insights into the osmoadaptation 

mechanism of PGPR. Deregulated metabolites were subdivided into several classes based on 

their biochemical structure, functions, and involvement in different metabolic pathways. We 

recorded higher organic osmolyte content, including amino acids, polyamines, quaternary 

ammonium compounds, and sugars. The role of these metabolites in osmoprotection has been 

very well-established in many bacteria [215]. We observed a higher content of ethanolamine 

and polyamines. It has been reported that ethanolamine is a precursor of betaine and proline, 

and its supplementation promotes glycine biosynthesis [232]. Polyamines possess antioxidant 

properties and protect bacteria exposed to oxidative stress by decreasing ROS, binding and 

shielding negatively charged macromolecules, and modulating the expression of adaptive 

genes [233]. For instance, cadaverine can bind to porin proteins and lipopolysaccharides of the 

cell envelope, regulate transport through the outer membrane, and is involved in the adaptive 

responses to acid stress, redox-active compounds, and antibiotics. Putrescine primarily binds 

to nucleic acids, regulates gene expression by modulating transcription, protein stability, 

mRNA secondary structure, and functioning of the ribosome, stabilizes and protects DNA, and 

is involved in the adaptive responses to oxidative stress, osmotic shock, heat shock, etc [232].  

In addition to the aforementioned organic molecules, volatile organic compounds (VOCs) 

were over-accumulated in stress-exposed cultures. Under stress exposure, PGPR produces 

VOCs to regulate osmolyte and phytohormone biosynthesis. These compounds also play a 

crucial role in plant-microbe interactions [223]. The ability of 2, 3-butanediol, and acetoin in 

plant growth promotion and induced systemic resistance against pathogenic fungi, bacteria, 

and viruses in plants has been reported in earlier studies [234, 235]. Also, 2, 3-butanediol 

secreted by bacteria is known to stimulate root development, leading to increased nutrients and 

water uptake by plants and hence improving plant growth [62]. In our study, 2, 3-butanediol 

was detected under osmotic stress known to be produced by various root-associated bacteria 

such as Bacillus sp., Aerobacter sp., and Klebsiella sp. [236]. To best of our knowledge, 

production of 2, 3-butanediol by E. bugandensis has not been reported earlier. Although VOCs 

regulate growth hormones and ion acquisition, a lot more can be explored regarding their direct 

role in the bacteria defense system and ameliorating abiotic stress in plants. Metabolomics data 

also highlighted increased levels of sugar molecules such as sucrose, maltose, and arabinose in 

Eb WRS7 under osmotic stress. It has been reported that the production of EPS required a 

higher amount of glucose, trehalose, mannose, and rhamnose for better water retention ability 
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[237]. Therefore, higher sugar content might contribute to EPS production, enhance water 

retention within the bacteria, and protect them from fluctuating water potential [238]. Higher 

sugars may also act as a carbon pool to fulfill the carbon demands of this PGPR under drought. 

Finally, we observed a higher accumulation of the glycolytic pathway and TCA cycle 

metabolites such as pyruvate, α- ketoglutarate, succinate, malate, and oxaloacetate. Moreover, 

several amino acids, such as aspartate and glutamate, are over-accumulated in contrast to 

leucine, lysine, and tyrosine, showing lower concentrations under stress exposure. Since 

survival in high osmotic stress is an energy-demanding process, and the production of 

osmolytes demands high energy and carbon, the activation of glycolysis and the TCA cycle 

might be involved in fulfilling these demands [239]. Under osmotic stress, the glycolytic 

pathway may have contributed to the production of trehalose in plants and bacteria [240]. Also, 

increased levels of glycolysis and TCA cycle metabolites might provide energy in the form of 

ATP to the bacterial cell under stressed conditions [241, 242]. Glutamate is an important 

metabolite that plays a role in various metabolic processes and is involved in protein synthesis 

and other fundamental processes such as glycolysis, gluconeogenesis, and the TCA cycle. 

Glutamate metabolism plays a vital role in resistance to acid stress and multiple other stresses 

in E. coli [242]. Since the synthesis of glutamate and aspartate are energetically economical for 

the bacteria and act as a counter partner for K+, which increases during the osmotic stress, this 

can be an adaptive strategy of bacteria to deal with hyperosmotic stress [242]. Similar to our 

findings, a previous study reported a decrease in aromatic (tyrosine) and branched chain 

(leucine and isoleucine) amino acids, which may be a result of increased energy demands for 

maintaining cell integrity and homeostasis under stress [242]. Moreover, the increased 

production of essential amino acids like threonine and serine during stress can produce the 

defense molecule glutathione [243]. Furthermore, there was an increase in intracellular 

tryptophan, IAA, and GA levels under osmotic stress conditions. These observations support 

the PGPR capability of Eb WRS7. However, to understand the specific role of phytohormones 

in bacterial physiology, further experiments are needed using mutant bacterial strains, 

compromising their ability to produce these phytohormones. The deregulation in metabolites 

indicates that Eb WRS7 can modulate their physiological and metabolic processes to combat 

stress. These metabolic responses and alterations in cellular metabolism might be related to 

certain stress signaling and adaptation mechanisms and provide a roadmap for the 

commercialization of bacterial metabolites for the development of bioinoculants, which can 
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combat abiotic stress and improve plant growth and yield in drought-prone agroecosystems in 

a sustainable manner. 

In conclusion, this study provides a detailed understanding of the stress-responsive 

mechanism(s) in Eb WRS7 at a metabolic level under drought/osmotic stress conditions 

(Figure 3.12). Stress-tolerant abilities of PGPR strains and their detailed understanding of the 

osmo-adaptation mechanism could be translated into the engineering of efficient PGPR inocula 

(biofertilizer) with wide adaptability to the different agroecosystems with varying soil types 

and eventually can be harnessed for the betterment of dryland agriculture. 
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Figure 3.12. Eb WRS7 response to osmotic stress and tolerance mechanism. Drought/osmotic stress triggers osmosensors and induces oxidative 
stress through ROS accumulation. ROS causes lipid peroxidation and damage to the plasma membrane. ROS over accumulation activates cell 
signaling cascades and induces gene expression. Osmotic stress tolerance mechanisms are governed by maintaining the lipid dynamics (balance 
in membrane fatty acids) and ion transport systems. PGPR regulate their carbon and nitrogen metabolism to fulfill the energy demands, and 
biosynthesis of osmolytes and other secondary metabolites. Abbreviations: 2OG-2-oxoglutarate3PG-3-phosphoglycerate, AcCoA-acetyl 
coenzyme A, AKG-alpha ketoglutarate, Cit-Citrate, CFA-cyclo fatty acid, GA-gibberellic acid, IAA-indole acetic acid, Mal-malate, NDP- 
nucleotide diphosphates, OAA-oxaloacetic acid, PEP- phosphoenolpyruvate, ROS-reactive oxygen species, SFA-saturated fatty acid, Suc-
succinate, UFA-unsaturated fatty acid.
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CHAPTER IV 

Role of PGPR Enterobacter bugandensis WRS7 in Modulating Gene Expression 

and Metabolites of Host Plants under Drought Stress. 
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4.1 Introduction 

Drought stress restricts the utilization of arable land and crop productivity worldwide. In 

response to drought stress, plants undergo hyperosmotic signal transduction, which leads to 

transcriptional and metabolomic reprogramming and repair stress-induced damage to maintain 

cellular homeostasis [80]. Various microorganisms including beneficial soil microbes inhabit 

plants and stimulate plant growth and plant tolerance to various environmental conditions 

including drought. Eb WRS7 was found to be an important plant growth-promoting 

rhizobacteria due to its ability to protect wheat plants from drought stress conditions and its 

ability to colonize plants efficiently. It has several plant-growth-promoting properties such as 

exopolysaccharide production, ACC deaminase activity, phytohormone production, phosphate 

solubilization, and siderophore production. Inoculation of this bacterium promotes wheat plant 

growth under stress (Chapter II). Moreover, Eb WRS7 has shown the ability to tolerate osmotic 

stress (Chapter III). Therefore, it can be exploited as a promising biofertilizer candidate to 

promote plant growth under drought-stress conditions.  

Drought-stress response in plants is a complex mechanism involving various physiological and 

molecular regulation. The mechanism of drought tolerance includes ion homeostasis, 

osmolytes biosynthesis, and scavenging of harmful radicals. To tolerate drought stress, one of 

the most important strategies of plants is to accumulate solutes, known as osmolytes, of lower 

cellular water potential to maintain cellular turgor. PGPR confer drought stress tolerance in 

plants by increasing the plant’s capacity to produce osmolytes [12]. Drought stress enhances 

the generation of ROS, which is responsible for cellular damage. To mitigate drought-induced 

oxidative damage, plant activates their antioxidant enzyme system, which protects plants from 

oxidative stress [244]. PGPR enhances plants’ ability to produce antioxidant enzymes under 

oxidative stress generated from abiotic and biotic stress [12]. Drought-tolerant PGPR can 

tolerate osmotic stress and help plants ameliorate drought stress through several synergistic 

mechanisms, including increasing osmolyte accumulation, nutrient uptake, phytohormone 

signalling, and antioxidant capacity. Moreover, in response to PGPR, plant cells undergo 

transcriptional reprogramming, which may enhance plant growth and stress tolerance [80]. For 

instance, Gontia-Mishra (2016) and their group investigated the effect of PGPR Enterobacter 

ludwigii and Flavobacterium sp. in wheat at physiological and biochemical parameters. They 

studied gene expression of stress-responsive genes under drought stress. These PGPR can 

improve plant growth under drought stress by attributing plant growth directly influencing 
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plant physiology and regulating the expression of genes required to protect plants from abiotic 

stress-mediated alteration of plant functions. They also reported upregulation of some stress-

related genes, such as CAT1 and DREB2A, in uninoculated wheat plants under drought stress, 

whereas attenuated transcript levels were observed in PGPR-inoculated plants, indicating 

improved tolerance due to PGPR interaction [28]. Similarly, Barnawal et al. suggested that 

PGPR inoculation confers abiotic stress tolerance by modulating the expression of the CTR1 

gene, a regulatory component of the ethylene signalling pathway and DREB2 in wheat [82]. 

These works suggest that the plant-microbe interaction can be a promising approach to 

improving plant growth and productivity in a drought environment through multiple 

mechanisms. Therefore, understanding plant–PGPR interaction at the biochemical and 

molecular level will be highly helpful in exploiting selective PGPR for sustainable agriculture. 

Therefore, the present study aimed to characterize their abilities to ameliorate drought stress in 

wheat plants by employing biochemical and molecular approaches. Only a few studies have 

highlighted the combinational impact of rhizobacteria and drought stress through gene 

expression analysis in different plants, including wheat. Therefore, the present work tried to 

investigate the abilities of Eb WRS7 to overcome the deleterious effects of drought stress and 

to characterize its ability to colonize wheat plants. 

In addition to molecular changes, we aimed to study differentially produced plant metabolites 

in response to PGPR inoculation under drought stress. In response to environmental stress, 

PGPR-inoculated plants re-program their metabolic pathways by altering the biosynthesis of 

various compounds such as amino acids, sugars, and tricarboxylic acids [245]. Interrogating 

the metabolism of PGPR-treated plants could reveal the metabolic profile and key metabolomic 

signatures that define the effects of microbial inoculation on plant physiology. Such insights 

provide a framework for mechanistic prediction and understanding microbe-induced 

physiological changes in crop plants under drought conditions [246]. For example, Carlson et 

al. (2020) reported that PGPR inoculation in Sorghum bicolor induced differential metabolic 

reprogramming to ameliorate drought stress, which involved augmentation of the antioxidant 

system, production of the osmolytes, change in root architecture, and hence activation of 

induced systemic tolerance [12]. In another study, Lucini et al. (2019) reported that inoculation 

of Rhizoglomus irregulare or Trichoderma atroviride differentially modulates metabolite 

profiling of wheat root exudates as they observed differential changes in lipids, phenolic 

compounds, terpenoids, siderophores, chelating acids, derivatives of amino acids and 

phytohormones [247]. Recently, Zhao et al. (2022) did a metabolomics analysis to investigate 
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the changes in wheat seedlings under salinity stress upon inoculation with Bacillus sp. wp-6. 

They found that galactose, phenylalanine, and glutathione metabolism might play an important 

role in promoting wheat plant growth under salt stress after the inoculation with wp-6 [248]. 

Also, Vilchez et al. (2018) described the characterization of metabolic alteration during the 

interaction of pepper plants with Microbacterium sp. 3J1 under drought stress. They observed 

that plants change their carbon and nitrogen metabolism in response to bacteria contributing to 

major changes in the concentration of molecules, such as sugars and amino acids, to maintain 

osmotic balance [248]. There are very few metabolomics studies on the PGPR-plant interaction 

and even fewer on the PGPR-plant-abiotic stress interaction. Therefore, metabolite profile 

patterns of wheat plants inoculated with Eb WRS7 can provide a holistic biochemical 

phenotype of plants under drought conditions. Also, this study elaborates our understanding of 

bacteria-mediated IST in plants. 

4.2 Material and Methods 

4.2.1 Bacterial culture and growth conditions 

The bacterium Eb WRS7 isolated from the rhizospheric soil of Triticum aestivum L. was used 

in this study. The growth condition and detailed characterization of plant growth-promoting 

properties have been reported earlier (Chapter III, Section 3.2.1).  

4.2.2 Plant growth and experimental design 

Surface sterilization of wheat seeds (Triticum aestivum L.), preparation of bacterial inoculum, 

soil sterilization, and seed treatment were performed as per the protocol mentioned in Chapter 

II, section 2.2.8). 

4.2.3 Effect of Eb WRS7 on growth of wheat crop under non-sterile condition 

Surface seed sterilization, plant growth experiment, and bacterial growth conditions were the 

same as described above, except plants were grown in non-sterile soil. After the stress period, 

plants were harvested, and their growth was measured based on various parameters, such as 

root and shoot length and chlorophyll content. 
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4.2.4 Biochemical analysis 

To evaluate different biochemicals in control and bacteria-treated plants, osmolyte content 

(proline and total soluble sugars) and lipid peroxidation assays were performed under drought 

stress following the standard protocols described below. 

 4.2.4.1 Proline content 

Proline content in the leaves was determined by the standard protocol of Bates et al. [204]. One 

gram of fresh leaves was homogenized in 3 ml of 5% (w/v) sulfosalicylic acid and spun at 8500 

g for 10 min to collect the supernatant. 500 µl of supernatant was diluted with sterile water to 

make up the volume to 1 ml, followed by adding 2 ml of 2 % ninhydrin solution. The mixture 

was vortexed gently and boiled for 30 min at 100 ℃. The mixture was cooled, an equal volume 

of toluene was added, and then the upper aqueous phase was collected to measure the 

absorbance at 520 nm in a spectrophotometer (Eppendorf). The proline content was calculated 

by plotting a standard curve using L- proline as standard (Sigma-Aldrich, USA).  

4.2.4.2 Estimation of total soluble sugar (TSS) 

Total Soluble Sugar (TSS) was estimated by following the standard Irigoyen et al. 1992 

protocol using anthrone reagent [249]. Alcoholic leaf extract was prepared by homogenizing 1 

g of leaves in 3 ml of 80% ethanol and adding 3 ml of freshly prepared anthrone reagent. The 

reaction mixture was placed in a boiling water bath for 10 min. The absorbance was then 

measured at 620 nm. A standard curve of glucose was prepared for quantification of soluble 

sugars synthesized by plants. 

4.2.4.3 Estimation of lipid peroxidation 

Lipid peroxidation was determined by estimating the malondialdehyde (MDA) content 

produced by the thiobarbituric acid reaction [250]. Alcoholic leaf extract was prepared and 

mixed with 1 ml of 0.5 % thiobarbituric acid containing 20 % trichloroacetic acid (TCA). The 

resultant mixture was boiled at 90 ℃ for 30 minutes, cooled at room temperature, and 

centrifuged at 5000 g for 5 minutes. The absorbance was measured at 400, 532, and 600 nm. 

The MDA concentration was determined by its molar extinction coefficient (155 nm-1cm-1), 

and the results were expressed as mmol MDA g-1 fresh weight (FW). 
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4.2.5 Effect of Eb WRS7 on antioxidant enzyme activities of wheat crop 

Antioxidant enzymes or stress markers such as catalase (CAT) and superoxide dismutase 

(SOD) were determined using a standard protocol. To measure the enzyme activity, 0.5 g of 

leaf from bacteria-treated plants grown under drought stress and their respective control plants 

were homogenized with 50-mM phosphate buffer (pH 7.0) and centrifuged at 15,000 g for 20 

min at 4 °C. The supernatant was used to estimate protein content and antioxidant enzyme 

activity. Catalase activity was measured based on the decomposition of hydrogen peroxide 

(HO-) by recording the decrease in absorbance at 240 nm at 30 °C [251]. The activity of SOD 

was determined by the photoreduction of nitro blue tetrazolium (NBT). The reaction mixture 

contained phosphate buffer, NBT, riboflavin, and enzyme extract. Riboflavin was the last 

component to be added, and the reaction was initiated by placing the tubes in fluorescent lamps. 

The reaction was terminated after 10 min by removing the light source. Absorption of the 

reaction products was recorded at 560 nm [252]. 

4.2.6 Expression analysis of stress-responsive genes in wheat plant 

The expression of different genes contributing to drought stress amelioration was investigated 

to understand the plant response to PGPR inoculation. Wheat plants were grown and treated as 

described above. The leaves of experimental plants were used for total RNA extraction using 

the CTAB method [253]. Three biological replicates were employed for each treatment. The 

extracted RNA was checked for its quality and quantity using the Bio-spectrometer (Eppendorf, 

Germany). The cDNA was synthesized using a verso cDNA synthesis kit (Thermo Fisher 

Scientific, USA) for gene expression profiling. Real-Time qPCR (Bio-Rad, USA) was 

performed on a CFX connect RT PCR System (Bio-Rad, USA), using a SsoFast EvaGreen 

Supermix (Bio-Rad, USA) and a gene-specific set of primers as listed in Table 4.1. One µL of 

cDNA was added to each PCR reaction mix (10 µL), containing 0.25 µM of each primer and 

5 µL of 2X SsoFast EvaGreen Supermix (Bio-Rad, USA) under the following thermal 

conditions: 2 min at 50 °C; 10 min at 95 °C; 40 cycles of 15 s at 95 °C and 1 min at 60 °C. 

Each reaction was carried out in three technical replicates, along with a no-template control 

(NTC). To confirm the amplification specificity and lack of primer dimer formation, each run 

was performed with a melting curve analysis. Each sample was analyzed in two biological and 

three technical replicates at the qPCR level. Primers were designed using Sequence 

Manipulator Suit (https://www.bioinformatics.org/sms2/) and NCBI primer blast. Tubulin 1 

(tubb1) was used as an internal control. Gene expression analysis was done using relative 
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quantification by the 2−ΔΔCT method [254]. The selection of stress-responsive genes for 

expression studies was based on available literature [243, 255]. 

Table 4.1. List and sequence of primers used in gene expression studies using real-time PCR 
(qPCR). 

Primer Primer (5’  3’) Forward Sequence Primer (5’  3’) Reverse Sequence 

CAT1 AAGTGCTCCCACCACAACAA CTGGCCGAGAGACTTGTCAG 

APX TCAGTTTGTCCCCGTGAAGG ACCTTTCAGGATGCGCCTTT 

GPX GTTCAGTTTGCCTGCACTCG CAACGTGACCCTCCTTGTCA 

NCED CACTCTGTCGACTGCGCC AAGTCGTGGATCATGGTGGG 

WZE AAGCAAACCAGATCCGAGCA CATCGGAAGGGTGGAAACGA 

SAMS GCTGACCACTGCAAGGTACT TGGTCACTGTCTCATCGTG 

ACS1 CAGCCTCTCCAAAGACCTC AATGCCGATCTCCTTGAGC 

ACO ATGAAGGAATTCGCGTCCGA GGTAGCTGCTGACCTTGGTG 

PC5S TGATGGGACTCGCTTTGGTC CACAACTCCCTTGTCACCGT 

PC5R AATGCCAAACACCCCCTCTG TCAAGCCAGTAACCGCATCA 

TPS1 TCTATGTGTTCTTCGACCCT ACGAGTTGAGCAGGTAACGG 

LEA1 CAGTACACCAAGGAGTCCGC GCCAACACATGCGTCTAGTG 

TPC1 CACTTCCGCTCGTAGCTT CTTCTGGTAACGGTCGCCAT 

Tubulin (tubb1) CCGTCAACCTGATCCCCTTC GTCAACCTCCTTGGTGCTCA 

4.2.7 Metabolite extraction, derivatization, and GC-MS analysis 

Polar and non-polar metabolites were extracted from the control and Eb WRS7-treated wheat 

plants grown under normal and drought stress. Four conditions are described as (i) control (C), 

i.e., plants with no stress and no PGPR inoculation, (ii) treated plants (PGPR) that included 

plants treated with PGPR but in the absence of drought stress, (iii) DS which were plants grown 

under drought stress but no PGPR inoculation, and (iv) DS + PGPR where plants were treated 

with PGPR and grown under drought stress. Plants were grown as described in Chapter II, 

section 2.2.9. To impose drought stress, plants were not watered after 15 days of germination 

(plants grown up to the three-leaf stage). After 15 days of stress, plants were harvested for 

metabolite extraction.  Metabolites were extracted by crushing the plant samples to a powdered 

form using liquid nitrogen, followed by the addition of a 2:1 ratio of chloroform and methanol. 

The mixture was then homogenized and sonicated for 30 s using a probe sonicator. The 

homogenate was centrifuged at 15000g for 20 min at 4℃. Then, the solvent layer was collected 

and evaporated to dryness using a rotary vacuum concentrator. The dried supernatant was re-

suspended in 1 mL methanol. 200 µl was aliquoted in a fresh microcentrifuge tube, followed 
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by evaporation to dryness and derivatization, as Chapter III, section 3.2.4 mentions. Later, 

derivatized samples were transferred to auto-sampler vials for analysis. 1 µl of the derivatized 

sample was loaded on Shimadzu capillary column SH-RXi-5SilMS (30 m*0.32 mm*0.25µm) 

through autosampler in splitless mode at 250 ℃. The constant flow rate of 1 mL/min of helium 

gas was maintained. Initially, the GC program was started at 80 ℃ for 3 min, followed by 

temperature ramping of 10 ℃/ min to 250 ℃ with a temperature hold of 2 min, followed by 

second ramping of 4 ℃/ min till the final temperature reached 300 ℃ and held constant for 10 

minutes. Data acquisition involved a mass range of 50 to 550 m/z. Peaks were identified using 

NIST 14 library. The metabolomics data were obtained in .qgd file format for analysis. 

MetaBoAnalyst 5.0 was used for the statistical analysis. 

4.2.8 Bacterial colonization assay under normal and drought stress conditions 

Bacterial colonization of the plant root surface was determined following the previously 

described method [256] with slight modifications. To confirm bacterial root colonization, the 

plants were uprooted carefully and washed twice with sterile DDW to remove loosely adhered 

bacterial cells from the root surface. Then, 1 g of root sample was weighed and crushed, added 

to saline solution, and kept at 120 rpm for 2 h, serially diluted and plated on LB media (Hi-

media). The colony-forming unit (CFU g-1) in the root sample was determined. To ascertain 

that the recovered colonies were of WRS-7, some of the recovered colonies were randomly 

selected for DNA fingerprinting using enterobacterial repetitive intergenic consensus (ERIC) 

PCR as described by [17]. 

For further confirmation, 1–2 cm of root segment was fixed using 2.5% glutaraldehyde 

overnight and dehydrated with 30, 50, 70, 80, 90, and 100% gradient ethanol. The fixed roots 

were sputter-coated with gold, and further imaging was performed using a Field Emission 

Scanning Electron Microscope (FEI-APREO SEM, Thermo Fisher Scientific, USA). 

4.2.9 Statistical Analysis 

All the experiments were conducted in triplicates, and results were expressed as mean ± 

Standard Error Mean (SEM) (n = 3). Data were analysed by analysis of variance (ANOVA) 

and subsequently by Duncan’s multiple range test at p < 0.05. For GC-MS analysis, three 

replicates of each control and test condition sample were used in the experiment. After data 

normalization, all significant metabolites were analysed using unsupervised principal 

component analysis (PCA) to observe the overall distribution trend among samples. 
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Differential metabolites were screened according to VIP >1 and p < 0.05. Univariate analysis 

and metabolic pathway enrichment analyses were performed using the online tool 

MetaboAnalyst 5.0 (https://www.metaboanalyst.ca). 

4.3 Results 

4.3.1 Effect of Eb WRS7 on growth of wheat crop under drought stress 

Plant growth under non-sterile soil conditions was studied to understand how PGPR tends to 

interact with the rhizospheric community. Eb WRS7 attenuated the negative effects of drought 

by improving plant growth in non-sterilized soil, although not significantly different as 

compared to sterilized soil (Table 4.2). In Eb WRS7-inoculated plants, shoot length increased 

by 9.77% compared to sterile soil, whereas root length and chlorophyll a content decreased by 

4.39% and 1.49%, respectively, in non-sterilized soil under well-watered conditions. Under 

drought conditions, shoot length and root length increased by 9.41% and 4.76%, respectively, 

whereas chlorophyll a content decreased by 6.43%. 

Table 4.2. Effect of bacterial isolate Eb WRS7 on plant growth parameter under drought stress 

under non-sterile soil conditions.  

Isolates Shoot Length (cm) Root Length (cm) Chl. a (mg g-1 FW) 

  Sterile Soil Non-Sterile Soil Sterile Soil Non-Sterile Soil Sterile Soil Non-Sterile Soil 

CONTROL 22.93±1.15 25.86±0.75 21.17±0.07 22.71±0.22 11.09±0.02 11.97±0.09 

STRESSED 18.98±2.08 19.16±0.48** 12.76±1.17 13.94±0.28*** 8.18±1.09 7.95±0.73* 

NS + WRS7 25.27±0.91* 27.74±0.99* 25.01±0.22*** 23.91±0.76ns 16.07±3.27*** 15.83±0.67* 

S + WRS7 20.92±0.11*** 22.89±0.14* 23.07±0.76**** 24.17±0.28ns 14.77±0.91**** 13.82±1.27* 

#Value represents the mean ± SD, n=3. Symbol ‘*’ indicates significant difference (p < 0.05) between 
uninoculated and Eb WRS7-inoculated plants under both non-stressed and stressed condition w.r.t control (well-
watered non-inoculated plants). 

4.3.2 Biochemical responses of plants inoculated with Eb WRS7 under drought stress. 

Since drought imposes osmotic stress, we measured the level of osmoprotectants, namely 

proline content and total soluble sugar (TSS) produced in plants under drought stress (Figures. 

4.1a and 4.2b). Osmoprotectants maintain osmotic potential inside the plants under water-stress 

conditions. As noticed in Figure 4.1, there was a significant increase in proline content under 

stress conditions (53.51%). In contrast, this increase was enhanced in bacteria-inoculated plants 

under non-stressed (199.06%) and stressed (252.86) conditions compared to uninoculated non-

stressed plants. Similar results were also obtained for TSS content. The TSS content increased 

https://www.metaboanalyst.ca/
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by 10.98% in uninoculated plants under drought stress, whereas the inoculated plants showed 

an increase of 38.01% and 55.02% under non-stressed and stressed conditions, respectively. 

Further, the extent of lipid peroxidation was evaluated by measuring malondialdehyde (MDA), 

a marker for stress-induced damage [28]. No significant difference in MDA content was 

observed in Eb WRS7-treated plants under non-stressed conditions compared to uninoculated 

controls. However, Eb WRS7 inoculation significantly decreased MDA content by 29.59% in 

plants grown under drought stress (Figure 4.1c). 

 

Figure 4.1.  Osmolyte contents and cell membrane integrity indexes in wheat under osmotic stress. 
(a) soluble sugar content; (b) proline content; and (c) malondialdehyde (MDA) content. Values 
represent the mean ± SE, n = 3. Symbol ‘*’ indicates significant differences among different 
treatments (p < 0.05). 

The physiological changes in plants under drought stress and their amelioration by Eb WRS7 

were also evaluated by measuring the level of different oxidative enzymes known to overcome 

damages induced by oxidative bursts under stress conditions. Catalase activity significantly 

increased in stressed conditions in both uninoculated (67.79%) and bacteria-inoculated 

(119.44%) plants, but no significant increase was noticed in bacteria-inoculated plants under 

non-stressed conditions. Similarly, SOD activity increased in plants under stress in both 

bacteria-uninoculated (36.84%) and bacteria-inoculated (50.15%) plants. However, a slight 

increase of 17.37% was also observed in bacteria-inoculated plants under non-stressed 

conditions (Figure. 4.2). 
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Figure 4.2. Effect of Eb WRS7 inoculation on (a) Catalase (CAT) activity and (b) Superoxide 
Dismutase (SOD) activity in wheat plants under drought stress. Values represent the mean ± SD, n 
= 3. Symbol ‘*’ indicates significant differences among different treatments (p < 0.05). 

4.3.3 Expression of genes encoding antioxidant enzymes 

PGPR-mediated drought stress amelioration was determined through expression analysis of 

some of the stress-responsive genes in wheat plants (Figure 4.3). All the experiments were 

calibrated with the control plants and watered regularly. We analysed Eb WRS7-mediated gene 

expression of catalase (CAT), ascorbate peroxidase (APX), and glutathione peroxidase (GPX) 

in response to drought stress in the wheat plant. In the case of CAT gene expression, we did not 

observe a significant difference in bacteria-inoculated plants under non-stressed conditions 

(1.5-fold increase), w.r.t to control plants. However, the level of CAT gene expression 

significantly increased in uninoculated plants (threefold), and WRS7-treated plants (threefold) 

grown under drought stress (Figure 4.3a). For the APX gene, we found around a fourfold change 

in expression in uninoculated plants under stressed conditions. The bacterial inoculation also 

increased APX gene expression under non-stressed conditions by 4.5 folds. However, the level 

of APX gene expression was lower in WRS7-treated under drought stress than in plants treated 

with only stress or only PGPR (Figure 4.3a). The analysis of GPX gene expression indicated a 

different pattern than that of the above two genes. Its expression decreased in bacterial 

inoculation under non-stressed and stressed conditions, whereas in uninoculated plants under 

stress conditions (Figure 4.3a). 
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Figure 4.3. Effect of inoculation of Eb WRS7 on the expression of stress-associated genes in 
wheat plants. (a) Antioxidant Genes (CAT, PX, and GPX). (b) ABA Biosynthesis Gene. (c) 
Ethylene Biosynthesis Gene. (d) Proline Biosynthesis Gene. (e) Trehalose and Late 
Embryogenic Abundant (LEA) Gene. (f) Calcium Transporter TPC1 gene under drought stress. 
Values represent the mean ± SD, n = 3. Symbol ‘*’ indicates significant differences among 
different treatments (p < 0.05). Abbreviations: CAT = catalase; APX = Ascorbate peroxidase; 
GPX = Glutathione peroxidase; NCED = 9-cis-epoxy-carotenoid dioxygenase; WZE = wheat 
zeaxanthin epoxidase; SAMS = S-adenosyl-methionine synthetase; ACS1 = ACC synthase; 
ACO = ACC oxidase; P5CS = pyrroline-5-carboxylate synthetase; P5CR = pyrroline-5-
carboxylate reductase; TPS1 = Trehalose Phosphate Synthase 1; TPC1 = Two-pore calcium 
channel protein 1. 

4.3.4 Expression of genes encoding ABA and ethylene biosynthesis 

ABA and ethylene are key stress hormones in plants under drought stress. We studied the 

expression of genes encoding the key enzymes, 9-cis-epoxy-carotenoid dioxygenase (NCED) 

and zeaxanthin epoxidase (WZE), involved in ABA biosynthesis. The basal level expression of 

NCED was observed in both control and WRS7-treated plants, where the expression was lower 

in inoculated plants than in the control plants. The NCED expression increased under drought-

stress conditions. The combination of WRS7 and drought further increased its expression by 

2.2-fold, but there is no significant difference between drought-stressed and bacteria-treated 

stressed plants, suggesting that bacteria do not affect ABA gene expression directly. Similar 

results were obtained for WZE except for the equivalent level of gene expression in both control 

and WRS7 (non-stressed) plants (Figure 4.3b). Since ethylene production is rapidly stimulated 

under abiotic stress, we looked for genes involved in its biosynthesis of S-adenosyl-methionine 

synthetase (SAMS), ACC synthase (ACS 1), and ACC oxidase (ACO). All three genes were 

highly upregulated under drought stress, showing their induction to 1.5-, 3-, and 2.3-fold 

induction for SAMS, ACS 1, and ACO genes, respectively. However, inoculation of WRS7 

decreased their expression level, bringing it to the basal level observed in non-stressed control 

plants. (Figure 4.3c). 

4.3.5 Expression of various osmolyte synthesis genes 

Knowing the role of osmolytes in ameliorating drought stress, the expression of genes 

associated with the synthesis of osmolytes, such as proline, trehalose, and LEA protein, was 

analysed. Though the expression level of P5CR was not affected under drought stress, bacterial 

inoculation, or their combination (both drought stress and WRS7 inoculation) upregulated 

P5CS by 2.5- and 2.2-fold, respectively. (Figure 4.3d). For trehalose biosynthesis, the trehalose 
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phosphate synthase encoding gene (TPS1) expression was evaluated. There was slight 

induction of TPS1 gene expression in drought- and WRS7-treated plants separately. Strangely, 

the combinatorial treatment of drought and WRS7 inoculation showed fivefold higher 

expression of TPS1 than the other treatments (Figure 4.3e). We also examined the expression 

of the LEA1 gene encoding Late Embryogenesis Abundant (LEA) proteins, which also protect 

plants from osmotic stress. Drought stress significantly induced the expression of LEA1 by 2.7-

fold as compared to control plants. On the other hand, WRS7-treated plants grown either in the 

presence or absence of drought showed a lower level of gene expression than the control plants 

(Figure 4.3e). 

4.3.6 Expression of calcium transporter TPC1 

Two-pore calcium channel protein 1 (TPC1), a voltage-gated Ca2+ channel in plant vacuole 

membranes, plays an important role in various signalling responses under abiotic stress [263, 

264]. The drought stress-induced expression of TPC1 was four-fold compared to the control 

plants, whereas steep induction (9.4-fold) in the expression was observed in WRS7-inoculated 

plants. However, the level of the expression of TPC1 decreased in plants treated both with 

WRS7 and drought stress, yet it was higher than only drought stress-treated plants (Figure 

4.3f). 

4.4.7 Metabolic response of wheat in response to Eb WRS7 inoculation 

To study PGPR-induced metabolic alterations in wheat crops under drought stress, we 

extracted intracellular metabolites and performed GC-MS-based untargeted metabolomics of 

wheat crop grown under normal and drought stress as well as with and without Eb WRS7 

inoculation. Principal component analysis (PCA) and hierarchical cluster analysis were 

employed to reduce the complexity of metabolite profiling data. PCA revealed key 

characteristics of the data, which include both drought- and PGPR-related sample grouping. It 

explained the overall variance. PCA score plot showed four main clusters accounting for C, 

PGPR, DS, and DS + PGPR plants (Figure 4.4A). PCA analysis was also used to visualize 

variance between the two conditions i.e., C vs PGPR and DS vs DS + PGPR, which showed a 

similar clustering pattern (Figure 4.4B and C). A total variance of 90.2% (PC 1= 86.9% and 

PC 2= 3.3%) was observed in C vs PGPR plants (Figure 4.4B), whereas a total variance of 

100% (PC 1= 100% and PC 2= 0%) was observed in DS vs DS + PGPR plants (Figure 4.4C).  

Following metabolite annotation, peak intensities were used to construct a hierarchical heatmap 
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illustrating differences in the relative concentrations in the various conditions, responding to 

PGPR inoculation. Heatmap showed quantitative changes in the metabolites among four 

samples (Figure 4.4D). Based on the hierarchical heat map, the metabolites that showed marked 

accumulation upon Eb WRS7 inoculation under drought conditions (DS + WRS7) were Indole 

Acetic Acid (IAA), L-proline, L-threonine, ascorbic acid, and other metabolites whereas malate 

was most marked accumulated metabolite under drought stress (DS). 
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Figure 4.4. Metabolic response of wheat in response to Eb WRS7 inoculation. (A) Scores Plot 
(PC1 vs PC2) of partial least-squares-discriminant analysis (PLS-DA) of identified metabolites 
in wheat plants following drought and Eb WRS7 treatment. (B) PCA score plot separating 
control vs. PGPR-treated samples. (C) PCA score plot separating drought stress (DS) vs. 
PGPR-treated and stressed (DS + PGPR) samples. Each ring represents the distribution of 
biological replicates. (D) Heatmap hierarchical clustering of detected intracellular metabolite 
pools. Hierarchical trees were drawn based on detected metabolites in control (non-stressed), 
Eb WRS7 treated, drought stress, and PGPR-treated and drought stress treatment. Columns 
correspond to four different conditions, while rows represent different metabolites detected. 0, 
1, 2, and 3 represent C, PGPR, DS and DS + PGPR treated plants respectively. 

Pathway analysis revealed the functions and involvement of these metabolites in various 

metabolic pathways. Based on this observation, we conclude that the most significantly altered 

pathways in relation to PGPR Eb WRS7 application under drought stress conditions include 

TCA cycle metabolism, arginine and proline metabolism, Glyoxylate and dicarboxylate 

metabolism, glycine, serine, and threonine metabolism amongst others (Table 4.3). This 

indicates differences in aspects of cellular metabolism upon bacterial inoculation, resulting in 

altered metabolic changes under drought stress. This shows that wheat plants utilize multiple 

interlinked metabolic pathways as part of their interaction with Eb WRS7 and against drought 

stress. These results suggest that Eb WRS7 enhances drought tolerance using highly complex 

cellular reprogramming characterized by altered metabolism spanning several metabolic 

pathways. 
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Table 4.3. Significant metabolic pathways altered in Eb WRS7 inoculated- and uninoculated 
wheat plants responding to drought stress, generated from Metabolomics Pathway Analysis.  

 Hits # Raw p# Holm adjust# Impact# 

Aminoacyl-tRNA biosynthesis 11 0.000000015

6  

0.0000015  0.11111 

Citrate cycle (TCA cycle) 4 0.00194 0.18232 0.22337 

Phenylalanine, tyrosine, and 

tryptophan biosynthesis 

4 0.00281 0.26132 0.1016 

Glyoxylate and dicarboxylate 

metabolism 

4 0.007898 0.72663 0.18651 

Glycine, serine, and threonine 

metabolism 

4 0.012534 1 0.30168 

Arginine biosynthesis 3 0.012823 1 0.08447 

Arginine and proline metabolism 4 0.013916 1 0.30886 

Zeatin biosynthesis 3 0.019702 1 0.00678 

Glutathione metabolism 3 0.034919 1 0.00755 

Vitamin B6 metabolism 2 0.036636 1 0.62179 

Tryptophan metabolism 3 0.042313 1 0.32407 

Sulfur metabolism 2 0.065131 1 0.06077 

Tyrosine metabolism 2 0.073128 1 0.21622 

Alanine, aspartate, and glutamate 

metabolism 

2 0.12667 1 0.1295 

Pyruvate metabolism 2 0.12667 1 0.15462 

Cysteine and methionine metabolism 3 0.1385 1 0.04897 

Isoquinoline alkaloid biosynthesis 1 0.15859 1 0.5 

Stilbenoid, diarylheptanoid and 

gingerol biosynthesis 

1 0.20578 1 0.13235 

Phenylalanine metabolism 1 0.27175 1 0.47059 

Phenylpropanoid biosynthesis 2 0.37723 1 0.0266 

Flavonoid biosynthesis 2 0.38755 1 0.02864 

Ascorbate and aldarate metabolism 1 0.40558 1 0.0033 

Starch and sucrose metabolism 1 0.47093 1 0.00967 

Glycolysis / Gluconeogenesis 1 0.52925 1 0.00038 

Diterpenoid biosynthesis 1 0.55601 1 0.00978 

Carotenoid biosynthesis 1 0.71449 1 0.00632 

#The Raw p is the original p-value calculated from the enrichment analysis and the Holm p is the p-value adjusted 
by the Holm-Bonferroni method. Hits indicated the number of matched metabolites in the pathway from uploaded 
data. The Impact is the pathway impact value calculated from pathway topology analysis. 
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The application of Eb WRS7 on wheat plants under non-stress conditions induced changes in 

primary and secondary metabolism (Figure 4.5). Inoculation of Eb WRS7 decreased levels of 

amino acids such as alanine, aspartic acid, cysteine, serine, threonine, and proline, whereas 

stimulated accumulation of the TCA intermediates such as isocitrate, malate, and fumarate in 

host plants. Upon PGPR inoculation, alteration in ascorbic acid was also observed, which 

points towards growth promotion and defense priming in wheat plants. Changes in 

phytohormone profile in Eb WRS7 treated non-stressed plants were also observed. ABA and 

zeatin were overaccumulated, whereas IAA levels were downregulated.  

Changes in metabolic profiling were also observed in wheat plants inoculated with Eb WRS7 

under drought stress (Figure 4.5). Alteration in lipids, amino acids, phytohormones, phenolic 

compounds, and organic acids was observed. Pathway analysis revealed that upon PGPR 

application under drought stress, the most significantly altered metabolic include TCA cycle 

metabolism, glycolytic pathways metabolites, phenylpropanoid biosynthesis, glycine, serine 

and threonine metabolism, and tyrosine metabolism. The level of malic acid, a TCA cycle 

intermediate, was high in DS plants in comparison to DS + PGPR plants, whereas fumaric acid 

level was higher in DS + PGPR plants in comparison to DS plants. The amino acids 

phenylalanine, serine, alanine, aspartic acid, threonine, and tyrosine were elevated in PGPR-

treated stressed plants compared to drought-stressed (no PGPR) plants. Similarly, differential 

alteration in several phytohormone levels was observed in drought stress and PGPR- inoculated 

drought-stressed plants. Except for trans-zeatin, other phytohormones, such as Indole-3-acetic 

acid, Indole butyric acid, GA, ABA, and MeJA increased in DS + PGPR plants. Higher level 

of polyamine (putrescine) and flavonoids were observed in PGPR- inoculated plants under 

drought stress.  
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Figure 4.5. Change in intracellular metabolites of the wheat plant upon treatment with Eb 
WRS7 under drought stress. (A) Normalized abundance of different metabolites. (B) Volcano 
map depicting contributory metabolites to the differences control (C) vs PGPR-treated, with 
fold change threshold (x- axis) =2 and t-tests threshold (y- axis) =0.1. (C) Volcano map 
depicting contributory metabolites to the differences in DS vs DS + PGPR, with fold change 
threshold (x- axis) =2 and t-tests threshold (y- axis) =0.1 

4.3.8 Root Colonization of Bacteria 

After the experimental period, the colonization ability of bacterial isolate WRS7 in the treated 

and control plants’ roots was determined by CFU count, ERIC-PCR, and scanning electron 

microscopy. After 15 days of the drought, root-associated bacteria were detected in the range 

of 2.5 × 106 CFU/g of the root (Figure 4.6A). Bacterial establishment and colonization were 

also supported by visualization of dense adherence of bacteria on the root surface seen under a 

scanning electron microscope (Figure 4.7). No bacterial colonization was observed in the case 

of the uninoculated plant’s root surface. ERIC-PCR was performed with genomic DNA of 

colonies obtained on LB plates and pure culture of WRS7 to confirm the identified bacteria. 

The banding pattern of the isolated colonies from the root surface was like that of pure culture 

(Figure 4.6B), confirming its colonization ability. 
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Figure 4.6.  Evaluation of colonization efficiency of Eb WRS7 on wheat root surface. (A) Bacterial load in terms of CFU/ml; and (B) Pattern of 
ERIC- PCR on agarose gel electrophoresis. Lane 1-8 represents colonies isolated from WRS7 inoculated plants under non-stressed condition. Lane 
11-18 represents colonies isolated from WRS7 inoculated plants under stressed conditions. C represents control WRS7 strain; M represents DNA 
ladder.
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Figure 4.7.  Evaluation of colonization efficiency of Eb WRS7 on wheat root surface employing FE-SEM. (a) under non-stressed conditions and 
(b) under drought stress conditions. Columns (i) and (ii) represent magnification 30,000X and 50,000X, respectively. The arrow indicates bacterial 
colonization on the root surface. 
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4.4 Discussion 

Some PGPR is known to stimulate induced systemic tolerance through various mechanisms, 

including the production of EPS, VOCs, phytohormones, and ACC deaminase activity 

(Chapter I, section 1.5). These PGPR can interact with plants and modulate host functions by 

inducing gene expression required to alleviate the deleterious effects of abiotic stressors, 

including drought stress. Some studies have shown the potential of various Enterobacter 

species as PGPR and its role in ameliorating different abiotic stresses in plants [17, 223]. The 

present study elucidates the role of water stress-tolerant PGPR E. bugandensis WRS7, a wheat 

rhizospheric isolate, in mitigating drought stress of the wheat plant by affecting several genes, 

including those required for stress-related phytohormones (abscisic acid and ethylene 

biosynthesis), antioxidant, osmolytes, and Ca2+ transporter TPC. To the best of our knowledge, 

this is the first study highlighting the potential of E. bugandensis WRS7 as PGPR protecting 

the wheat plant from drought stress. 

Although PGPR are known to ameliorate abiotic stress, once they are introduced into the soil 

they are not only exposed to abiotic stress (e.g., drought) but also to the native microbial 

communities present in the soil. They may act synergistically or antagonistically to the 

introduced microbial strain [257]. Therefore, native microorganisms present in the soils play a 

crucial role in plant-PGPR interaction under abiotic stress. Since field conditions are more 

complex, we first introduced the target bacteria, Eb WRS7, to greenhouse conditions using 

non-sterilized soil. With this approach, we aimed to evaluate the transferability of results from 

simpler to more complex conditions and determine whether soil conditions and their microbial 

community influence the performance of Eb WRS7. Our finding suggests that Eb WRS7 has 

maintained its positive effects in promoting wheat plant growth even in non-sterilized soil. 

However, these results might not be persistent across all soil conditions. 

To establish the role of E. bugandensis WRS7 in drought stress amelioration through the 

modulation of abiotic stress-related phytohormones, we evaluated the level of genes associated 

with the synthesis of ABA and ethylene. ABA plays a major role in regulating water balance 

and drought stress tolerance in plants by inducing stomatal closure [258]. Other than stomatal 

closure, osmotic-responsive genes are activated due to increased ABA concentration in plants. 

Proteins encoded by these genes help plants maintain water balance by accumulating organic 

solutes, thus lowering water potential and reducing water loss under drought stress [259]. 

Accumulation of ABA in host plants upon PGPR inoculation under osmotic stress is a well-
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established fact [260–262]. Therefore, in this study, we measured ABA accumulation by 

studying the expression of genes encoding ABA biosynthesis enzymes (Figure 4.3b). 

Zeaxanthin epoxidase (known as WZE in wheat) and 9-cis-epoxy-carotenoid dioxygenase 

(NCED) are the major ABA biosynthesis gene, which later catalyses the rate-limiting step. 

Upregulation of ABA biosynthesis genes (NCED and WZE) under drought stress in crop plants 

has been reported in earlier studies [243, 263], which supports our findings. We found that the 

expression of genes encoding ABA biosynthesis enzymes was not significant in bacteria-

inoculated plants under watered and drought-stress conditions. This outcome suggests that 

WRS7 can assist plant growth under drought stress, independent of the ABA. 

Ethylene, a gaseous hormone, is involved in regulating plant growth and development, but its 

concentration increases in response to various abiotic stressors, referred to as ‘Stress ethylene’ 

[264], which inhibits plants’ growth and yield. There are three major enzymes involved in 

ethylene biosynthetic pathways, including S-Ado Met Synthetase (SAMS), ACC synthase 

(ACS), and ACC oxidase (ACO) [270], where ACS is a rate-limiting step and a major target for 

regulating ethylene production under stress [265]. Our results show that Eb WRS7 regulates 

the level of stress ethylene not only through ACC deaminase activity but also by regulating the 

expression of genes required for the biosynthesis of ethylene (Figure 4.3c). To our knowledge, 

this is the first study that reports the regulation of ethylene biosynthesis genes in host plants by 

PGPR. Future studies can be conducted to identify bacterial factors affecting the expression of 

the genes mentioned above. 

Plants mitigate the effects of drought stress by producing osmolytes, which are triggered by a 

change in turgor, a key signal for the activation of osmolyte biosynthesis genes [266]. 

Osmolytes such as proline and TSS can be important biochemical indicators of stress tolerance 

in plants. Osmolytes accumulation maintains optimum turgor pressure within the cell and 

stabilizes the structure of various macromolecules against drought stress [267]. In the current 

study, WRS7-inoculated plants showed a higher accumulation of proline than the uninoculated 

stressed plants, as shown in the biochemical test (Figure 4.1b). However, the gene expression 

(P5CS and P5CR) studies did not show an equivalent increase in WRS7-treated plants (Figure 

4.3d). This slight discrepancy may be attributed to a higher translation rate of corresponding 

proteins or high enzyme activity, leading to increased proline production [268]. Expression 

studies of proline biosynthesis genes were also done by various research groups under abiotic 

stress [269]. Ghosh et al. found increased expression of both P5CS and P5CR genes under 
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drought stress in uninoculated and bacteria-inoculated Arabidopsis plants [270]. We observed 

an increase in TSS (Figure 4.1b), another osmolyte, was also observed in bacteria-inoculated 

wheat plants under stressed conditions. A high amount of TSS might result from increased 

hydrolysis of starch, resulting in more sugar availability for osmotic adjustment to minimize 

the adverse effects of drought stress [271]. Accumulation of osmolytes in PGPR-inoculated 

plants under abiotic stress in various plant species has been reported [148, 177, 272]. The 

biochemical data of TSS correlated with the increased expression of the TPS1 gene transcript, 

which suggests elevated trehalose biosynthesis in PGPR-primed plants under drought stress 

(Figure 4.3e). TPS1 encodes the trehalose phosphate synthase (TPS) enzyme involved in 

trehalose biosynthesis. Trehalose is a non-reducing disaccharide involved in stress resistance 

and protects plants, bacteria,nd fungi [269, 273]. Fernandez and the group have observed an 

accumulation of TPS1 gene transcript upon chilling in PGPR-inoculated grapevine plants 

[274]. Along with osmolyte production, plants also comprise osmotically active compounds, 

including hydrophilic proteins such as LEA proteins as a cellular response [274, 275]. ABA 

acts as a key signal for activating these genes, protecting cells from stress, and regulating genes 

involved in water transport and detoxifying enzymes [261]. LEA-type gene activation 

represents a damage repair pathway [276]. Our observation found increased expression of the 

LEA1 gene in drought-affected plants, but decreased expression was noticed in bacteria-

inoculated plants (Figure 4.3e). The decreased expression of LEA might result from other 

cross-talked pathways, like the antioxidant defense system for damage repair in these plants. 

Our observation tallied with the report of Battaglia and Covarrubias, who highlighted that 

inoculation of rhizobia in legume plants did not show LEA transcript in these plants [277]. 

Further, plants have antioxidant defense systems to protect plants and their organelles from the 

adverse effects of drought stress, including enzymes like catalase, superoxide dismutase, and 

peroxidases [35]. Increased activity of these enzymes to overcome the oxidative damage caused 

by environmental stressors has been demonstrated in PGPR-treated plants [271, 278]. In our 

study, biochemical assays showed enhanced catalase and superoxide dismutase activity in 

bacteria-inoculated plants under drought stress conditions (Figure 4.2a and b), suggesting 

defense machinery's active and improved rolen the plant for ROS detoxification [279]. We also 

found increased expression of CAT genes in uninoculated and bacteria-inoculated drought-

treated plants but with no significant difference (Figure 4.3a), suggesting WRS7 might not 

directly regulate the catalase gene expression. However, the APX gene showed a significant 

fold increase in bacteria-inoculated plants under non-stressed conditions, whereas the GPX 
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gene was downregulated in bacteria-inoculated plants. Since peroxidase has many isoenzymes 

encoded by multigene families and their gene expression is regulated at different times and 

places by various abiotic stressors, the gene expression of various isoenzymes of these 

peroxidases can be tested in future for better understanding. Also, these enzymes have different 

affinities for OH- and different functions in scavenging. Upregulation of CAT and APX genes 

can efficiently scavenge OH-, preventing the accumulation of toxic reactive oxygen species. 

Our data suggest that a complex enzymatic system is responsible for scavenging excess ROS 

production due to drought stress. Bacterial isolate WRS7 modulates this response positively, 

protects plants from oxidative damage caused by water deficit conditions, and helps maintain 

the plant’s structural integrity. As MDA content is one of the stress markers [2, 28], we 

evaluated its content in treated plant leaves. The inoculation of WRS7 caused a decrease of up 

to 40% in MDA content in plants as compared to its control plants grown under stress 

conditions (Figure 4.1c). It indicates that PGPR helps plants combat the negative effects of 

stress. Our results support the previous investigations stating that PGRP-inoculated plants 

combat oxidative damage induced by abiotic stress [28, 280]. 

One of the prime reactions to abiotic and biotic stress is alleviating the cytosolic Ca2+ 

concentration, and subsequent Ca2+ signal transduction leads to cellular responses to mitigate 

potential damages caused by the stress [260, 276]. Therefore, we looked for the expression of 

two-pore channels (TPCs) in response to PGPR and drought stress (Figure 4.3f). TPCs are 

voltage-gated, nicotinic acid adenine dinucleotide phosphate (NAADP)-regulated, and slow 

activating (SV) Ca2+ channels located in the vacuole membrane of plants [281]. These channels 

make the tonoplast and plasma membrane permeable to Ca, accumulating Ca2+ in the cytosol. 

TPC1 is involved in cation homeostasis and vacuole storage function [282]. TaTPC1 is 

reportedly induced by drought, high salinity, ABA, or cold in wheat [283, 284]. By quantitative 

PCR analysis, we found increased expression of the TPC1 gene under drought stress. Since the 

role of PGPR in modulating the level of TPC1 during drought stress has not been reported 

earlier, detailed characterization is required in future studies. Previously in our lab, through 

quantitative proteomics analysis, Singh et al. (2017) reported enhanced expression of Two-

pore calcium channel proteins in wheat plants inoculated with Enterobacter cloacae under salt 

stress [103]. From our results, it appears that PGPR mediates Ca2+ signalling through TPC1 to 

alleviate the effect of abiotic stressors. 
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A metabolomics approach was used in the current study to understand the mechanisms of 

symbiosis of bacteria with plants and to elucidate the tolerance mechanism of wheat plants 

against drought stress. It helps us annotate the metabolites of wheat plants that participate in 

plant-microbe interaction during standard conditions and drought stress[243, 285]. A study of 

wheat plant metabolite reveals that Eb WRS7 induces metabolic alterations that span a wide 

spectrum of metabolite classes, including organic acids, sugars, phytohormones, amino acids, 

and lipids. The reprogramming of primary and secondary metabolites was observed upon Eb 

WRS7 inoculation under non-stressed conditions. These changes involved the accumulation of 

TCA cycle intermediates, decreased amino acid levels, and differential changes in 

phytohormones, lipids, and flavonoids. Since amino acids are catabolized upstream of TCA 

cycle precursors or intermediates, the differential change in amino acid levels indicates 

metabolite flux towards energy production and a change in the rate of protein synthesis [244, 

286]. Under normal conditions, Eb WRS7 treatment decreased phenylalanine and tyrosine, 

indicating an enhanced phenylpropanoid pathway, a central hub for defense-related metabolite 

synthesis [287]. Furthermore, differential changes in flavonoids, such as luteolin, vitexin and 

tricin, were also observed in Eb WRS7 inoculated plants, indicating their role in plant growth 

and immunity [244, 288]. A differential level of ascorbic acid was noticed, which might be 

associated with various plant growth processes, stress perception, and downstream signalling 

pathways, such as the redox pathway [289, 290]. PGPR application also affected plants’ 

hormonal networks. Increased zeatin and decreased IAA levels in Eb WRS7-treated non-

stressed plants are correlated to growth promotion [244, 291].  

Change in metabolite profile was also observed in wheat plants treated with bacteria under 

drought conditions (Figure 4.8). PGPR-induced amendments in amino acids, organic acids, 

lipids, and phytohormones levels suggest their role in ameliorating drought tolerance through 

complex cellular changes characterized by altered metabolism in wheat plants. Differential 

changes were observed in TCA cycle intermediate, such as malate and fumarate. As reported 

by Rzepka et al. (2009) and Sugiyama et al. (2014), malic acid and fumaric acid are associated 

with drought adaption due to their osmolyte properties. They also have the ability to regulate 

intracellular ionic content and stomatal conductance [292, 293]. Moreover, since TCA cycle 

intermediates function as carbon substitutes, they might help in improving the photosynthesis 

rate under drought stress [244]. Also, the accumulation of amino acids such as serine, 

threonine, proline, alanine, phenylalanine, tyrosine, cysteine, and aspartic acid help in drought 

tolerance by enhancing various mechanisms such as osmotic adjustments, stomatal regulation, 
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and oxidative stress protection [244, 294, 295]. Differential alterations were observed in the 

level of several phytohormones in uninoculated and PGPR-inoculated plants under drought 

stress. Reduced levels of ABA in PGPR-treated stressed plants indicate enhanced stomatal 

regulation, thus improving the photosynthetic efficiency and plant growth under drought 

conditions [244]. Moreover, the accumulation of polyamines and flavonoids in PGPR-treated 

stressed plants might improve drought adaption by regulating stomatal conductance and redox 

homeostasis [296–299]. Thus, this differential metabolomic study of PGPR-plant-stress 

interaction might help identify and understand the fundamental regulatory networks that define 

various metabolic changes and biochemical pathways in plants.  

 

Figure 4.8. A schematic representation of metabolic response to drought stress in Eb WRS7 
wheat plant. Drought stress triggers osmosensors and induces oxidative stress through ROS 
accumulation. ROS over accumulation induces gene expression and activates cell signaling 
cascades, including mitogen-activated-protein-kinase, Ca2+ ion, and hormone-mediated 
signaling. Drought induces activation of transcription factors and increases abscisic acid 
concentration, which coordinates wheat stress signaling and responses, including stomatal 
closure, photosynthesis, hormone production, accumulation of osmolytes and polyamines, and 
ROS scavenging. Eb WRS7 interacts with host plants and modulates their functions by 
inducing gene expression required to alleviate the deleterious effects of drought stress. Eb 
WRS7 treatment enhanced the phenylpropanoid pathway, a central hub for defense-related 
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metabolite synthesis. PGPR-induced amendments in amino acids, organic acids, lipids, and 
phytohormones levels suggest their role in ameliorating drought tolerance through complex 
cellular changes characterized by altered metabolism in wheat plants. PGPR treatment reduces 
the level of ABA, indicating enhanced stomatal regulation, thus improving photosynthetic 
efficiency and plant growth under drought conditions. The enzymatic activity of ACC 
deaminase, produced by Eb WRS7, lowers the ACC levels, reducing the level of stressed 
ethylene in wheat plants. Also, bacteria EPS and IAA might modulate various functions in 
wheat plants and improve drought adaptation in wheat plants.  Abbreviations: ABA- Abscisic 
Acid; ACC- 1-aminocyclopropane-1-carboxylic acid; ATP- Adenosine triphosphate; EPS- 
exopolysaccharides; IAA- indole-3-acetic acid; α-KG- α-ketoglutarate; PEP- 
phosphoenolpyruvate; ROS-reactive oxygen species; VOCs- volatile organic compounds. 

Finally, we investigated the colonization potential of Eb WRS7 as root colonization by PGPR 

is an important trait for plant growth stimulation and for the survival of bacteria under stress 

conditions [17]. All forms of motility were shown by the isolate required for chemotaxis 

response and root colonization [17]. Further colonization efficiency of the bacterial isolate to 

the root surface was determined by FESEM [300] and ERIC-PCR [301]. Earlier reports have 

also established DNA fingerprinting through ERIC-PCR [17, 302]. 

Overall, the present study demonstrates that Enterobacter bugandensis WRS7 is a plant 

growth-promoting bacteria that can ameliorate drought stress in wheat plants indicating its 

potential to be used as a biofertilizer for enhanced growth of host plants (Figure 4.9). 

Enterobacter sp. is primarily associated with healthcare-related infections, although not all 

species are known to cause infection in humans [303] 

(https://www.ncbi.nlm.nih.gov/books/NBK559296/). Enterobacter bugandensis, an emerging 

human pathogen, can cause nosocomial infections in neonates [304]. However, the pathogenic 

potential of environmental isolates has not been reported and must be investigated before their 

use as biofertilizer.  
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Figure 4.9. A model representing the mechanistic insights of Eb WRS7 to mitigate the effects 
of drought stress in wheat plants.  
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CHAPTER V 

Investigating the Effect of Enterobacter bugandensis WRS7 on the Physiology of Host 

Plants Employing Proteomic Approaches. 
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5.1 Introduction 

Drought is one of the major factors in the agriculture sector that undermines crop productivity 

and sustainability to a great extent. Damage caused by drought stress is controlled by 

modulation in the expression of numerous genes and several changes at the proteome level. 

Also, it has become more apparent in recent years that the translational and post-translational 

machinery plays a crucial role in stress adaptation [305]. Therefore, to understand the 

molecular mechanism of the drought stress response, a detailed identification and analysis of 

changes occurring at the protein level in drought-stressed plants seemed to be a rational 

approach. Since proteins are directly involved in influencing the novel phenotype to an altered 

environment by adjusting the physiological trait, the role of proteins in plant stress response, 

both as structural and regulatory, is important  [85]. Induced protein levels will reveal 

information about stress-inducible signal perception and transduction and give insights about 

translational activity. This might build a complementary idea for future drought-responsive 

protein marker-assisted selection in plants [305]. Also, to find the missing information in DNA 

or mRNA, the proteomics approach is a better analytical method focusing on the actively 

translated portion of the genome. Moreover, along with molecular structure, protein function 

depends on cellular localization, post-translational modification, and interacting partners. 

Therefore, the comparative proteomics approach is a powerful and promising tool for 

identifying stress tolerance proteins that function in stress signalling, and cellular homeostasis 

[85, 306]. 

Uses of the PGPR have been reported to support plant growth and productivity under various 

abiotic stresses, including drought (Chapter I, section 1.4). In the present study, an MS-based 

proteomics approach was applied to decipher the proteomic profile of wheat crop inoculated 

with plant growth-promoting bacteria Eb WRS7 subjected to drought stress. This bacterium, 

isolated from the wheat rhizosphere (Chapter II), showed the ability to grow under drought 

stress and has enhanced wheat plant growth under drought stress (Chapters III and IV). To 

further validate the role of Eb WRS7, we aim to check the host plant physiology at the protein 

level. Robust protein profiling would help better understand the biochemical pathways of the 

trait behaviour of wheat plants under drought stress and microbial interaction.  

Wheat (Triticum aestivum L.), a major staple food crop worldwide, occupies 25% of cultivated 

land area globally, with high nutritional value, and its grains are a rich source of glutens and 

other storage proteins [103, 307]. Wheat is often cultivated under water deficit conditions; 
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therefore, it is extremely significant to understand drought-responsive mechanisms and 

uncover many drought- responsive protein candidates in it [307]. Previous studies on wheat 

revealed molecular mechanism under abiotic stress [308, 309], including drought [266] through 

proteome analysis. Halder et al. reviewed wheat proteomics for abiotic stress tolerance and 

stated that proteomic analysis has significantly contributed to identifying key proteins involved 

in ameliorating stress tolerance in wheat crops. These proteins are primarily associated with 

carbon and energy metabolism, photosynthesis, redox homeostasis, defense response and 

signal transduction [308]. Also, proteomics studies help determine the effect of plant-microbe 

interaction through the identification of genes and proteins induced by soil microbes in plants, 

which might provide tolerance to abiotic stress [310, 311]. Moreover, proteomics studies can 

give insight into pathways induced during host-microbe interaction during drought stress. 

Previous studies have shown that plant growth-promoting bacteria can counteract the abiotic 

stress effects of drought in host plants by differential expression of proteins related to energy 

metabolism, photosynthesis, plant defence, protein degradation, and oxidative stress response 

[103, 115, 311, 312]. For instance, Banaei-Asl et al. did a gel-free proteomic analysis of canola 

root inoculated with bacteria Pseudomonas fluorescens under salt stress and found that proteins 

related to amino acid metabolism and tricarboxylic acid cycle were majorly affected. They 

concluded that bacterial inoculation increases salt tolerance in canola roots by modifying 

proteins related to energy metabolism and cell division [102]. Similarly, Chang et al. studied 

the combined effects of the PGPR Pseudomonas putida UW4 and salinity stress on the Brassica 

napus proteome using two-dimensional difference gel electrophoresis. Significantly altered 

protein expression levels were identified in the presence of salt and/or bacteria, where most of 

the identified proteins were involved in anti-oxidative processes, photosynthesis, transportation 

across membranes, and pathogenesis-related responses [115]. In another study, PGPR Bacillus 

licheniformis K11 could reduce drought stress by modulating the expression of stress-related 

proteins in Capsicum annuum. They found that dehydrin-like protein, vacuolar H+-ATPase, 

HSPs, and pathogenesis-related protein-10 were significantly upregulated in B. licheniformis 

K11-treated drought pepper plants compared to untreated plants [116]. However, little work 

has focused on the combinational effect of PGPR and drought stress and the corresponding 

effects on plant proteomes [151, 307]. Therefore, investigation of proteome complement would 

give us a thorough understanding of molecular and physiological mechanisms underlying 

wheat stress response, including the perception of stress signal, signalling events leading to 

changes in gene expression, protein level as well as metabolite levels underlying plant 

acclimation to drought stress and acquisition of enhanced drought tolerance. 
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In current study, a gel-free/ label-free proteomic approach was used to identify responsive 

proteins in wheat inoculated with Eb WRS7 under drought stress to understand the drought-

responsive mechanisms in wheat better. This approach is an excellent molecular technique for 

providing new insights into plants’ molecular adaption or tolerance toward drought stress 

through the rigorous identification of proteins and their associated pathways. Comparative 

proteomic analyses were performed to determine the differentially abundant proteins involved 

in the wheat response to drought stress and bacterial inoculation. 

5.2 Material and Methods 

5.2.1 Plant growth and bacterial treatment 

Drought tolerant bacterium Eb WRS7 was selected for the study based on its plant growth-

promoting properties under drought stress (Chapters II and III). Healthy and uniform-sized 

seeds of wheat (Triticum aestivum L.) variety WH1142, obtained from the Indian Institute of 

Wheat and Barley Research, Karnal, were selected for the experimental study. Seeds were 

grown and treated with bacterium inoculum WRS7 as described previously (Chapter III Section 

3.). The complete experimental setup consisted of four treatments: (i) non-stressed un-

inoculated control (C), (ii) drought-stressed, uninoculated plants (DS), (iii) non-stressed 

inoculated (WRS7), and (iv) drought-stressed and inoculated (DS + WRS7). To impose drought 

stress, plants were not watered after 15 days of germination (plants grown up to the three-leaf 

stage). After 15 days of stress, plants were harvested and used for proteomics analysis. 

5.2.2 Protein extraction and mass spectrometry analysis 

Proteins were extracted using the TCA-acetone precipitation method with few modifications 

[103]. Samples were processed in triplicate. One gram of control and treated plants were taken 

in triplicated and ground in liquid nitrogen to make a fine powder using mortar and pestle. The 

powder was suspended in 2 ml of extraction buffer (0.9 M sucrose; 0.5 M Tris- HCl, pH 8.2; 5 

mM EDTA; 5 % 2-mercaptoethanol). One mM phenylmethylsulfonyl fluoride (PMSF) was 

also added as a protease inhibitor. The mixture was vortexed to make a thick paste, followed 

by an ice-cold sonication bath for 10 min at 4 ℃. Samples were then spun at 18,000 g for 20 

min at 4 ℃ to remove cell debris. 1 ml of 100 % tricarboxylic acid (TCA) and 8 ml of 100 % 

ice-cold acetone were added to the supernatant, and the mixture was vortexed for 10 min and 

kept for 1 h for precipitation of proteins. Samples were centrifuged at 18,000 g for 20 min at 4 

℃, the supernatant was discarded, and the pellet was resuspended in 1ml of ice-cold acetone. 
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The pellet was washed thrice with acetone to remove TCA, and finally, air dried and then 

dissolved in a denaturation buffer containing 7 M urea, 2 M thiourea, and 30 mM Tris, pH 8.2. 

Protein concentration was estimated using the Bradford method [203] with bovine serum 

albumin (BSA) as the standard. To remove any detergent from the samples, 100 µg of protein 

was enriched with chilled acetone (four times the sample volume) [312] and used for trypsin 

digestion (1: 100 enzyme/ protein concentration) overnight at 37 ℃. All the samples were then 

vacuum-dried and further dissolved in 10 µl of 0.1 % formic acid in water. The supernatant 

was collected by centrifuging the samples at 10,000 g and then injected in the C18 Nano-LC 

column (75μm x 150cm x 1.7μm BEHC18 column) for separation of peptides followed by 

analysis of an Orbitrap Fusion Tribrid Mass Spectrometer coupled to a Thermo EASY nanoLC 

1200 chromatographic system. The MS was calibrated before analysis [103]. LC-MS/MS 

analysis was conducted at the Proteomics Characterization Facility, C-CAMP, India. 
5.2.3 Protein identification from mass spectrometry data 

Mascot search engine (version 2.5.1; Matrix Science, London, UK) and Proteome Discoverer 

software (version 1.4.0.288; Thermo Fisher Scientific) were used for protein identification 

against the UniProt database of Triticum aestivum. The acquired raw files were processed using 

Proteome Discoverer software. The parameters chosen for identification included cysteine 

carbamidomethylation and methionine oxidation as a fixed modification and variable 

modification, respectively. Trypsin was specified as the proteolytic enzyme. One missed 

cleavage was allowed, and peptide mass tolerance was set as 10 ppm (parts per million), 

fragment mass tolerance was 0.8 Da, and peptide charges were set as + 2, + 3, and + 4. An 

automatic decoy database search was performed as part of the search for false discovery rate 

(FDR) identification [313]. All proteins with a confidence interval (CI) > 95% were identified 

successfully. 

5.2.4 Bioinformatics analysis/ functional annotation 

To determine the differentially expressed proteins, each treatment (DS, WRS7 and DS+WRS7) 

was compared to control (non-stressed, uninoculated plants). The differentially abundant 

proteins (DAPs) were selected based on the mean ratio with a fold-change greater than 2 or less 

than 0.5, and an adjusted p-value of less than 0.05. DAPs were classified using the Gene 

Ontology (GO) annotation tool (http://www.geneontology.org) for their molecular function, 

biological processes, and cellular components.  
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5.2.5 Statistical Analysis 

The statistical significance of comparisons between multiple groups was evaluated with the 

one-way ANOVA test. The statistical significance of the results was evaluated by the student’s 

t-test when two groups were compared at 95% confidence level. 

5.3 Result 

Proteomic analysis 

A total of 887, 1038, 898, and 1069 proteins were identified in control, DS, WRS7, and 

DS+WRS7 plants, respectively. Out of four treatments, drought stress, either alone or in 

combination with PGPR inoculation, induced a higher number of different proteins (1038 and 

1069, respectively). Further, Venn diagram was constructed to depict the common and unique 

proteins identified in each treatment, where the numbers of proteins in response to bacterial 

inoculation and drought stress were reported. Among the identified proteins, 845 were common 

to all treatments, whereas 9, 22, 7, and 16 proteins were unique in control, DS, WRS7, and 

DS+WRS7 plants, respectively (Figure 5.1 and Table 5.1).   

 

Figure 5.1. The Venn diagram represents common and unique proteins in each treatment 
(Control, DS, WRS7, and DS+WRS7). 
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Table 5.1. Uniquely expressed proteins in control, drought stress, WRS7-inoculated, and WRS7-inoculated under drought stress plants. 

S. 
No. 

UniProt 
ID 

Control UniProt 
ID 

Drought Stress UniProt 
ID 

Bacteria inoculated UniProt 
ID 

Bacteria-inoculated under 
Drought stress 

1. P23993 Photosystem I 
reaction center 
subunit XI 

Q9XEX2 Peroxiredoxin-2B Q75M08-
2 

Isoform 2 of Protein 
disulfide isomerase-like 2-
1 

Q9STH1 Hsp70-Hsp90 organizing protein 
3 

2. Q1ACK0 Ribulose 
bisphosphate 
carboxylase large 
chain 

Q94KD8 Probable beta-D-
xylosidase 2 

P84994 Villin-like protein ABP41 Q944H0 Phosphomethylethanolamine N-
methyltransferase 

3. Q9FYF4 Putative F-box 
protein At1g67390 

P45432 COP9 signalosome 
complex subunit 1 

P13548 V-type proton ATPase 
catalytic subunit A 

Q2QM84 Auxin response factor 25 

4. Q9FYQ8 Transmembrane 9 
superfamily member 
11 

F4IW10 Elongation factor G-2 Q0J6P7 Probable adenylate kinase 
5 

Q5N8G1 2-C-methyl-D-erythritol 4-
phosphate cytidylyltransferase 

5. Q8L7U4 Co-chaperone 
protein p23-1 

Q8RU33 Probable V-type 
proton ATPase 
subunit d 

Q0J3L4 Monothiol glutaredoxin-
S10 

Q9LY15 Peptide methionine sulfoxide 
reductase A2 

6. O80934 Uncharacterized 
protein At2g37660 

Q9LXX5 PsbP domain-
containing protein 6 

C6TBN2 Probable aldo-keto 
reductase 1 

Q9LFG2 Diaminopimelate epimerase 

7. P49106 14-3-3-like protein 
GF14-6 

P10690 Photosystem II 10 
kDa polypeptide 

F4JHI7 Serine/arginine-rich 
splicing factor SR34B 

Q9S7Y7 Alpha-xylosidase 1  

8. O22788 Probable 
peroxygenase 3 

Q7XUP6 Peptide methionine 
sulfoxide reductase 
A2-2 

Q9LD13 Bifunctional pinoresinol-
lariciresinol reductase 2 

Q38970 Acetyl-CoA carboxylase 1  

9. P23993 Photosystem I 
reaction center 
subunit XI 

Q07510 3-oxoacyl-[acyl-
carrier-protein] 
synthase III 

Q03389 Eukaryotic translation 
initiation factor isoform 
4E-2 

D3UAG2 UDP-glycosyltransferase 71K2  

10. P28260 Ribulose 
bisphosphate 
carboxylase large 
chain 

Q9LE82 RAN GTPase-
activating protein 1  

Q0D673 Probable protein 
phosphatase 2C 

Q9ZUH0 F-box/kelch-repeat protein 
At2g24250 

11. Q6PSU2 Conglutin-7  P49104 Ras-related protein 
Rab-2-B 

Q1W374 Phosphomannomutase Q84WW5 Vesicle-associated protein 1-3 

12. A2WNH1 Calmodulin-3 Q9LZI2 UDP-glucuronic acid 
decarboxylase 2 

Q944B6 Arogenate dehydrogenase 
1 

Q6BEH3 Chalcone--flavanone isomerase 
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13.   Q38885 Preprotein translocase 
subunit SCY1 

B6TRH4 Riboflavin biosynthesis 
protein PYRD 

Q647G3 Oleosin Ara h 15.0101 

14.   P55747 Serine 
carboxypeptidase II-1 

P49133 Triose 
phosphate/phosphate 
translocator 

Q5JNA1 B3 domain-containing protein 
Os03g0120900 

15.   P24525 Peptidyl-prolyl cis-
trans isomerase 

P49043 Vacuolar-processing 
enzyme 

P93262 Phosphoglucomutase 

16.   B0YPQ0 Plastid 30S ribosomal 
protein S18 

  Q9AT34 40S ribosomal protein S15a 

17.   P26518 Glyceraldehyde-3-
phosphate 
dehydrogenase 

    

18.   Q85V57 ATP synthase subunit 
beta 

    

19.   P53504 Actin-1     
20.   P09439 Seed linoleate 9S-

lipoxygenase-2 
    

21.   Q9SV20 Coatomer subunit 
beta-2 

    

22.   Q7XXD4 Probable inactive 
methyltransferase 
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Further, we compared differentially expressed proteins between different treatments named as 

T1 to T5: T1 (control vs drought-stressed plants), T2 (control vs Eb WRS7-inoculated plants), 

T3 (control vs Eb WRS7-inoculated plants under drought stress), T4 (Eb WRS7-inoculated 

plants vs drought-stressed plants), and T5 (Eb WRS7-inoculated plants vs Eb WRS7-

inoculated plants under drought stress). Differentially accumulated proteins were classified into 

three functional groups: ‘Molecular function’, ‘biological process’, and ‘cellular component’ 

using gene ontology (GO) annotation software (Figure 5.2). Biological process refers to a 

biological objective to which the gene or gene product contributes. In contrast, molecular 

function is defined as a gene product's biochemical activity (including specific binding to 

ligands or structures). Cellular component refers to the place in the cell where a gene product 

is active [314].  

A total of 440 DAPs were identified in T-1. Among these proteins, 264 were upregulated, 

whereas 176 were downregulated. In T-2, a total of 339 DAPs were identified. Among these 

proteins, the expression of 197 proteins was upregulated and 142 proteins was downregulated. 

In T-3, a total of 422 DAPs were identified. Among these proteins, 302 were upregulated, 

whereas 120 were downregulated. In T-4, a total of 485 DAPs were identified. Among these 

proteins, 130 were upregulated whereas 335 were downregulated. In T-5, a total of 458 DAPs 

were identified. Among these proteins, 158 were upregulated, whereas 300 were 

downregulated. 

Most of the annotated molecular function was found associated with binding (30%) and 

catalytic (19%) activity, while protein folding (5%), stress response (8%), response to stimulus 

(2%), regulation (15%) and signaling (3%) processes were the most annotated biological 

function, and cell organelles (25%) and cytoplasm (31%) were major cellular component 

involved in T-1 (Figure 5.2A). For the T-2 treatment, 28% of DAPs were categorized as binding 

activity, 13% as transporter, and 17% as catalytic activity (Figure 5.2B). Bacterial inoculation 

slightly increased expression of regulatory proteins (16%), protein folding (6%), stress 

response (7%), response to stimulus (3%), and signaling (3%) as compared to its control 

counterpart. For the T-3 treatment, 24% protein was recognized for binding activity, 16% for 

transporter activity, and 15% for catalytic activity. An increase in stress-responsive proteins 

(9%) was also seen in the T-3 treatment plants (Figure 5.2C). For the T-4 treatment, 27% of 

protein were recognized for binding activity, 12% for transporter activity, and 21% for catalytic 

activity (Figure 5.2D), while protein folding (6%), stress response (3%), response to stimulus 
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(3%), regulation (18%) and signaling (4%) processes were the major annotated biological 

function. For the T-5 treatment, 24% of protein were recognized for binding activity, 13% for 

transporter activity, and 20% for catalytic activity (Figure 5.2E), while protein folding (7%), 

stress response (4%), response to stimulus (4%), regulation (19%) and signaling (6%) 

processes were the major annotated biological function. 

 

Figure 5.2 A. Pie charts showing the distribution of differentially abundant proteins based on 
their predicted biological process (A), molecular functions (B), and cellular process (C) in 
Treatment T-1. 
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Figure 5.2 B. Pie charts showing the distribution of differentially abundant proteins based on 
their predicted biological process (A), molecular functions (B), and cellular process (C) in 
Treatment T-2. 

 

Figure 5.2 C. Pie charts showing the distribution of differentially abundant proteins based on 
their predicted biological process (A), molecular functions (B), and cellular process (C) in 
Treatment T-3. 
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Figure 5.2 D. Pie charts showing the distribution of differentially abundant proteins based on 
their predicted biological process (A), molecular functions (B), and cellular process (C) in 
Treatment T-4. 

 

Figure 5.2 E. Pie charts showing the distribution of differentially abundant proteins based on 
their predicted biological process (A), molecular functions (B), and cellular process (C) in 
Treatment T-5. 
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Functional annotation and classification of identified proteins. 

To assign biological information to the identified proteins, they were classified based on their 

function. Knowing the functions of the proteins will help in understanding the nature of the 

identified protein. The fifteen functional groups included the proteins involved in the cell wall 

synthesis and cytoskeleton, chromatin-associated protein, defence protein, ion/electron 

transport, lipid metabolism, metabolic pathway, photosynthesis, protein biosynthesis, protein 

degradation, protease inhibitor, seed storage, secondary metabolite synthesis, stress-related, 

transcription control, and some others with known biological functions. Most identified 

proteins were related to metabolic pathways, photosynthesis, and stress mechanisms. The 

differential expression of proteins belonging to different categories was expressed as 

upregulated and downregulated based on significant changes of ≥ 2-fold or ≤ 0.5 in the level 

of proteins, respectively, were differentiated. Among 126 proteins belonging to the classes 

mentioned above that showed predominant changes under drought stress (T-1); 53 were 

upregulated, and 73 were down-regulated (Figure 5.3 A and Table 5.2). The maximum change 

was observed in metabolic proteins, including glyceraldehyde-3-phosphate dehydrogenase 

GAPB and enolase 1. The higher increase (upregulated proteins) in protein number was 

observed for secondary metabolites (80%) such as polyamines and flavonoids, followed by 

defence and protein degradation (67% respectively) and lipid metabolism (58%). In response 

to bacterial inoculation (T-2), the expression level of 107 proteins showed significant changes, 

of which 53 were upregulated, and 54 were downregulated (Figure 5.3 B and Table 5.2). 

Chromatin-associated and secondary metabolites proteins were upregulated; other categories 

showed both upregulation and downregulation. The expression level of 131 proteins showed 

significant changes in treatment T-3, of which 41 were upregulated, and 90 were 

downregulated (Figure 5.3 C and Table 5.2). The proteins related to metabolic and stress-

related proteins were predominantly differentially regulated as compared to others. In the 

comparison of drought stress and bacteria-treated plants (T-4), 119 proteins showed significant 

changes, of which 62 were upregulated whereas 57 were downregulated (Figure 5.3 D and 

Table 5.2). Among 106 proteins that showed predominant changes in treatment T-1, 51 were 

upregulated, and 55 were downregulated (Figure 5.3 E and Table 5.2).  
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Figure 5.3 A. Number of proteins upregulated/downregulated in each functional category in 
treatment T-1. 

 

Figure 5.3 B. Number of proteins upregulated/downregulated in each functional category in 
treatment T-2. 
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Figure 5.3 C. Number of proteins upregulated/downregulated in each functional category in 
treatment T-3. 

 

Figure 5.3 D. Number of proteins upregulated/downregulated in each functional category in 
treatment T-4. 
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Figure 5.3 E. Number of proteins upregulated/downregulated in each functional category in 
treatment T-5. 

Hierarchical Cluster analysis of differentially expressed proteins. 

Hierarchical Cluster analysis of the 95 DAPs common to all treatments (T-1, T-2, T-3, T-4, T-

5) was performed with their UniProt-ID (Table 5.1, Figure 5.4). These proteins were chosen 

based on their role in plant growth and development, defence, and abiotic stress. In the T-1 

treatment (under drought stress), proteins that were majorly upregulated are Ribulose 

bisphosphate carboxylase large and small chain (UniProt ID- O62964 and P26667 

respectively), Chlorophyll a-b binding protein CP24 10B (UniProt ID- P27525), 60S ribosomal 

protein L11 (UniProt ID -A2YDY2) and Heat shock 70 kDa protein (UniProt ID -P11143). 

The downregulated proteins belonged to Probable V-type proton ATPase subunit H (UniProt 

ID- Q84ZC0), 2-Cys peroxiredoxin BAS1-like (UniProt ID -Q9C5R8), 60S ribosomal protein 

L9 (UniProt ID- P49210) and 40S ribosomal protein S2-3 (UniProt ID- P49688). Bacterial 

inoculation (T-2) enhanced the expression of the proteins such as Photosystem I reaction center 

subunit IV B (UniProt ID- Q41229), Indole-3-acetaldehyde oxidase (UniProt ID- O23888) and 

4-hydroxy-tetrahydrodipicolinate synthase 1 (UniProt ID- P24846). Under the drought stress, 

bacterial inoculation (T-3) enhanced the expression of Pyridoxal 5'-phosphate synthase subunit 

PDX1.1 (UniProt ID- O80448), 9-cis-epoxy carotenoid dioxygenase NCED1 (UniProt ID- 

Q6YVJ0), ABC transporter G family member 40 (UniProt ID- Q9M9E1), and Chalcone 

synthase 3 (UniProt ID- P48392). The downregulated proteins were belonging to S-
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adenosylmethionine synthase 2 (UniProt ID- P43281), and Serine/threonine-protein kinase 

SAPK5 (UniProt ID- Q7XKA8). In T-4, ABC transporter C family member 7 (UniProt ID- 

Q9LK62), Abscisic acid receptor PYL10 (UniProt ID- Q7XBY6), Dehydrin COR410 (UniProt 

ID- P46524) proteins were significantly upregulated. L-ascorbate peroxidase 2, cytosolic 

(UniProt ID- Q9FE01) and Dehydrin COR410 (UniProt ID- P46524) were upregulated in T-5 

plants.
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Table 5.2. The identified proteins with their UniProt -ID used for hierarchical cluster analysis. 

UniPort ID Protein Name T-1 T-2 T-3 T-4 T-5 

P12810 16.9 kDa class I heat shock protein 1 1.59 1.26 2.10 1.02 1.26 

Q9SIV2 26S proteasome non-ATPase regulatory subunit 2 homolog A. 0.75 0.56 2.19 1.35 1.93 

Q9C5R8 2-Cys peroxiredoxin BAS1-like, chloroplastic 0.17 0.18 0.09 0.99 0.52 

A1E9H0 30S ribosomal protein S19, chloroplastic 0.53 1.56 0.39 0.34 0.25 

A2ZB00 40S ribosomal protein S16 1.99 2.18 2.54 0.16 0.29 

P49688 40S ribosomal protein S2-3 1.31 0.75 1.57 0.41 0.76 

P24846 4-hydroxy-tetrahydrodipicolinate synthase 1, chloroplastic 1.93 2.48 3.55 1.99 1.43 

O22386 50S ribosomal protein L12, chloroplastic 0.76 2.23 2.47 0.34 1.11 

Q8L803 50S ribosomal protein L9, chloroplastic 0.53 1.95 2.89 0.51 0.58 

A2YDY2 60S ribosomal protein L11 17.19 2.11 2.11 0.23 0.41 

P49210 60S ribosomal protein L9 0.26 1.53 0.77 0.17 0.51 

Q6YVJ0 9-cis-epoxycarotenoid dioxygenase NCED1, chloroplastic 2.66 0.82 3.05 1.84 1.04 

Q7GB25 ABC transporter C family member 5 0.43 0.90 0.35 0.48 0.39 

Q9LK62 ABC transporter C family member 7 1.24 0.20 0.70 6.09 3.44 

Q9M9E1 ABC transporter G family member 40 0.87 2.03 2.27 0.33 1.12 

Q7XBY6 Abscisic acid receptor PYL10 2.96 1.05 2.91 2.01 0.74 

A2XID3 Allene oxide cyclase, chloroplastic 1.97 1.32 2.29 1.50 1.74 

C6KEM4 Aminoaldehyde dehydrogenase 2 0.67 1.08 1.45 0.62 1.34 
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Q6EU94 Aquaporin PIP1-1 2.29 0.81 2.55 0.64 0.47 

B3VMC0 Betaine aldehyde dehydrogenase 2 2.05 1.62 2.66 1.27 1.03 

O81852 Bifunctional aspartokinase/homoserine dehydrogenase 2, chloroplastic 2.07 1.18 3.07 1.55 1.83 

Q2QY10 Calcium-binding protein CBP 0.46 0.61 0.66 0.13 0.18 

Q6I587 Calcium-dependent protein kinase 15 0.96 0.95 1.76 1.01 1.85 

P27164 Calmodulin-related protein 1.24 0.90 1.25 0.27 0.28 

Q43206 Catalase-1 1.70 1.67 1.79 1.02 1.07 

Q9C5D0 CBS domain-containing protein CBSX2, chloroplastic 2.22 1.23 2.03 1.79 1.65 

P48392 Chalcone synthase 3 2.21 1.13 3.06 0.53 0.19 

P27525 Chlorophyll a-b binding protein CP24 10B, chloroplastic 20.09 2.13 2.01 0.76 0.64 

P12332 Chlorophyll a-b binding protein, chloroplastic (Fragment) 2.17 1.86 2.29 1.23 2.26 

Q9STS7 Chloroplastic lipocalin 0.97 1.59 2.46 0.79 1.55 

O80433 Citrate synthase, mitochondrial 2.17 1.07 3.66 0.16 0.62 

P46524 Dehydrin COR410 2.24 0.78 2.56 2.88 2.29 

P32296 Delta-1-pyrroline-5-carboxylate synthase 2.19 1.73 2.14 1.79 1.24 

Q9ZRI8 Formate dehydrogenase, mitochondrial 2.29 1.55 2.28 1.49 0.76 

A2YQL4 Fructokinase-2 0.69 2.02 1.28 0.34 0.63 

Q6ZBZ2 Germin-like protein 8-14 2.10 1.63 2.51 1.29 1.53 

P93000 Germin-like protein subfamily 2-member 3 2.09 2.17 2.05 0.85 0.36 

Q02438 Glucan endo-1,3-beta-glucosidase GV 1.22 2.16 2.12 2.43 2.56 

P18492 Glutamate-1-semialdehyde 2,1-aminomutase, chloroplastic 0.39 1.78 1.45 1.90 1.38 
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P13564 Glutamine synthetase leaf isozyme, chloroplastic 2.41 1.03 2.09 2.02 2.34 

Q8LE52 Glutathione S-transferase DHAR3, chloroplastic 1.08 1.10 2.17 0.98 2.88 

A2Z9B8 Glycine cleavage system H protein, mitochondrial 2.25 0.84 2.54 2.66 3.00 

Q43472 Glycine-rich RNA-binding protein blt801 1.71 1.02 2.39 0.69 2.34 

Q9LSV0 Glyoxylate/succinic semialdehyde reductase 1 1.71 0.76 1.19 0.93 0.26 

O49809 Glyoxysomal fatty acid beta-oxidation multifunctional protein MFP-a 0.73 2.06 0.87 0.32 0.38 

Q9LDZ0 Heat shock 70 kDa protein 10, mitochondrial 2.60 1.51 2.49 1.03 0.99 

P11143 Heat shock 70 kDa protein 2.99 1.15 2.24 0.51 1.33 

P37900 Heat shock 70 kDa protein, mitochondrial 2.88 1.41 2.29 0.75 0.56 

Q0J4P2 Heat shock protein 81-1 2.09 1.20 2.08 0.57 0.99 

Q84XG9 IAA-amino acid hydrolase ILR1-like 1 1.69 1.76 2.07 0.95 1.17 

O23888 Indole-3-acetaldehyde oxidase 1.26 1.88 2.25 2.07 0.29 

Q9ZTZ7 K (+) efflux antiporter 1, chloroplastic 2.16 1.67 2.62 0.34 0.37 

Q948T6 Lactoylglutathione lyase 1.47 1.04 2.31 0.59 0.84 

Q9FE01 L-ascorbate peroxidase 2, cytosolic 1.60 0.86 2.55 0.70 2.98 

Q84UI5 Mitogen-activated protein kinase 1 1.54 1.12 2.28 0.49 0.25 

Q336X9 Mitogen-activated protein kinase 6 2.10 1.19 2.07 1.77 0.90 

Q6ZJ08 Monodehydroascorbate reductase 4, cytosolic 2.09 0.49 2.05 2.28 0.56 

Q93XI4 N-carbamoylputrescine amidase 1.62 1.01 1.62 0.99 0.62 

Q10G56 Ornithine aminotransferase, mitochondrial 2.07 1.29 2.31 0.71 2.03 

P45851 Oxalate oxidase 2 2.18 1.53 2.49 0.86 0.98 
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Q6AUK5 Peptide methionine sulfoxide reductase B3, chloroplastic 2.64 1.11 2.62 2.28 2.27 

A5H8G4 Peroxidase 1 2.78 1.37 3.34 0.83 0.98 

O23237 Peroxidase 49 2.13 0.97 2.39 2.18 2.03 

Q05855 Peroxidase 1.87 0.98 1.40 1.89 1.42 

Q5S1S6 Peroxiredoxin Q, chloroplastic 1.43 1.56 1.38 0.28 0.88 

Q8S8X4 Photosystem I P700 chlorophyll a apoprotein A1 0.42 0.16 0.12 2.63 0.77 

Q41229 Photosystem I reaction center subunit IV B, chloroplastic 0.66 3.09 3.62 0.21 1.17 

P82339 Photosystem I reaction center subunit N (Fragment) 0.68 1.84 0.39 0.37 0.21 

P83970 Plasma membrane ATPase 1.84 1.88 1.86 0.98 0.99 

Q65XA0 Probable glutathione S-transferase DHAR1, cytosolic 2.61 1.14 2.98 0.89 0.96 

Q67UK9 Probable glutathione S-transferase DHAR2, chloroplastic 2.16 0.64 2.32 0.25 2.62 

Q6ZJJ1 Probable L-ascorbate peroxidase 4, peroxisomal 1.45 1.45 2.02 0.99 1.39 

P0C0L0 Probable L-ascorbate peroxidase 5, chloroplastic 2.54 1.25 2.19 2.63 1.33 

Q69SV0 Probable L-ascorbate peroxidase 8, chloroplastic 2.10 1.04 2.13 0.49 2.19 

O22788 Probable peroxygenase 3 1.76 0.01 25.36 0.45 0.52 

Q40648 Probable voltage-gated potassium channel subunit beta 2.86 1.40 2.15 0.53 0.98 

Q84ZC0 Probable V-type proton ATPase subunit H 0.13 1.51 0.61 0.87 0.41 

P52184 Profilin-1 2.09 1.00 2.66 2.07 2.65 

P49232 Profilin-1 2.57 1.21 2.20 2.12 1.81 

O80448 Pyridoxal 5'-phosphate synthase subunit PDX1.1 1.76 1.46 2.86 1.62 0.82 

Q9MTQ6 Red chlorophyll catabolite reductase (Fragment) 2.39 1.41 1.79 1.71 1.28 
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O62964 Ribulose bisphosphate carboxylase large chain 71.15 0.48 25.39 2.39 25.34 

P26667 Ribulose bisphosphate carboxylase small subunit, chloroplastic 2 22.21 1.42 82.76 1.29 0.82 

P08474 Ribulose bisphosphate carboxylase small subunit, chloroplastic 2.52 2.29 3.16 1.09 1.38 

A6XMY9 S-adenosylmethionine synthase 1 1.94 1.27 1.01 0.82 1.26 

P43281 S-adenosylmethionine synthase 2 2.14 0.70 1.26 2.38 0.94 

A9P2P4 S-adenosylmethionine synthase 3 2.57 1.60 1.71 0.96 1.06 

Q7XKA8 Serine/threonine-protein kinase SAPK5 2.47 0.41 1.42 1.13 3.45 

Q9SMB1 Spermidine synthase 1 1.78 1.36 2.11 1.12 0.86 

B9F3B6 Succinate-semialdehyde dehydrogenase, mitochondrial 2.06 1.05 2.58 0.87 0.74 

P11964 Superoxide dismutase [Cu-Zn], chloroplastic 2.11 0.96 2.49 2.16 5.89 

O65175 Superoxide dismutase [Cu-Zn], chloroplastic 2.10 1.56 2.33 0.90 0.67 

Q0JCU7 Zeaxanthin epoxidase, chloroplastic 2.56 0.75 2.77 2.22 0.69 
#Proteins having ratio >2.0 was considered as upregulated, whereas values <0.50 were kept as downregulated.
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Figure 5.4. Hierarchical clustering of the 95 DAPs involved in the treatments T-1, T-2, T-3, 
T-4, and T-5. The data were normalized using Z-score transformation, and cluster analysis was 
performed using the Java Treeview software (https://jtreeview.sourceforge.net/) using 
Euclidean distances and Ward’s minimum criteria as algorithms for clusterogram construction. 
Red and green indicate the higher and lower expression levels, respectively.  

Differential abundant proteins in Eb WRS7-treated wheat plant under drought stress. 

The application of Eb WRS7 on wheat plants under drought conditions induced changes in the 

expression of some important proteins (Table 5.2 and Figure 5.5). Indicators of drought 

conditions such as glutamine synthetase and ferredoxin were upregulated in uninoculated, and 

Eb WRS7 inoculated wheat plants under drought stress. Proteins involved in cell redox 

homeostases, such as catalase, peroxidase, superoxide dismutase, and peroxiredoxin, were also 

upregulated. S-adenosylmethionine synthase 1, an enzyme involved in ethylene biosynthesis, 

was downregulated upon bacterial inoculation under drought stress. Allene oxide synthase 1, 

an enzyme involved in the biosynthesis of jasmonic acid, was upregulated upon bacterial 

inoculation (T-2 and T-3). Since MAPK may regulate the expression of various genes involved 

in biotic and abiotic stress response, their expression was up regulated in treatments 2 and 3. 

Expression of Serine/threonine-protein kinase SAPK5 and DEAD-box ATP-dependent RNA 

helicase 38 was upregulated in T-1 and T-3, which highlights their role in signal transduction 

of hyperosmotic response.  
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Table 5.3. Differentially Abundant Proteins in Eb WRS7-treated wheat plant under drought-stress. 

UniPort ID Protein Name T1# T2# T3# T4# T5# 

A. Stress and defense response 

Q43470 14-3-3-like protein B  3.19 6.79 5.62 0.47 0.83 

P29305 14-3-3-like protein A  0.87 1.71 1.46 0.51 0.85 

P49106 14-3-3-like protein GF14-6  0.14 0.69 0 0.20 0 

Q0JNR2 Cysteine proteinase inhibitor 12  2.12 1.44 2.14 1.47 2.94 

Q38950 Serine/threonine-protein phosphatase 2A 65 kDa regulatory subunit A beta 
isoform 

1.46 6.15 4.08 0.24 0.66 

Q2QM47 Serine/threonine-protein phosphatase BSL2 homolog  1.53 0 5.19 0 0 

Q0E2S4 Serine/threonine-protein phosphatase PP2A-3 catalytic subunit  2.04 0.54 3.31 3.78 3.13 

Q10RI7 DEAD-box ATP-dependent RNA helicase 38  3.32 2.93 4.22 0.26 0.33 

Q9LFN6 DEAD-box ATP-dependent RNA helicase 56  0.89 1.88 1.23 0.47 0.65 

Q9SJN2 Pentatricopeptide repeat-containing protein At2g36240  1.45 1.71 2.92 2.05 2.11 

Q9LZ19 Pentatricopeptide repeat-containing protein At5g04780 1.82 1.52 2.49 1.19 1.64 

Q6ZBZ2 Germin-like protein 8-14  2.10 1.63 2.51 1.29 1.53 

P93000 Germin-like protein subfamily 2-member 3 2.09 2.17 2.05 0.85 0.36 

P52409 Glucan endo-1,3-beta-glucosidase 0.89 2.29 2.88 1.37 1.76 

Q84UI5 Mitogen-activated protein kinase 1 1.54 1.12 2.28 0.49 0.25 

Q336X9 Mitogen-activated protein kinase 6 2.11 1.19 2.07 1.77 0.90 

Q7XKA8 Serine/threonine-protein kinase SAPK5  2.47 0.41 1.42 1.13 2.44 

B. Antioxidant Proteins 

P11964 Superoxide dismutase [Cu-Zn], chloroplastic 2.11 0.96 2.49 2.16 5.89 
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O65175 Superoxide dismutase [Cu-Zn], chloroplastic 2.10 1.56 2.33 0.90 0.67 

A5H8G4 Peroxidase 1 2.78 1.37 3.34 0.83 0.99 

O23237 Peroxidase 49 2.13 0.98 2.39 2.18 2.03 

Q05855 Peroxidase 1.86 0.98 1.40 1.89 1.42 

Q5S1S6 Peroxiredoxin Q, chloroplastic 1.43 1.55 1.37 0.28 0.88 

Q43206 Catalase-1 2.10 1.67 2.17 1.02 1.07 

Q9C5R8 2-Cys peroxiredoxin BAS1-like, chloroplastic 0.17 0.17 0.09 0.99 0.52 

Q9FE01 L-ascorbate peroxidase 2, cytosolic 1.60 0.86 2.55 0.70 2.98 

Q8LE52 Glutathione S-transferase DHAR3, chloroplastic 1.08 1.10 2.17 0.98 2.88 

Q65XA0 Probable glutathione S-transferase DHAR1, cytosolic 2.61 1.14 2.98 0.89 0.97 

Q67UK9 Probable glutathione S-transferase DHAR2, chloroplastic 2.15 0.64 2.32 0.24 2.64 

O80448 Pyridoxal 5'-phosphate synthase subunit PDX1.1 1.76 1.45 2.86 1.62 0.82 

Q9STS7 Chloroplastic lipocalin 0.97 1.59 2.46 0.79 1.55 

Q6ZJJ1 Probable L-ascorbate peroxidase 4, peroxisomal 1.45 1.45 2.02 0.99 1.39 

P0C0L0 Probable L-ascorbate peroxidase 5, chloroplastic 2.54 1.25 2.19 2.63 1.34 

Q69SV0 Probable L-ascorbate peroxidase 8, chloroplastic 2.10 1.04 2.13 0.49 2.19 

Q9FNE2 Glutaredoxin-C2 1.17 1.28 2.07 0.12 1.26 

P55142 Glutaredoxin-C6 1.75 0.97 1.98 1.61 1.33 

Q9ZP21 Thioredoxin M-type, chloroplastic 1.51 1.14 2.26 0.66 0.51 
Q9SGS4 Thioredoxin-like protein CDSP32, chloroplastic 0.76 1.30 1.44 0.59 1.11 

O64394 Thioredoxin H-type 0.76 1.55 0.83 0.49 0.53 

P09856 Thioredoxin F-type, chloroplastic 2.67 1.72 4.13 1.55 2.39 

Q7X8R5 Thioredoxin M2, chloroplastic 1.79 2.57 2.54 0.69 0.99 
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C. Osmoprotectant 

Q03968 Late embryogenesis abundant protein, group 3  1.27 0 1.95 - - 

P32296 Delta-1-pyrroline-5-carboxylate synthase 2.18 1.72 2.14 0.79 0.24 

P46524 Dehydrin COR410 2.23 0.77 2.55 2.88 2.29 

B3VMC0 Betaine aldehyde dehydrogenase 2   2.05 1.62 2.66 1.26 1.03 

D. Photosynthesis 

P08221 Chlorophyll a-b binding protein (LHCII), I, chloroplastic 2.14 2.36 3.27 2.01 1.87 

P27523 Chlorophyll a-b binding protein (LHCII), III, chloroplastic 1.63 1.48 2.79 0.63 2.11 

Q9XF89 Chlorophyll a-b binding protein CP26, chloroplastic 2.09 2.13 2.01 0.45 0.41 

P26320 Oxygen-evolving enhancer protein (OEE) 1, chloroplastic 0.53 1.28 1.06 0.70 0.87 

Q00434 Oxygen-evolving enhancer protein (OEE) 2, chloroplastic 0.87 2.09 1.1 0.42 0.86 

Q9AYU0 Quinone-oxidoreductase QR2 1.92 1.27 2.33 2.61 0.65 

Q7X9A6 Cytochrome b6 1.06 1.09 2.13 0.97 1.96 

P36213 Photosystem I reaction center subunit II, chloroplastic  0.29 1.94 3.02 0.83 0.76 

P13192 Photosystem I reaction center subunit III, chloroplastic 0.72 0.96 1.04 0.74 1.09 

P13194 Photosystem I reaction center subunit IV, chloroplastic 0.65 0.97 3.62 1.01 1.25 

Q00327 Photosystem I reaction center subunit V, chloroplastic 0.53 1.52 1.29 0.35 0.85 

P12112 ATP synthase subunit alpha, chloroplastic 0.18 1.56 2.11 0.12 0.56 

P20858 ATP synthase subunit beta, chloroplastic 0.65 1.93 2.11 0.75 1.09 

P0C1M0 ATP synthase subunit gamma, chloroplastic 1.32 1.58 1.45 0.51 0.56 

O62964 Ribulose bisphosphate carboxylase large chain 71.15 0.48 25.39 2.39 25.34 

P26667 Ribulose bisphosphate carboxylase small subunit, chloroplastic 22.21 1.42 82.76 1.29 0.82 

P08474 Ribulose bisphosphate carboxylase small subunit, chloroplastic 2.52 2.30 3.17 1.09 1.38 
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P12628  NADP-dependent malic enzyme 1.5 0.98 1.39 0.95 0.75 

P40880 Carbonic anhydrase, chloroplastic 1.91 1.10 1.44 0.87 0.62 

P00228 Ferredoxin, chloroplastic 2.06 0.61 1.99 0.92 0.20 

P00455  Ferredoxin--NADP reductase, chloroplastic  0.69 1.36 1.08 0.50 0.79 
P41343 Ferredoxin--NADP reductase, chloroplastic 0.42 2.14 1.80 0.19 0.31 

E. Carbon metabolism 

P26517 Glyceraldehyde-3-phosphate dehydrogenase 1, cytosolic 1.68 2.06 2.44 0.55 0.76 

P08477 Glyceraldehyde-3-phosphate dehydrogenase 2, cytosolic (Fragment) 1.27 1.12 1.40 0.24 0.36 

P25857 Glyceraldehyde-3-phosphate dehydrogenase GAPB, chloroplastic 3.64 1.60 1.06 2.27 0.66 

Q9SAJ6 Glyceraldehyde-3-phosphate dehydrogenase GAPCP1, chloroplastic 1.04 1.24 1.20 0.16 0.79 

Q0JGZ6 Fructokinase-1 1.61 2.34 1.67 0.48 0.50 

A2YQL4 Fructokinase-2 1.68 2.02 1.28 0.34 0.63 

P09195 Fructose-1,6-bisphosphatase, chloroplastic 2.07 1.48 2.05 0.66 0.37 

P46267 Fructose-1,6-bisphosphatase, cytosolic 1.85 0.93 2.07 0.69 0.35 

Q944G9 Fructose-bisphosphate aldolase 2, chloroplastic  2.17 1.27 2.18 0.66 0.66 

Q10A30 Fructose-bisphosphate aldolase 2, cytoplasmic 2.11 1.15 2.28 0.49 0.51 

P26301 Enolase 1 2.78 1.61 2.29 2.39 1.32 

Q9LKA3 Malate dehydrogenase 2, mitochondrial  0.30 1.26 0.70 0.19 0.69 

Q42972 Malate dehydrogenase, glyoxysomal 0.39 1.33 0.63 0.63 2.10 

P12782 Phosphoglycerate kinase, chloroplastic  1.17 1.01 1.21 1.15 1.19 

Q9SAJ4 Phosphoglycerate kinase 3, cytosolic  1.91 0.78 2.64 2.38 3.38 

Q1ACL0 Pyruvate dehydrogenase E1 component subunit beta  1.15 0.96 0.98 1.19 1.02 

Q0J0H4 Pyruvate dehydrogenase E1 component subunit beta-2 1.31 1.19 1.23 1.09 1.03 
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Q2QNG7 ATP-citrate synthase alpha chain protein 3  1.26 3.33 1.33 1.08 1.09 

Q93VT8 ATP-citrate synthase beta chain protein 1 0.25 0.79 0.77 0.31 0.97 

P30523 Glucose-1-phosphate adenylyl transferase small subunit 0.74 2.09 1.09 0.35 0.53 

P30524 Glucose-1-phosphate adenylyl transferase large subunit 1 1.02 2.49 2.62 0.23 0.58 

F. ATP synthesis 

P12112 ATP synthase subunit alpha, chloroplastic  0.18 1.56 1.21 0.12 0.56 

P20858 ATP synthase subunit beta, chloroplastic 0.64 1.93 2.12 0.75 1.09 

P19023 ATP synthase subunit beta, mitochondrial 1.25 0.55 1.1 0.46 1.37 

Q41629 ADP, ATP carrier protein 1, mitochondrial 0.65 0.77 0.63 0.85 0.83 

B4FK49 Nucleoside diphosphate kinase 1  0.90 2.18 4.05 0.75 0.44 

A6N0M9 Nucleoside diphosphate kinase 1  1.41 2.06 4.49 0.89 0.74 

P00412 Cytochrome c oxidase subunit 2  0.41 0.64 0.78 0.64 1.22 

P37841 Cytochrome b-c1 complex subunit Rieske, mitochondrial  0.54 0.87 1.33 0.40 0.66 

G. Protein biosynthesis, folding and degradation 

A1E9H0 30S ribosomal protein S19, chloroplastic  0.52 1.55 1.39 0.34 0.25 

A2ZB00 40S ribosomal protein S16 1.99 2.17 2.54 0.16 0.29 

P34788 40S ribosomal protein S18 1.57 1.05 1.21 0.55 0.68 

P49688 40S ribosomal protein S2-3 1.30 0.75 1.57 0.41 0.76 

O22386 50S ribosomal protein L12, chloroplastic 0.76 2.23 2.46 0.34 1.11 

Q6L378 50S ribosomal protein L20, chloroplastic 0.90 0.29 10.41 3.08 1.39 

Q8L803 50S ribosomal protein L9, chloroplastic 0.53 1.94 2.88 0.51 0.58 

A2YDY2 60S ribosomal protein L11 17.19 2.11 2.11 0.23 0.41 

Q943F3 60S ribosomal protein L18a 0.29 2.07 1.23 1.09 0.39 



149 
 

P49210 60S ribosomal protein L9 0.26 1.53 0.77 0.17 0.51 

P46252 60S acidic ribosomal protein P2A 0.98 1.50 3.02 0.65 2.01 

P41095 60S acidic ribosomal protein P0 2.05 2.87 3.54 1.71 2.07 

P50346 60S acidic ribosomal protein P0  3.66 0.91 2.14 4.42 1.12 

O24310 Elongation factor Tu, chloroplastic  0.95 0.69 2.15 1.36 3.07 

Q9ASR1 Elongation factor 2  1.06 2.03 2.17 1.03 1.07 

Q43467 Elongation factor Tu, chloroplastic  1.15 1.01 0.54 0.48 1.68 

P29546 Elongation factor 1-beta  2.08 3.04 2.60 0.56 0.52 

Q03033 Elongation factor 1-alpha 1 0.68 1.33 0.68 0.51 0.51 

P28996 Elongation factor 2  1.22 2.07 0.74 0.39 1.24 

Q40680 Elongation factor 1-delta 1 1.05 2.34 1.19 0.45 0.51 

O23627 Glycine--tRNA ligase, mitochondrial 1  0.93 0.54 1.30 1.35 2.41 

Q43207 70 kDa peptidyl-prolyl isomerase  0.85 1.25 2.07 0.59 1.65 

O49939 Peptidyl-prolyl cis-trans isomerase, chloroplastic 0.76 1.05 0.85 0.73 0.81 

Q9SSA5 Peptidyl-prolyl cis-trans isomerase CYP38, chloroplastic  1.89 2.25 1.54 0.84 0.68 

Q9SR70 Peptidyl-prolyl cis-trans isomerase FKBP16-4, chloroplastic  1.49 1.43 2.06 1.04 1.44 

P21569 Peptidyl-prolyl cis-trans isomerase  1.18 0.77 2.25 1.76 2.34 

P12810 16.9 kDa class I heat shock protein 1  1.59 1.26 2.10 0.97 1.26 

Q9LDZ0 Heat shock 70 kDa protein 10, mitochondrial    2.60 1.51 2.49 1.03 0.99 

P11143 Heat shock 70 kDa protein 2.99 1.15 2.24 0.51 1.33 

P37900 Heat shock 70 kDa protein, mitochondrial 2.88 1.41 2.29 0.75 0.56 

Q0J4P2 Heat shock protein 81-1  2.09 1.20 2.08 0.57 0.99 

P13853 17.6 kDa class I heat shock protein 3  1.18 2.06 3.28 0.57 2.56 
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P52711 Serine carboxypeptidase II-3  2.76 1.82 2.01 1.51 1.11 

P21529 Serine carboxypeptidase 3  2.93 3.22 2.19 1.11 1.35 

P52712 Serine carboxypeptidase-like  0.40 0.45 0.57 0.90 1.29 

P55748 Serine carboxypeptidase II-2 (Fragment)  1.28 1.95 1.33 0.66 0.68 

P08818 Serine carboxypeptidase 2  1.49 2.28 1.64 0.45 0.49 

Q0JNR2 Cysteine proteinase inhibitor 12  2.12 1.44 2.14 1.47 2.34 

P0DKJ9 26S proteasome regulatory subunit 7A  0.24 0.71 0.98 0.35 1.35 

P46466 26S proteasome regulatory subunit 4 homolog 0.43 0.32 0.89 1.33 2.28 

Q9SIV2 26S proteasome non-ATPase regulatory subunit 2 homolog A 0.75 0.56 2.19 1.35 2.23 

Q75GT3 Chaperone protein ClpB2, chloroplastic   2.06 1.18 2.36 0.95 1.99 

P29185 Chaperonin CPN60-1, mitochondrial 3.21 1.43 2.24 0.94 0.65 

H. Metabolism related proteins 

Q93XI4 N-carbamoylputrescine amidase   1.62 1.01 1.62 0.99 0.62 

Q9SMB1 Spermidine synthase 1   1.78 1.36 2.11 1.12 0.86 

Q66GP9 NO-associated protein 1, chloroplastic/mitochondrial 0.37 0.32 0.21 1.14 0.64 

P45851 Oxalate oxidase 2 2.19 1.53 2.49 0.86 0.99 

Q6AUK5 Peptide methionine sulfoxide reductase B3, chloroplastic 2.64 1.11 2.62 2.28 2.27 

Q10G56 Ornithine aminotransferase, mitochondrial 2.07 1.29 2.31 0.71 2.03 

Q9FI78 Shikimate O-hydroxycinnamoyltransferase  1.60 1.28 1.78 1.25 0.57 

Q38J50 caffeic acid 3-O-methyltransferase 1.58 1.12 1.69 1.28 1.44 

Q6ETN3 4-coumarate--CoA ligase 3 1.68 1.42 1.56 1.19 1.39 

Q9S9N9 Cinnamoyl-CoA reductase 1 1.28 1.17 1.85 1.19 1.21 

P38076 Cysteine synthase 1.54 1.01 1.70 1.68 1.51 
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Q8GYB8 12-oxophytodienoate reductase 2  2.24 2.12 1.46 1.52 0.69 

Q6Z965 12-oxophytodienoate reductase 7 2.36 2.16 1.59 1.06 0.50 

P24846 4-hydroxy-tetrahydrodipicolinate synthase 1, chloroplastic 1.93 2.47 3.55 1.99 1.43 

P29114 Linoleate 9S-lipoxygenase 1 1.06 1.55 1.67 0.38 0.18 

I. Cell organization-related proteins 

Q6YDN9 Xyloglucan endotransglucosylase/hydrolase 0.87 1.17 1.69 1.09 0.97 

P52184 Profilin-1 2.09 1.01 2.67 2.07 2.65 

P49232 Profilin-1 2.57 1.21 2.20 2.12 1.81 

B9DHQ0 Tubulin alpha-5 chain  1.30 0.79 2.01 0.38 2.32 

O49068 Tubulin gamma-2 chain  1.91 0.76 1.98 0.66 1.99 

Q9ZRA9 Tubulin beta-4 chain 1.87 0.89 2.11 0.17 0.35 
# values represent the fold change.
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Figure 5.5. Differentially abundant proteins involved in drought stress in T-1, T-2, T-3, T-4, and T-5. 
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5.4 Discussion 

Plant tolerance to drought is a complex attribute that requires a global view to understand its 

underlying mechanism. Previous studies demonstrated that bacterial inoculation of PGPR can 

differentially regulate the expression of the proteins in response to drought and other stresses 

[103, 114, 246]. In the present study, MS-based proteomic analysis was applied to decipher the 

alteration in proteomic profiling of the wheat plant subjected to drought stress inoculated with 

PGPR Eb WRS7. This study gave insight that the PGPR influences protein expression in the 

host and modulates protein dynamics in plant drought adaptation. PGPR-plant interaction 

enhances our understanding of how these regulatory mechanisms help host plants mitigate the 

deleterious effects of drought and hence offers a holistic view of the molecular foundation 

underlying a plant's ability to endure drought stress. The knowledge gained from this study 

holds the potential to reshape agricultural practices and improve drought tolerance in plants. 

The present study found more proteins under drought stress in uninoculated, and PGPR 

inoculated plants. These proteins include antioxidants (Glutaredoxin, Superoxide Dismutase, 

L-ascorbate peroxidase), stress-related proteins (LEA proteins), and Heat shock proteins (16.9 

kDa HSPs and Heat-shock 70kDa protein). Moreover, vesicle-associated proteins were also 

found. Abundances of these proteins under stress have been reported by earlier studies [246, 

304, 314] 

The high throughput proteomics identified multiple classes of proteins that respond to and 

alleviate drought stress in the presence and absence of PGPR Eb WRS7. These proteins include 

antioxidant enzymes, phytohormone-related proteins, metabolism- and photosynthesis-related 

proteins, transporters proteins, osmotic homeostasis-related proteins, and secondary 

metabolism-related proteins (Table 5.2), details of which are described below in the context of 

the present study. Among the DAPs, a large portion of these proteins were encoded either by 

the chloroplasts or mitochondria, suggesting that drought stress strongly affects the function of 

these organelles. 

Photosynthesis-related proteins 

Photosynthesis is one of the most important metabolic processes sensitive to environmental 

stresses, including drought stress. Drought stress primarily reduces the stomatal aperture in 

leaves, which reduces CO2 availability and thus minimizes the energy for plant growth. 
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Drought negatively affected photosynthesis-related protein abundances, such as Ribulose-1,5-

bisphosphate carboxylase/oxygenase (Rubisco), oxygen-evolving enhancer proteins, and 

others [315]. The observed decline in energy- and photosynthesis-related proteins during 

drought stress clearly indicates reduced growth and yield of wheat plants due to drought stress. 

Rubisco, localized in the stroma of chloroplast, is the key photosynthetic enzyme in CO2 

fixation and oxygenation in the Calvin cycle. Rubisco inactivation impacts the photosynthesis 

under drought stress [316]. In our study, small and large subunits of Rubisco were upregulated 

by drought stress upon bacterial treatment, suggesting that Eb WRS7 could safeguard the 

photosynthesis process in stressed plants to support energy and organic compounds. Abd El-

Daim et al. (2019) also found that Bacillus velezensis 5113-treated plants have high levels of 

photosynthesis proteins under abiotic stress in wheat plants [114]. Kandasamy et al. (2009) 

reported that PGPR P. fluorescens protects photosynthesis in rice plants under drought 

conditions by increasing the levels of chaperones that support the assembly of Rubisco, which 

further increased the photosynthetic efficiency and helped both growth and stress tolerance in 

rice plants [317]. 

Oxygen-evolving enhancer proteins 1 and 2 (OEE1 and OEE2) are very important members of 

the oxygen-evolving complex, which is involved in the photo-oxidation of water during the 

light reactions of photosynthesis. These proteins are susceptible to stress and can easily be 

inhibited by stress conditions [318]. OEE1 is involved in the light reaction of PSII and the 

stability of the oxygen-evolving complex, while OEE2 catalyse water splitting. A few reports 

have shown a decreased abundance of OEE proteins during drought stress [314, 315, 319]. This 

is in accordance with our study, where OEE1 decreased upon drought stress (0.53-fold), 

whereas a decrease in OEE2 expression was not significant (0.88-fold). However, bacterial 

inoculation had no change in OEE1 and OEE2 expression (1.06-fold and 1.1-fold respectively). 

In contrast, PSI light-harvesting chlorophyll a/b-binding proteins were upregulated in 

uninoculated and inoculated plants. Chlorophyll a/b-binding proteins are involved in the 

electron transport process in the light-harvesting complex and are responsible for the oxidation 

of water and the production of O2 [315]. They are also known to regulate plant response to 

abiotic stress, and their expression increases under drought, salt, heat, and cold stress [320]. In 

the current study, the abundance of these proteins increased in uninoculated and PGPR-

inoculated plants. The downregulation of OEE proteins and upregulation of chlorophyll a/b-

binding protein suggested that these proteins contribute to the photosynthetic process during 
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drought stress and might be involved in drought stress response in wheat. This further indicates 

that PGPR promote drought tolerance by protecting the photosynthetic system and maintaining 

plant photosynthetic efficiency. 

Ferredoxin–NADP reductase, a redox flavoenzyme, transfers electrons from reduced 

ferredoxin to NADPH for the final step in linear electron flow in photosynthesis [315]. In our 

study, ferredoxin protein upregulated under drought conditions, whereas Ferredoxin–NADP 

reductase enzyme downregulated (0.42-fold) in uninoculated plants but was non-significantly 

upregulated (1.8-fold) in bacterial inoculated plants. This is supported by drought stress-

induced upregulation of components involved in ferredoxin-dependent cyclic electron transfer 

[321]. 

PSI is a multi-subunit complex that catalyzes the oxidation of plastocyanin and the reduction 

of ferredoxin by absorbed light energy [315]. In our study, photosystem I reaction center 

subunits II (PSI subunit II), III (PSI subunit III), IV (PSI subunit IV), and V (PSI subunit V) 

were identified. However, only PSI subunits II and IV showed significant differential 

expression. Their expression decreased under drought stress by 0.29- and 0.65-fold, 

respectively, whereas it increased by 3.02- and 3.62-fold in Eb WRS7-inoculated plants under 

drought stress. PSI subunit II helps assemble other subunits of the PSI reaction center, and its 

decreased expression suggests reduced binding stability for other subunits of PSI during 

drought stress. Additionally, PSI subunits II and IV also interact with ferredoxin [322], 

indicating that the electron transport mechanism was inhibited by drought stress. 

ATP synthase transfers protons through the thylakoid membrane. Several subunits of the ATP 

synthase complex, such as ATP synthase alpha, beta, gamma, and delta subunits, were 

identified in the current study. ATP synthase subunits alpha and beta were down-regulated 

(0.18- and 0.65-fold, respectively) under drought stress. However, bacterial inoculation 

upregulated the ATP synthase subunit alpha (2.11-fold) expression. Decreased ATP synthase 

abundance under drought leads to decreased ATP production, resulting in reduced 

photosynthetic processes and a decreased consumption of ATP [323]. Differential expression 

of the ATP synthase subunit indicates that the whole machinery for ATP synthesis might be 

regulated under drought stress. Zadražnik et al. (2019) also reported a similar pattern of ATP 

synthase subunits under drought stress in common beans [315].  
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Carbohydrate and energy metabolism-related proteins 

In the current study, proteins involved in carbohydrate and energy metabolism (e.g., glycolysis, 

tricarboxylic acid (TCA) cycle, electron transport chain, and ATP synthesis) were differentially 

abundant in wheat under drought stress. The glycolytic pathway responds under drought [324–

326]. In our results, the abundance of fructokinase was upregulated, although non-significantly, 

in uninoculated (1.61-fold) and Eb WRS7 (1.67-fold) inoculated wheat plants under stress. 

Also, the amounts of other enzymes such as glyceraldehyde 3-phosphate dehydrogenase 

(GAPDH), fructose-bisphosphate aldolase (FBA), Phosphoglycerate kinase (Table 5.2) also 

increased, which indicates a possible increased flux of carbohydrates to the TCA cycle [327]. 

This is further supported by the increase in pyruvate dehydrogenase E1 and E2 subunit and 

citrate synthase, which link the glycolysis pathway to the TCA cycle. These results indicate an 

increase in carbon metabolism, which would provide more energy for stress tolerance and 

suggest that bacterial inoculation improves stress tolerance by improving energy metabolism 

in plants [325, 327]. The increased energy production might have caused decreased 

carbohydrate synthesis, which reduces plant biomass under drought stress. 

Protein synthesis/degradation-related proteins 

The abundance of proteins involved in their synthesis and modification, such as molecular 

chaperones, ribosomal proteins, and heat shock proteins (HSPs), were altered significantly, 

which could benefit stress adaptation. In the present study, most ribosomal proteins increased 

significantly under drought. Accumulation of these proteins has also been reported in wheat, 

cucumber, and maize under stress [103, 328]. The role of HSPs in protein folding and 

maintaining protein homeostasis under drought stress has been widely discussed [329–331]. 

Besides, protein degradation-related proteins such as proteasomes, proteases, ubiquitin 

enzymes, and peptidases also increased in response to drought stress since these are important 

for removing abnormal and damaged proteins during stress [324]. The proteases, which help 

in protein modification and corrections under drought, were also accumulated in the current 

study. Hence, it can be assumed that regulation of the translational machinery is an important 

component of drought stress response in plants. These differential proteins and response 

mechanisms under stress are consistent with previous studies [103, 332–334]. 
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Antioxidant-related proteins/ cell redox homeostasis 

In plants, ROS overproduction during abiotic stress is responsible for oxidative stress-induced 

damage to macromolecules and plants' cellular structures [326]. Peroxidase (POD), along with 

superoxide dismutase (SOD), catalase (CAT), and glutathione peroxidase eliminate harmful 

free radicals under adverse conditions in a variety of crops. In our study, it was found that 

peroxidase and other antioxidant expressions were significantly increased in Eb WRS7-

inoculated drought-stressed wheat plants. These results were also validated by biochemical and 

gene expression analysis described in Chapter 4. This demonstrated that bacteria-inoculated 

wheat plants accumulate more antioxidants that respond to drought stress more effectively to 

eliminate ROS. 

Glutathione S-transferase (GST) is an essential component of the plant defense system in 

response to various abiotic stresses, protecting plants from oxidative damage [246, 317]. In this 

study, Glutathione S-transferase DHAR3 was upregulated in Eb WRS7 inoculated plants under 

drought stress but had no change in uninoculated plants. Priming of P. fluorescens also 

upregulated the GST expression in rice plants [317]. Similarly, upregulated GST was observed 

in wheat plants upon inoculation with Enterobacter cloacae SBP-8 under salt stress [103].  

2-Cys peroxiredoxin, an antioxidant enzyme primarily crucial in the photosynthesizing leaf 

and developing shoot [103], was downregulated under drought stress. Lipocalin which prevents 

lipids peroxidation of thylakoidal membrane and confers protection against oxidative stress 

[335], was upregulated in Eb WRS7 inoculated plants. Therefore, we speculated that the 

combination of various antioxidants protects wheat plants from drought conditions and 

increases their tolerance. 

Pyridoxal 5'-phosphate synthase was upregulated in uninoculated (1.76-fold) plants and 

bacteria inoculated (2.86-fold) under drought stress. Pyridoxal 5′-phosphate (PLP) is a 

quencher of singlet oxygen in plants that might protect cellular membranes from lipid 

peroxidation. 

Osmotic homeostasis-related proteins 

Osmotic regulation is crucial for drought tolerance in plants. Some important osmotic 

homeostasis-related proteins, such as dehydrin (DHN), late embryogenesis abundant (LEA) 

protein, delta-1-pyrroline-5-carboxylate synthase (P5CS), and betaine aldehyde dehydrogenase 
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(BADH), accumulated in wheat plant under drought stress. These proteins stabilize cellular 

components in response to water deficit conditions [116, 324]. In the present study, Late 

embryogenesis abundant protein, group 3 (UniPorT ID Q03968) was found in uninoculated 

and Eb WRS7-inoculated plants under drought stress only and was increased up to 1.95-fold 

in bacteria-inoculated plants. An increase in LEA protein under stress validates gene expression 

analysis of the gene encoding LEA protein described in our study (Chapter 4). Dehydrin 

COR410 and Betaine aldehyde dehydrogenase were also upregulated in both uninoculated 

(2.2-fold and 2.05-fold, respectively) and bacteria inoculated (2.6-fold and 2.66-fold, 

respectively) plants under drought stress. B. licheniformis K11-treated drought pepper also 

showed increased expression of dehydrin proteins [116]. BADH accumulation was observed 

in barley leaves under drought conditions [336, 337]. BADH mediates osmotic homeostasis by 

converting betaine aldehyde to glycine betaine, positively affecting plant adaptation to drought 

stress [324]. Delta-1-pyrroline-5-carboxylate synthase (P5CS) plays a key role in proline 

biosynthesis, leading to osmoregulation in plants. In the present study, P5CS protein was 

accumulated under drought-stressed plants, thereby enhancing the drought tolerance. Proline 

expression was also increased under drought stress in biochemical assays and gene expression 

studies (Chapter 4). 

Cell wall and cytoskeleton-related proteins 

Lignin is the major constituent of the cell wall, which not only participates in plant defense 

against fungi but also enhances the resistance to drought stress. Increased lignin content during 

drought stress helps maintain the normal osmotic pressure of the cells, thereby enhancing the 

drought tolerance of plants [326]. In the present study, proteins related to lignin biosynthesis, 

such as shikimate O-hydroxycinnamoyl transferase, 4-coumarate--CoA ligase, caffeic acid 3-

O-methyltransferase and cinnamoyl-CoA reductase were found to be increased under drought 

in both uninoculated (1.58-fold) and Eb WRS7 inoculated (1.78-fold) wheat plants.  

Another key enzyme, xyloglucan endotransglucosylase/hydrolase, strengthens the cell wall and 

maintains its integrity [326]. It was upregulated upon bacterial inoculation under stress, 

although non-significant (1.69-fold) and down-regulated under drought conditions (0.87-fold). 

This suggests that bacterial inoculation increases the ability of wheat plants to maintain better 

cell wall integrity under drought stress, thus maintaining a stable cellular environment. Also, it 

plays a major role in root elongation [326], suggesting a better root system in Eb WRS7 

inoculated plants. It has been reported that overexpression of xyloglucan 
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endotransglucosylase/hydrolase increases drought tolerance in transgenic A. thaliana plants 

[338]. These results indicate that the cell wall synthesis is enhanced in Eb WRS7 inoculated 

wheat plants under drought stress, which may be associated with drought adaptation. In 

addition to proteins involved in cell wall strengthening, alteration in cytoskeletal protein was 

also observed. Profilin, a cytoskeleton protein, was also found to be increased upon drought 

stress in uninoculated and bacteria-inoculated plants. This protein binds to actin and affects the 

cytoskeleton structure, thereby protecting cellular integrity under salt stress [103]. Another 

cytoskeletal protein required for maintaining cell integrity- Tubulin- was also upregulated 

under stressed conditions. Increase in cytoskeleton proteins were also reported in earlier studies 

[103] 

Transporters proteins 

Plant membrane transport system plays an important role in drought stress adaptation [339]. 

ABC-G subfamily is an important transporter family among various ABC transporters 

during drought stress. It has a high affinity for the stress hormone abscisic acid (ABA). It 

exports ABA from the root xylem to leaf stomatal cells to reduce transpiration, thereby 

conferring drought tolerance [340, 341]. Interestingly, in our finding, uninoculated wheat 

plants under drought stress (0.87-fold) have no significant effect on ABCG transporter protein, 

but their abundance increases upon bacterial inoculation under normal and drought conditions 

(2.03- and 2.37-fold, respectively). This indicates the role of ABA in both biotic and abiotic 

stress. Besides its prominent role in plant response to abiotic stress, ABA is a crucial regulator 

in plant biotic defense responses [342]. Another member protein important to drought stress is 

aquaporin (AQP), which facilitates water movement across the cells. Among the known AQP 

subfamilies, members of tonoplast intrinsic protein (TIP) and plasma membrane intrinsic 

protein (PIP) showed the most significant expression under drought conditions [343]. In the 

current study, drought stress upregulated the expression of aquaporin PIP1-1 in uninoculated 

and bacteria-inoculated plants (2.29- and 2.55-fold, respectively). Upregulation of aquaporin 

under drought has been reported by many researchers across the plant kingdom [344, 345].  

K+ is an important element in plant growth and in water stress responses. K+ uptake and efflux 

control cell water potential and turgor in osmotic regulation [346, 347]. Under the control of 

abscisic acid, K+ transporter acts as an important element in osmotic adjustment by balancing 

potassium homeostasis in cell growth and drought stress responses [348]. Sheng et al. (2014) 

have reported that K+ efflux antiporter (KEA) plays an important role in chloroplast 

https://www.sciencedirect.com/topics/pharmacology-toxicology-and-pharmaceutical-science/drought-stress
https://www.sciencedirect.com/topics/agricultural-and-biological-sciences/abscisic-acid
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development and drought tolerance in rice [348]. K (+) efflux antiporter one was also found in 

the current study, and its abundance was increased in uninoculated and Eb WRS7 inoculated 

(2.15- and 2.65-fold, respectively) wheat plants under drought stress. The abundance of 

changes in these transport-related proteins under drought stress indicates that the ion/metabolite 

exchange is crucial for plants to survive in water-deficit conditions.  

Phytohormone-related proteins 

Abscisic acid (ABA) serves as an important signaling molecule for plants’ adaptive response 

to drought stress [347, 348]. After drought stress, ABA enables plants to recover from water-

deficit conditions by mediating stomatal closure, increasing hydraulic conductivity, and 

stimulating root cell elongation [349]. Changes in protein abundance support the elevated ABA 

biosynthesis in wheat under drought stress. Enzymes, zeaxanthin epoxidase (ZEP) and 9-cis-

epoxy carotenoid dioxygenase (NCED), involved in ABA biosynthesis were found to be 

upregulated under drought stress in the current study as well as has been demonstrated in earlier 

studies also [350–353], which suggested that these enzymes act as important factors in core 

ABA biosynthesis. A high abundance of ABA biosynthesis enzymes also correlated with our 

gene expression studies, where the genes encoding enzymes involved in ABA synthesis were 

upregulated (Chapter 4). 

Ethylene is an important signaling molecule critical in mediating plants' abiotic stress 

responses. In this research, the key enzyme 1-aminocyclopropane-1-carboxylate oxidase 

(ACO), which catalyzes the final step of ethylene biosynthesis, was increased in abundance in 

uninoculated plants (1.89-fold) but showed no significant change in abundance upon bacterial 

inoculation (1.09-fold) under drought. Another enzyme, S-adenosylmethionine synthetase 

(SAMS), involved in ethylene biosynthesis in plants [354], was upregulated under drought 

stress (2.14-fold), but Eb WRS7 inoculation had no impact on its abundances (1.02- fold). 

Usually, PGPR are known to decrease by degrading the precursor of ethylene, ACC, through 

their ACC deaminase activity. Interestingly, our study found a decrease in the expression of 

enzymes required for ethylene biosynthesis (chapter 4) supported by a decreased level of 

enzymes required for ethylene biosynthesis at the protein level. To the best of our knowledge, 

this is the first study that suggests that PGPR regulate ethylene biosynthesis in plants. However, 

the bacterial factor responsible for this regulation needs to be investigated. Also, the 

upregulation of SAMS under drought stress helps the plant to tolerate the drought stress as it 

is involved in the methylation of lignin monomer [85]. The upregulation of ethylene 
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biosynthesis-related proteins was also reported by Yan and the group in wheat under drought 

[355]. These findings suggest that Eb WRS7 inoculation might help the wheat plant to 

overcome the negative effect of drought by lowering the ethylene synthesis in the wheat plant.  

Jasmonic acid (JA) has been associated with plant defense to biotic and abiotic stresses. Thus, 

several studies showed that JAs levels increased upon exposure to drought and salt stresses 

[352, 356]. Dong et al. (2007) reported that the application of methyl jasmonate (MeJA) to rice 

seedlings can moderately reduce the damage caused by drought stress [357]. In another study, 

Xu et al. (2019) reported that JA immediately accumulates under drought stress in foxtail millet 

seedlings, and the cell turgor pressure decreases quickly [64]. However, in this research, the 

key enzyme of JA biosynthesis, allene oxide synthase (AOS), was reduced under drought stress 

significantly in uninoculated (0.59-fold) but was upregulated upon Eb WRS7 inoculation under 

normal and drought stress (1.78- and 1.54- fold respectively). Enzyme Allene oxide cyclase, 

involved in the production of JA precursor-12-oxo-phytodienoic acid (OPDA)- was 

upregulated upon bacterial inoculation. This finding suggests that JA might participate in the 

mechanisms of plant defence against biotic stress (bacterial inoculation) but not water stress in 

wheat plants as it was not possible to determine transient accumulation of JA under drought, 

so further experiments are required to validate it. These results demonstrated that the 

phytohormone metabolic pathway contributes to stress-responsive processes. 

Other proteins 

In addition to the above-mentioned stress-related proteins and enzymes, some other important 

proteins also play a critical role in ameliorating drought stress. One such protein is glutamine 

synthetase (GS), which is considered a good indicator of drought stress [358, 359]. GS helps 

eliminate ammonia produced under unfavourable conditions. We observed enhanced 

accumulation (2.4-fold) of GS in the presence of drought stress. However, PGPR Eb WRS7 

inoculation led to decreased abundance, which suggests that PGPR helps the wheat plant 

overcome drought's negative effects. Similarly, an abundance of proteins belonging to different 

metabolic pathways, including amino acid metabolism, polyamine metabolism, fatty acid 

metabolism, and nucleotide metabolism (Table 5.2), were also affected by drought. The 

changes in fatty acid/lipid composition may help maintain membrane integrity and prevent 

cellular compartments from damage under drought stress [343]. In addition, flavonoid 

biosynthesis related protein (chalcone synthase) involved in secondary metabolism was also 

upregulated in response to drought in uninoculated and Eb WRS7 inoculated plants. It has been 
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proposed that flavonoids have antioxidant capacity to protect plants against abiotic stress 

[343,360]. Our proteomic data correlates with the metabolomic analysis, which showed 

abundance of polyamines and flavonoids under stress (Chapter 4). DEAD-box ATP-dependent 

RNA helicase 38 was also found to be highly abundant under stress in uninoculated, and Eb 

WRS7 inoculated plants. They are critical for regulatingABA signalling and the drought stress 

response via inhibition of PP2CA activity [361]. 

To summarize, proteomic analysis revealed important proteins in adaptive mechanisms 

conferred by plant growth-promoting rhizobacteria Eb WRS7 in wheat to overcome drought 

stress. However, the precise functions of identified proteins and identification of key plant 

pathways under stress remain to be further elucidated. Besides, the role of differentially 

abundant proteins specific to bacterial inoculation must be investigated. Further work should 

also explore changes in post-translational modifications, such as phosphorylation, methylation, 

and acetylation, which significantly regulate cell signaling. Therefore, the future detection of 

protein modifications will provide new insights into the drought-tolerance mechanisms of 

wheat upon bacterial inoculation. 
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Summary 

Although chemical fertilizers have greatly contributed to agriculture management under abiotic 

stress conditions, alternative fertilizers are needed for sustainable and eco-friendly agriculture. 

Plant Growth Promoting Rhizobacteria (PGPR) are promising plant growth promoters that are 

actively involved in plant growth and improvement through various mechanisms. These 

rhizobacteria colonize the plant roots and can benefit the host plant through nutrition acquisition, 

phytohormone production, biocontrol, and induced systemic tolerance (IST). IST refers to PGPR-

induced interaction that leads to various physiological and biochemical changes that protect host 

plants from the deleterious effects of abiotic stresses. The PGPR-induced abiotic stress tolerance 

in plants is critically important in mitigating the negative impact of climate change, including 

drought, on crop production. Therefore, a better understanding of molecular crosstalk between 

these beneficial microorganisms and plants can be exploited to alter plant metabolism and provide 

resistance to abiotic stresses. Therefore, the present study aimed to characterize the efficient 

drought-tolerant bacteria from the rhizosphere of wheat plants growing in Rajasthan, India, and 

characterize their effect on plant growth under drought stress through functional studies following 

transcriptomic, proteomic, and metabolomic analysis. Throughout the study, the major 

achievements are as follows: 

1. A total of nine drought-tolerant bacteria were isolated from wheat plants growing in the 

Shekhawati region of Rajasthan. Most of the bacterial isolates recovered in the present 

study exhibited ACC deaminase activity, production of indole acetic acid (IAA) and 

siderophore, solubilization of inorganic phosphate, fixation of atmospheric nitrogen, and 

HCN production based on qualitative and quantitative screening. These isolates were 

identified as a members of different bacterial genera, namely Enterobacter, Pseudomonas, 

Kosakonia, Siccibacter, Acinetobacter, and Stenotrophomonas based on partial sequence 

analysis of the 16S rRNA gene. The bacterial isolates were also subjected to biochemical 

assessment and substrate utilization tests. Their growth pattern under osmotic stress was 

also studied to test their osmotic tolerance. Further, to test the efficacy of bacterial isolates 

as biofertilizers, plant growth studies under drought stress conditions under laboratory 

conditions were conducted. Also, based on their PGP activities, different consortia were 

also formulated and tested to promote wheat plant growth under drought stress. Among the 

tested isolates and consortia, Enterobacter bugandensis WRS7 was found to be most 

effective for increasing the wheat plant's growth parameters and protecting the wheat plants 

from the deleterious effects of drought stress.  
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2. The stress tolerance mechanism of Eb WRS7 to mitigate osmotic stress was investigated 

by employing morphological, biochemical, and metabolic approaches. Eb WRS7 showed 

better growth and survival under osmotic stress conditions. Electron microscopy did not 

show significant morphological changes but showed vesicle-like structures in response to 

osmotic stress. In response to osmotic stress-induced oxidative stress, the bacteria modulate 

their membrane fatty acid composition, leading to changed membrane fluidity for their 

survival under osmotic stress. As an osmoadaptation mechanism, the accumulation of 

inorganic ions and organic osmolytes was observed. Higher concentrations of Na+ and Ca2+ 

over K+ under stress suggest the role of these ions in maintaining osmotic balance and 

activation of Ca2+ dependent osmotic stress signalling pathway in Eb WRS7. Activation of 

signaling cascade under stress conditions suggests its role in osmoadaptation through 

physiological and metabolic modulations. Metabolomics profiling showed metabolic 

capabilities such as the production of osmolytes, polyamines, 2, 3-butanediol, quaternary 

ammonium compounds, sugars, and higher accumulation of the glycolytic pathway, and 

TCA cycle metabolites, used for survival under drought/osmotic stress. Overall, metabolite 

fingerprint reveals the mechanisms adapted by PGPR and highlights the importance of 

stress-responsive metabolites and their metabolic pathways, which in the future may be 

targeted for the metabolic engineering of this PGPR for rhizosphere engineering.  

3. Based on the experimental observations, Eb WRS7 was selected for biochemical and 

molecular studies to understand PGPR-assisted physiological changes and adaption 

mechanism in the host plant (wheat) under drought stress. Eb WRS7 protects plants from 

the adverse effects of drought stress by modulating host physiology and expression of 

stress-related genes and improves plant growth. The inoculation of Eb WRS7 stimulates 

the accumulation of osmolytes and enhances the level of antioxidative enzymes as 

compared to uninoculated plants. Further, the gene expression analysis suggests that Eb 

WRS7 differentially regulates the expression of stress-associated genes, including those 

required for the synthesis of trehalose and prolines (osmolytes), antioxidative enzymes, 

phytohormone biosynthesis, and Calcium transporter TPC1. To our knowledge, PGPR-

mediated inhibition of ethylene biosynthesis by regulating the expression of SAMS, ACS1, 

and ACO, as well as modulation of the TPC1 transporter, is being reported for the first time 

in the present study. Moreover, the current study used a metabolomics approach to elucidate 

the tolerance mechanism of Eb WRS7-treated wheat plants against drought stress. Wheat 

plant metabolite study reveals that Eb WRS7 induces metabolic alterations that span a wide 

spectrum of metabolite classes, including organic acids, sugars, phytohormones, amino 

acids, and lipids. Finally, the colonization potential of Eb WRS7 was investigated. CFU 
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counting of bacteria recovered from bacteria-treated plants and identical ERIC profile of 

isolated bacteria to that of a pure culture of Eb WRS7 confirmed colonization of the bacteria 

in plant roots. 

4. Differentially abundant proteins were analysed by a gel-free/ label-free proteomic analysis 

in wheat plant inoculated with Eb WRS7 to understand bacteria-mediated stress protection. 

Proteomic analysis reveals that drought stress affects the physiology of wheat plants as 

photosynthesis-related protein abundances decreased in heat plants under drought stress. In 

contrast, the abundance of stress- and defence-related proteins, osmoprotectant, and 

antioxidant proteins were increased. Eb WRS7 inoculation resulted in a significant 

metabolic modulation and affected the abundance of several proteins in wheat plants. Eb 

WRS7 also enhanced the tolerance of wheat exposed to drought stress by utilizing similar 

metabolic and molecular regulatory strategies. The success of Eb WRS7 in improving 

abiotic stress tolerance seems to be related to its ability to tune the expression of several 

proteins related to stress défense, photosynthesis as well as energy supply. Eb WRS7 also 

modulates several metabolic pathways of amino acids, increasing the accumulation of 

osmoprotectant like proline, dehydrin, hence governing osmotic homeostasis and 

strengthening of cell walls in bacteria-treated wheat plants. Therefore, using the proteomic 

approaches, the observed evidence supports that applying a beneficial PGPR to wheat 

plants could be used as an effective tool to overcome drought stress. This investigation 

confirmed that drought-tolerant PGPR Eb WRS7 can be exploited as a promising 

biofertilizer with multifarious properties. 

The results of the present study indicate that bacteria that can tolerate osmotic stress and other PGP 

properties were successful in protecting the wheat plant by several approaches under abiotic stress, 

such as drought. The plant-protecting effect of bacterial strain was characterized by a physiological, 

biochemical, and molecular method of proteomic analysis. Eb WRS7 can be used as a biofertilizer 

candidate to promote plant growth in drought-stress conditions. These findings contribute to our 

understanding of PGPR-mediated drought tolerance in wheat plants and provide information to 

better understand the plant-microbe interaction under environmental stress. 
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Future Scope of work 

Plant growth-promoting rhizobacteria (PGPR) enhance plant growth and productivity and 

stimulate abiotic stress tolerance in plants, therefore serving as promising biofertilizers for 

stress agriculture. In the present study, the ability of drought-tolerant bacteria to have various 

PGP characteristics, including ACC deaminase activity, has been tested under drought stress 

conditions on wheat plants. Therefore, few selected strains serve as effective and potential 

biofertilizers. These bacterial bioinoculants can be used as an alternative to chemical fertilizers 

and pesticides as agricultural supplements to mitigate the biotic and abiotic stress responses. 

The present work can be extended in future studies in the following aspects: 

(i) Since the isolate used in the present study belongs to the genus Enterobacter, which 

encompasses several human pathogens, its biosafety and environmental 

considerations before mass application needs to be evaluated and scientifically 

validated. 

(ii) Since vesicle-like structures in response to osmotic stress were observed in Eb 

WRS7 cells. Factors stimulating these vesicle generation and their specialized 

functions in PGPR and plant-microbe interaction have not been well studied. 

Therefore, specific experiments are required to know the exact function of these 

vesicle-like structures in future studies. 

(iii) The role of VOCs can be explored regarding their direct role in the bacteria defense 

system and ameliorating abiotic stress in plants. 

(iv) In the current study, ethylene biosynthesis genes in host plants that were regulated 

by PGPR were reported. Future studies can be conducted to identify bacterial 

factors affecting the expression of ethylene biosynthesis genes. 
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Abstract
Some plant growth-promoting bacteria (PGPR) can ameliorate abiotic stressors like drought stress and promote plant growth. 
The present study investigated various drought-tolerant mechanisms of Enterobacter bugandensis WRS7, a rhizospheric 
isolate, by which it alleviates the deleterious effects of drought stress in wheat plants (Triticum aestivum L). The isolate 
WRS7 showed different plant growth-promoting properties, including nitrogen fixation, phosphate solubilization, sidero-
phore production, phytohormone (indole acetic acid and gibberellic acid) production, exopolysaccharide secretion, and ACC 
deaminase activity. Its inoculation to wheat plants improved plant growth in terms of root/shoot growth and chlorophyll 
content. Its inoculation also exhibited drought stress ameliorating properties, including increased osmolyte content (proline 
and total soluble sugar), relative water content, catalase and superoxide dismutase activity, and decreased lipid peroxidation 
compared to non-inoculated plants. Our biochemical data were coherent with gene expression analysis of WRS7-treated 
plants, which showed altered expression of genes encoding antioxidant enzymes (CAT , APX, and GPX), osmolyte synthesis 
(P5CS, P5CR, and TPS1), biosynthesis of stress hormone genes (NCED, WZE, SAMS, ACS1, and ACO encoding proteins 
for the biosynthesis of abscisic acid and ethylene), and calcium transporter (TPC1) in the wheat plant. The regulation of 
the ethylene biosynthesis gene and modulation of TPC1 gene expression by PGPR E. bugandensis WRS7 in wheat plants 
highlights its additional role in alleviating drought stress. The colonization study demonstrated the successful colonization 
of E. bugandensis WRS7 in wheat plants. Overall, the present study indicates that E. bugandensis WRS7 alleviates drought 
stress in wheat plants by differentially regulating various metabolic genes in treated plants.

Keywords Triticum aestivum · Enterobacter bugandensis WRS7 · Drought stress · Gene expression · Induced systemic 
tolerance

Introduction

Wheat (Triticum aestivum L) is an important cereal and 
staple crop globally, contributing around 20% of total die-
tary calories consumed (Clarke et al. 2021). According to 
the FAO, the global annual wheat production is about 680 
million tons and is likely to increase by 60% by 2050. Still, 
the production amount is not enough to meet the ever-
growing demand of the growing population (FAO 2017). 
Moreover, World agriculture faces severe challenges in 

meeting the demands of the increasing population and 
health safety concerns due to adverse environmental con-
ditions, including drought. Since wheat is a water-inten-
sive crop, drought stress negatively impacts yield and 
grain quality (Caverzan et al. 2016; Clarke et al. 2021; 
Gontia‐Mishra et al. 2016). It interrupts many physio-
biochemical processes, including photosynthesis, carbon 
assimilation, nutrient uptake, plant growth, and develop-
ment. According to FAO, over 34% of crop and livestock 
production loss in least-developed countries (LDCs) 
and low to middle-income countries (LMICs) is due to 
drought between 2008 and 2018. Therefore, measures to 
overcome abiotic stressors, including drought stress, must 
be addressed. Applying chemical fertilizers can promote 
plant growth under such environmental conditions (Aslam 
et al. 2021). However, chemical fertilizers have several 
health and environmental concerns. Generating genetically 
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modified drought stress-resistant crops can be an appropri-
ate solution to enhance agricultural productivity. However, 
its health and environmental impacts are not fully known. 
Also, there are ethical concerns with the use of genetically 
modified crops. Therefore, taking account of the present 
scenario, role of the Plant Growth-Promoting Rhizobacte-
ria (PGPR), capable of drought stress amelioration, could 
be crucial for sustainable agriculture.

PGPR are beneficial soil microorganisms that promote 
plant growth directly by increasing the availability and 
uptake of nutrients and indirectly by ameliorating abiotic 
and biotic stressors (Vessey 2003). Exploiting these ben-
eficial microorganisms for plant stress alleviation is an 
eco-friendly and cost-effective approach to sustainable 
agriculture (Niu et al. 2018). Certain PGPR can withstand 
drought and helps plants to tolerate drought stress by several 
symbiotic mechanisms, including decreased production of 
stress ethylene due to bacterial ACC deaminase enzymes, 
elevated osmolyte production, nutrient uptake, and anti-
oxidant mechanism and altered phytohormone signaling 
(Singh et al. 2015a, b; Vaishnav et al. 2020). In the past few 
decades, several researchers have isolated and characterized 
PGPR to alleviate the deleterious effects of drought stress 
in different plants. Rashid et al. isolated Bacillus megate-
rium MU2 from the semi-arid condition and reported it as 
a potential candidate to promote wheat plant growth under 
drought conditions (Rashid et al. 2021).

Similarly, Khan and Bano reported that exopolysaccha-
ride secreting PGPR and applying plant growth hormone 
salicylic acid improve wheat plant growth under drought 
stress (Khan and Bano 2019). Gontia‐Mishra et al. (2016) 
and their group investigated the effect of PGPR Enterobacter 
ludwigii and Flavobacterium sp. in wheat at physiological 
and biochemical parameters and studied gene expression of 
stress-responsive genes under drought stress. These PGPR 
can improve plant growth under drought stress by attributing 
plant growth directly and by influencing plant physiology 
and regulating the expression of genes required to protect 
plants from abiotic stress-mediated alteration of plant func-
tions. For instance, Gontia‐Mishra et al. (2016) reported 
upregulation of some stress-related genes such as CAT1 
and DREB2A in uninoculated wheat plants under drought 
stress, whereas attenuated transcript levels were observed in 
PGPR-inoculated plants, indicating improved tolerance due 
to PGPR interaction (Gontia‐Mishra et al. 2016). Similarly, 
Barnawal et al. suggested that PGPR inoculation confers 
abiotic stress tolerance by modulating the expression of the 
CTR1 gene, a regulatory component of the ethylene signal-
ing pathway and DREB2 in wheat (Barnawal et al. 2017). 
These works suggest that the plant–microbe interaction can 
be a promising approach to improving plant growth and pro-
ductivity in a drought environment through multiple mecha-
nisms. Therefore, understanding plant–PGPR interaction at 

the biochemical and molecular level will be highly helpful 
in exploiting PGPR for sustainable agriculture.

Though there are studies reporting the PGPR-mediated 
drought stress amelioration in wheat plants, exploration 
of more efficient PGPR is still required, which can be 
used for improved and sustainable agriculture. Moreover, 
mechanisms by which PGPR modulates host plant physiol-
ogy at biochemical and molecular levels are important for 
better exploitation of PGPR-plant interactions. Therefore, 
the present study aimed to isolate drought-tolerant plant 
growth-promoting bacteria and characterize their abilities 
to ameliorate drought stress in wheat plants by employing 
biochemical and molecular approaches. To date, only a few 
studies have highlighted the combinational impact of rhizo-
bacteria and drought stress through gene expression analysis 
in different plants, including wheat. In the present study, 
we isolated and characterized Enterobacter bugandensis 
WRS7 for detailed characterization based on drought stress 
tolerance and plant growth-promoting features. This study 
elaborates our understanding of bacteria-mediated Induced 
Systemic Tolerance (IST) in plants. Also, to the best of our 
knowledge, the role of Enterobacter bugandensis as PGPR 
has not been characterized in detail.

Materials and Methods

Isolation and Molecular Characterization of Water 
Stress‑Tolerant Rhizobacteria from Wheat 
Rhizosphere

Healthy wheat plants (Triticum aestivum L.) were care-
fully uprooted from cultivated fields of Pilani (28.37° N 
75.6° E), Rajasthan, India, in January 2019. To isolate 
rhizospheric bacteria, 10 g of rhizospheric soil adhered to 
roots was weighed and added to 50 mL of 0.85% sodium 
saline and kept on a shaker for mixing. The soil was allowed 
to settle, and 1 mL aliquot was inoculated to nutrient broth 
(NB) media containing 10% of polyethylene glycol (PEG) 
to induce drought stress (Busse and Bottomley 1989) and 
incubated at 30 °C for 24 h on a shaker at 200 rpm to enrich 
water stress-tolerant bacteria. One ml of the above culture 
was re-inoculated in NB media containing 10% PEG and 
incubated as above-stated culture conditions. The culture 
suspension was serial diluted up to  10–6 dilution and 100 µl 
of the final dilution was plated onto a solid NB agar medium 
containing 10% PEG. The inoculated plates were incubated 
at 30 °C for 72 h. Bacterial colonies growing on the above 
selective medium were aseptically picked, sub-cultured, and 
maintained for further use. Total 12 different isolates were 
selected initially, out of which 9 morphotypes were finally 
selected based on shape, size, and morphology to test plant 
growth-promoting properties. Based on the result of plant 
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growth-promoting properties, isolate WRS7 was selected 
for further studies.

For molecular identification, the genomic DNA of the 
bacterial isolate was extracted using a genomic DNA extrac-
tion kit (Qiagen, USA) as per the manufacturer’s instruc-
tions. 16S rRNA gene was amplified by PCR using a stand-
ard method (Singh et al. 2015a, b). The rRNA gene was 
sequenced by Sanger Sequencing at Delhi University, South 
Campus, India. The nucleotide sequence was compared 
against the GenBank database using the NCBI-BLAST algo-
rithm and deposited in the NCBI database (http:// www. ncbi. 
nlm. nih. gov/ BLAST). A phylogenetic tree was constructed 
using the Neighbor-Joining (NJ) method with a bootstrap 
value of 500 in MEGA 6.0 (Tamura et al. 2013).

Biochemical Characterization of E. bugandensis 
WRS7

Biochemical assays, including Gram staining, IMViC test, 
and enzyme assays, such as catalase, chitinase, lipase, and 
amylase, were performed following standard protocols 
(Prescott and Harley 2002). The carbohydrate utilization 
ability of the isolate was tested using a commercial kit (KB 
009, Hi-media, India). Further, antibiotic sensitivity against 
standard antibiotics such as streptomycin (10 µg), tetracy-
cline (10 µg), kanamycin (30 µg), ampicillin (10 µg), chlo-
ramphenicol (10 µg), and gentamycin (30 µg) were tested 
using antibiotic discs (HTM 002, Hi-media). All the experi-
ments were performed in triplicate.

Test of Plant Growth‑Promoting (PGP) Activities of E. 
bugandensis WRS7

E. bugandensis WRS7 was screened for plant growth-pro-
moting (PGP) activity like the production of indole-3-acetic 
acid (IAA), phosphate solubilization, siderophore produc-
tion, a preliminary test for nitrogen fixation, and ACC deam-
inase activity using standard methods (Singh et al. 2015a, 
b). Quantification of exopolysaccharides secreted by bacte-
ria was done following the standard protocol (Ghosh et al. 
2019). Considering that motility is required for colonization, 
different types of motility, such as swimming, swarming, and 
twitching of the isolate, were also tested using a standard 
protocol (Singh et al. 2015a, b). Production of HCN and 
ammonia was determined using a standard method (Bakker 
and Schippers 1987; Dye 1962), as these traits show the abil-
ity of bacteria to suppress the proliferation of fungi in the 
soil. Hydrolytic enzyme activity such as endoglucanase, cel-
lobiohydrolase, and glucosidase was assayed following the 
standard protocols of (Kosová et al. 2008) and (Reinhold-
Hurek et al. 1993), respectively.

For IAA and  GA3 detection, the protocol of Ghosh et al. 
(2019) was followed with slight modifications (Ghosh et al. 

2019). Phytohormones secreted by bacterial isolate were 
extracted using an equal volume of ethyl acetate and kept for 
48-h incubation at 150 rpm at 4 °C. The organic layer was 
separated and evaporated using a rotary evaporator under a 
vacuum. The residue was re-dissolved in methanol, filtered 
through a 0.22µ filter, and then subjected to HPLC analysis 
(HPLC 1260, Agilent Technology, USA) using a C18 col-
umn (4.6 × 150 mm, 4 µm). The column was washed with 
80% methanol and equilibrated with an isocratic flow of ace-
tonitrile and 10-mM ammonium acetate buffer (pH 4.2) in a 
70:30 (v/v) ratio at a flow rate of 2.0 mL/min. (Ghosh et al. 
2019; Górka and Wieczorek 2017). The same solvent system 
was used to separate phytohormones, and 20 µl of the sample 
was injected at a flow rate of 1 mL/min. Detection of peaks 
respective to phytohormones was done using a UV–visible 
detector (VWD detector) at a wavelength of 254 nm and 
280 nm for  GA3 and IAA, respectively. For quantification or 
to know the concentration of IAA and  GA3, a standard curve 
(area under the curve vs. concentration) was prepared and 
extrapolated using different concentrations of commercially 
available phytohormones. Later, the samples were subjected 
to HRMS (Agilent Technologies 6545 Q-TOF LC/MS) to 
confirm the presence of IAA. The sample was prepared as 
stated above. The Solvent system used for HRMS analysis 
was a mixture of acetonitrile and water in a 40:60 (v/v) ratio 
at a flow rate of 3.0 mL/min.

Effect of E. bugandensis WRS7 on Growth of Wheat 
Crop Under Drought Stress

For the experimental studies, healthy and uniform size seeds 
of wheat variety WH1142, procured from the Indian Insti-
tute of Wheat and Barley Research, Karnal, were selected. 
For the plant growth-promoting test, the inoculum of the 
bacterium isolate WRS7 was prepared. The bacterial cul-
ture was grown in a Luria broth (LB) medium and optical 
density (OD) at 600 nm was maintained at 0.15 using 1X 
PBS. Wheat seeds were surface sterilized by treating with 
0.1%  HgCl2 for 1 min, followed by 70% ethanol for 1 min. 
The sterile seeds were washed five times with distilled water. 
Surface-sterilized seeds were treated with 2.5 ×  103 CFU 
(colony-forming unit) of bacterial inoculum at room tem-
perature (RT) for 2 h and dried under aseptic conditions. 
Five seeds were sown in each plastic pot filled with ster-
ile soil in triplicates in a growth chamber (LabTech, South 
Korea) with a 16:8 photoperiod at 28 ± 2 °C with a humidity 
of 70% and 140 µmol  m−2  s−1. Control seeds were incubated 
with PBS. Murashige and Skoog (MS) macronutrient solu-
tion was applied to soil as a nutrient solution on alternate 
days. To impose drought stress, plants were not watered after 
15 days of germination (plants grown up to the three-leaf 
stage). After 15 days of stress, plants were harvested and 
their growth was measured based on various parameters, 

http://www.ncbi.nlm.nih.gov/BLAST
http://www.ncbi.nlm.nih.gov/BLAST
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such as percent germination, root, and shoot length, fresh 
and dry weight of five randomly collected seedlings, and 
chlorophyll content. For measurement of photosynthetic pig-
ments chlorophyll a/b, 1-g fresh leaf samples were homog-
enized in 80% acetone, and pigment was extracted and 
quantified as per the method of Duxbury and Yentch (1956) 
(Duxbury and Yentsch 1956). The relative water content 
(RWC) of wheat plant leaves was determined by following 
the standard protocol (Vaishnav and Choudhary 2019).

For evaluation of different biochemicals in control and 
bacteria-treated plants, osmolyte content (proline and total 
soluble sugars) and lipid peroxidation assays were per-
formed under drought stress. Proline content in the leaves 
was determined by the standard protocol of Bates et al. 1973 
(Bates et al. 1973). Total Soluble Sugar (TSS) was estimated 
by following the standard protocol of Irigoyen et al. 1992 
using anthrone reagent (Irigoyen et al. 1992). Lipid peroxi-
dation was determined by estimating the malondialdehyde 
(MDA) content produced by the thiobarbituric acid reaction 
(Hodges et al. 1999).

Effect of E. bugandensis WRS7 on Antioxidant 
Enzyme Activities of Wheat Crop

Antioxidant enzymes or stress markers such as catalase 
(CAT) and superoxide dismutase (SOD) were determined 
using a standard protocol (Aebi 1984; Giannopolitis and Ries 
1977). To measure the enzyme activity, 0.5 g of leaf from 
bacteria-treated plants grown under drought stress and their 
respective control plants were homogenized with 50-mM 
phosphate buffer (pH 7.0) and centrifuged at 15,000 g for 
20 min at 4 °C. The supernatant was used for the estimation 
of protein content and antioxidant enzyme activity. Catalase 
activity was measured based on the decomposition of hydro-
gen peroxide  (H2O2) by recording the decrease in absorbance 

at 240 nm at 30 °C (Aebi 1984). The activity of SOD was 
determined by the photoreduction of nitro blue tetrazolium 
(NBT). The reaction mixture contained phosphate buffer 
along with NBT, riboflavin, and enzyme extract. Riboflavin 
was the last component to be added and then the reaction 
was initiated by placing the tubes in fluorescent lamps. The 
reaction was terminated after 10 min by removing the light 
source. Absorption of the reaction products was recorded at 
560 nm (Giannopolitis and Ries 1977).

Gene Expression Analysis of Stress‑Responsive 
Genes in Wheat Plant

To understand the plant response to PGPR inoculation, the 
expression of different genes contributing to drought stress 
amelioration was investigated. Wheat plants were grown 
and treated as described above. The leaves of experimental 
plants were used for total RNA extraction using the CTAB 
method (White et al. 2008). Three biological replicates 
were employed for each treatment. The extracted RNA 
was checked for its quality and quantity using the Bio-
spectrometer (Eppendorf, Germany). The cDNA was syn-
thesized using a verso cDNA synthesis kit (Thermo Fisher 
Scientific, USA) for gene expression profiling. Real-Time 
qPCR (BioRad, USA) was performed using a SsoFast Eva-
Green Supermix (BioRad, USA) and a gene-specific set of 
primers as listed in Table 1. Primers were designed using 
Sequence Manipulator Suit (https:// www. bioin forma tics. org/ 
sms2/) and NCBI primer blast. Tubulin 1 (tubb1) was used 
as an internal control. Gene expression analysis was done 
using relative quantification by the  2−ΔΔCT method (Livak 
and Schmittgen 2001). The selection of stress-responsive 
genes for expression studies was based on available literature 
(Dudziak et al. 2019; Wang et al. 2021).

Table 1  List and sequence of 
primers used in real-time gene 
expression

Primer Primer (5′ → 3’) forward sequence Primer (5′ → 3’) reverse sequence

CAT1 AAG TGC TCC CAC CAC AAC AA CTG GCC GAG AGA CTT GTC AG
APX TCA GTT TGT CCC CGT GAA GG ACC TTT CAG GAT GCG CCT TT
GPX GTT CAG TTT GCC TGC ACT CG CAA CGT GAC CCT CCT TGT CA
NCED CAC TCT GTC GAC TGC GCC AAG TCG TGG ATC ATG GTG GG
WZE AAG CAA ACC AGA TCC GAG CA CAT CGG AAG GGT GGA AAC GA
SAMS GCT GAC CAC TGC AAG GTA CT TGG TCA CTG TCT CAT CGT G
ACS1 CAG CCT CTC CAA AGA CCT C AAT GCC GAT CTC CTT GAG C
ACO ATG AAG GAA TTC GCG TCC GA GGT AGC TGC TGA CCT TGG TG
PC5S TGA TGG GAC TCG CTT TGG TC CAC AAC TCC CTT GTC ACC GT
PC5R AAT GCC AAA CAC CCC CTC TG TCA AGC CAG TAA CCG CAT CA
TPS1 TCT ATG TGT TCT TCG ACC CT ACG AGT TGA GCA GGT AAC GG
LEA1 CAG TAC ACC AAG GAG TCC GC GCC AAC ACA TGC GTC TAG TG
TPC1 CAC TTC CGC TCG TAG CTT CTT CTG GTA ACG GTC GCC AT
Tubulin (tubb1) CCG TCA ACC TGA TCC CCT TC GTC AAC CTC CTT GGT GCT CA

https://www.bioinformatics.org/sms2/
https://www.bioinformatics.org/sms2/
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Bacterial Colonization Assay Under Normal 
and Drought Stress Conditions

Bacterial colonization to plant root surface was determined 
by the previously described method (Simons et al. 1996) 
with slight modifications. To confirm bacterial root coloni-
zation, the plants were uprooted carefully and washed twice 
with sterile DDW to remove loosely adhered bacterial cells 
from the root surface. Then, 1 g of root sample was weighed 
and crushed, added to saline solution, and kept at 120 rpm 
for 2 h, serially diluted and plated on LB media (Hi-media). 
The colony-forming unit (CFU  g−1) in the root sample was 
determined. To ascertain that the recovered colonies were 
of WRS-7, some of the recovered colonies were randomly 
selected for DNA fingerprinting using enterobacterial 
repetitive intergenic consensus (ERIC) PCR as described 
by (Singh et al. 2015a, b).

For further confirmation, 1–2 cm of root segment was 
fixed using 2.5% glutaraldehyde overnight and dehydrated 
with gradient ethanol of 30, 50, 70, 80, 90, and 100%. The 
fixed roots were sputter-coated with gold, and further imag-
ing was performed using Field Emission Scanning Electron 
Microscope (FEI-APREO SEM, Thermo Fisher Scientific, 
USA).

Statistical Analysis

All the experiments were conducted in triplicates, and 
results were expressed as mean ± Standard Error Mean 
(SEM) (n = 3). Data were analyzed by analysis of variance 
(ANOVA) and subsequently by Duncan’s multiple range test 
at p < 0.05.

Results

Isolation and Characterization of Water 
Stress‑Tolerant Rhizobacteria from Wheat 
Rhizosphere

Bacterial colonies growing actively on NB media supple-
mented with 10% PEG were selected and sub-cultured sev-
eral times to enrich water stress-tolerant bacteria. Based on 
continuous growth after subculturing, isolate WRS7 was 
selected for further characterization. The isolate WRS7 was 
found positive for catalase, amylase, nitrate reductase, and 
Voges–Proskauer’s (VP) and negative for the test of chi-
tinase, lipase, urease, indole, and Methyl Red (MR). Also, 
isolate WRS7 showed resistance to the antibiotic ampicillin 
but was sensitive to streptomycin, tetracycline, kanamycin, 
chloramphenicol, and gentamycin. Since bacterial motility is 
required for the initial colonization of the partnering bacteria 
to host plants, the isolate was tested for different types of 

motilities. Isolate WRS7 showed swimming, swarming, and 
twitching motility. Further, the results of hydrolytic activity 
required for bacterial colonization demonstrated the pres-
ence of endoglucanase activity. However, it showed a nega-
tive result for cellobiohydrolase and β-glucosidase activity.

For identification, a 1.5 kb of 16S rRNA gene of the iso-
late was amplified by PCR and sequenced. The sequence 
of the resulting amplicon was submitted to the NCBI Gen-
Bank under the accession number MW453057. Based on the 
sequence similarity, the isolate was identified as E. bugan-
densis with a close match to E. bugandensis strain XM29, 
with 99.16% similarity. Phylogenetic analysis showed that 
the sequence of 16S rRNA of the same genus clustered 
together (Supplementary Fig. 1).

Plant Growth‑Promoting (PGP) Activities of E. 
bugandensis WRS7

Isolate WRS7 was screened qualitatively or quantitatively 
for various PGP properties. It showed positive results for 
phosphate solubilization (12.26 ± 1.72 µg/ml) and sidero-
phore and showed potential to fix atmospheric nitrogen 
based on its growth on nitrogen-free  JNFb− media. It also 
showed a positive test for ammonia production but a nega-
tive for HCN production. Both spectrometric and HPLC 
methods confirmed the production of IAA and gibberellic 
acid by the given isolate. The water stress caused a signifi-
cant increase of 23.11% and 119.31% in the level of the phy-
tohormones IAA and GA, respectively (Fig. 1), compared to 
non-stressed conditions. Further, the presence of IAA was 
confirmed by HRMS analysis. A mass peak of 175.066 was 
detected in mass spectra at 0.126-min retention time, which 
may correspond to IAA (Supplementary Fig. S2).

Fig. 1  Quantification of secreted Indole Acetic Acid (IAA) and Gib-
berellic Acid (GA) of bacterial isolate WRS7 both under osmotic-
stressed conditions. The concentration of the secreted phytohormones 
is expressed in µg/g bacterial fresh weight (FW). Each bar represents 
the mean ± SE of 5 biological replicates. Symbol ‘*’ represents a sig-
nificant difference between test samples



 Journal of Plant Growth Regulation

1 3

Since the ACC deaminase activity of PGPR appears to be 
important in inducing systemic tolerance in plants against 
drought stress, the efficiency of WRS7 to utilize ACC as a 
nitrogen source was determined quantitatively. It showed the 
ACCD activity of 0.46 ± 0.01 µmol/mg protein/h. In addition 
to ACC deaminase, isolate WRS7 also showed production 
of 179.25 ± 1.25-µg/ml exopolysaccharides (EPS) which 
can protect the plant roots from desiccation under drought 
stress by maintaining soil moisture, thereby enhancing plant 
growth.

Effect of E. bugandensis WRS7 on Growth of Wheat 
Crop Under Drought Stress

To study the effect of E. bugandensis WRS7 on drought 
stress amelioration in the wheat plant, pot-based plant 
growth studies were conducted. As compared to uninocu-
lated control plants, treatment of wheat seeds with WRS7 
showed an enhanced increase in all the growth parame-
ters, such as root length (53.62%), shoot height (13.64%), 

fresh weight (16.67%), dry weight (16.66%), chlorophyll a 
(33.53%), and chlorophyll b (29.89%) content, when tested 
under drought stress (Table 2). Inoculation of bacteria also 
significantly increased relative water content (RWC) in 
plants as compared to uninoculated control plants (Fig. 2a) 
under both non-stressed (90.15%) and stressed conditions 
(210.53%). Seed germination was not affected by bacterial 
inoculation as there is no significant change with respect to 
control (Fig. 2b). Stunted growth along with less chlorophyll 
content was observed in uninoculated plants under drought 
stress. These results show the efficiency of bacterial isolate 
WRS7 in ameliorating drought stress and promoting growth 
in wheat crops.

To analyze the accumulation of osmoprotectants under 
drought stress, the proline content and total soluble sugar 
(TSS) of the plants were measured (Figs.  3a and 4b). 
Osmoprotectants maintain osmotic potential inside the 
plants under water stress conditions. As noticed in Fig. 3, 
there was a significant increase in proline content under 
stressed conditions (53.51%), whereas this increase was 

Table 2  Effect of bacterial isolate WRS7 on plant growth under drought stress employing different parameters

Value represents the mean ± SD, n = 3. Symbol ‘*’ indicates significant difference (p < 0.05) between uninoculated and WRS7-inoculated plants 
under both non-stressed and stressed conditions w.r.t control (well-watered non-inoculated plants)

Isolates Shoot length (cm) Root length (cm) Total length (cm) Fresh wt. (g) Dry wt. (g) Chl. a (mg  g−1 
FW)

Chl. b (mg  g−1 
FW)

Control 23.66 ± 0.55 21.83 ± 0.67 45.70 ± 0.07 2.49 ± 0.44 0.24 ± 0.03 11.39 ± 0.52 6.63 ± 0.27
Stressed 19.46 ± 0.48** 12.16 ± 0.28*** 31.55 ± 0.66**** 1.80 ± 0.49**** 0.18 ± 0.01**** 8.75 ± 0.49* 3.15 ± 0.27*

NS + WRS7 25.97 ± 0.09* 25.31 ± 0.19* 50.96 ± 0.17** 2.90 ± 0.02**** 0.29 ± 0.02**** 16.13 ± 0.16** 5.82 ± 0.31 ns

S + WRS7 21.68 ± 1.44* 23.87 ± 0.47 ns 42.04 ± 0.83** 2.10 ± 0.09*** 0.21 ± 0.01**** 14.09 ± 0.57* 6.04 ± 0.07 ns

Fig. 2  The impact of E. bugandensis WRS7 on drought stress ame-
lioration in wheat. a Relative water content (RWC) of the whole plant 
after 15 days of the drought treatment. Each bar represents mean ± SE 

(n = 30). b Seed germination percentage of 100 seeds with and with-
out bacterial inoculation under standard conditions. Symbol ‘*’ repre-
sents significant differences among different treatments (p < 0.05)
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enhanced in bacteria-inoculated plants under both non-
stressed (199.06%) and stressed (252.86) conditions when 
compared to uninoculated non-stressed plants. Similar 
results were also obtained for TSS content. The TSS con-
tent increased by 10.98% in uninoculated plants under 
drought stress, whereas the inoculated plants showed 
an increase of 38.01% and 55.02% under non-stressed 
and stressed conditions, respectively. Further, the extent 
of lipid peroxidation was evaluated by measuring malon-
dialdehyde (MDA), a marker for stress-induced damage 
(Gontia‐Mishra et al. 2016). No significant difference in 
MDA content was observed in WRS7-treated plants under 
non-stressed conditions compared to uninoculated con-
trols. However, WRS7 inoculation significantly decreased 
MDA content by 29.59% in plants grown under drought 
stress (Fig. 3c).

The physiological changes in plants under drought 
stress and their amelioration by WRS7 were also evalu-
ated by measuring the level of different oxidative enzymes 
known to overcome damages induced by oxidative bursts 
under stress conditions. Catalase activity was significantly 
increased in stressed conditions in both uninoculated 
(67.79%) and bacteria-inoculated (119.44%) plants, but 
no significant increase was noticed in bacteria-inoculated 
plants under non-stressed conditions. Similarly, SOD 
activity increased in plants under stress in both bacteria-
uninoculated (36.84%) and bacteria-inoculated (50.15%) 
plants, although a slight increase of 17.37% was also 
observed in bacteria-inoculated plants under non-stressed 
conditions (Fig. 4).

Fig. 3  Osmolyte contents and cell membrane integrity indexes in 
wheat under osmotic stress. a  soluble sugar content; b  proline con-
tent;  and  c  malondialdehyde (MDA) content. Values represent the 

mean ± SE, n = 3. Symbol ‘*’ indicates significant differences among 
different treatments (p < 0.05)

Fig. 4  Effect of bacterial (WRS7) inoculation on a Catalase (CAT) activity and b Superoxide Dismutase (SOD) activity in wheat plants under 
drought stress. Values represent the mean ± SD, n = 3. Symbol ‘*’ indicates significant differences among different treatments (p < 0.05)
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Expression of Genes Encoding Antioxidant Enzymes

The molecular basis of plant–microbe interaction was deter-
mined through expression analysis of some of the stress-
responsive genes in wheat plants (Fig. 5). All the experi-
ments were calibrated with the control plants with regular 
watering. We analyzed WRS7-mediated gene expression 
of catalase (CAT ), ascorbate peroxidase (APX), and glu-
tathione peroxidase (GPX) in response to drought stress in 
the wheat plant. In the case of CAT  gene expression, we did 
not observe a significant difference in bacteria-inoculated 
plants under non-stressed conditions (1.5-fold increase), 
w.r.t to control plants. However, the level of CAT  gene 
expression significantly increased in uninoculated plants 
(threefold) and WRS7-treated plants (threefold) grown under 
drought stress (Fig. 5a). For the APX gene, we found around 
a fourfold change in expression in uninoculated plants under 
stressed conditions. The bacterial inoculation also increased 
APX gene expression under non-stressed conditions by 4.5 
folds. However, the level of APX gene expression was 
lower in WRS7-treated under drought stress than in plants 
treated with only stress or only PGPR (Fig. 5a). The analy-
sis of GPX gene expression indicated a different pattern as 

compared to the above two genes. Its expression decreased 
in bacterial inoculation under non-stressed and stressed con-
ditions, whereas it increased in uninoculated plants under 
stress conditions (Fig. 5a).

Expression of Genes Encoding ABA and Ethylene 
Biosynthesis

ABA and ethylene are key stress hormones in plants under 
drought stress. We studied the expression of genes encod-
ing the key enzymes, 9-cis-epoxy-carotenoid dioxygenase 
(NCED) and zeaxanthin epoxidase (WZE), involved in ABA 
biosynthesis. The basal level expression of NCED was 
observed in both control and WRS7-treated plants, where the 
expression was lower in inoculated plants than in the control 
plants. The NCED expression increased under drought stress 
conditions. The combination of WRS7 and drought treated 
further increased its expression by 2.2-fold, but there is no 
significant difference between drought-stressed and bacteria-
treated stressed plants, suggesting that bacteria do not affect 
ABA gene expression directly. Similar results were obtained 
for WZE except for the equivalent level of gene expression 
in both control and WRS7 (non-stressed) plants (Fig. 5b). 

Fig. 5  Effect of inoculation of bacterial isolate E. bugandensis 
WRS7 on the expression of stress-associated genes in wheat plants. 
a Antioxidant Genes (CAT, PX, and GPX). b ABA Biosynthesis 
Gene. c Ethylene Biosynthesis Gene. d Proline Biosynthesis Gene. 
e Trehalose and Late Embryogenic Abundant (LEA) Gene. f Cal-
cium Transporter TPC1 gene under drought stress. Values represent 
the mean ± SD, n = 3. Symbol ‘*’ indicates significant differences 
among different treatments (p < 0.05). Abbreviations: CAT = cata-

lase; APX = Ascorbate peroxidase; GPX = Glutathione peroxi-
dase; NCED = 9-cis-epoxy-carotenoid dioxygenase; WZE = wheat 
zeaxanthin epoxidase; SAMS = S-adenosyl-methionine synthetase; 
ACS1 = ACC synthase; ACO = ACC oxidase; P5CS = pyrroline-
5-carboxylate synthetase; P5CR = pyrroline-5-carboxylate reductase; 
TPS1 = Trehalose Phosphate Synthase 1; TPC1 = Two-pore calcium 
channel protein 1
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Since ethylene production is rapidly stimulated under abi-
otic stress, we looked for genes involved in its biosynthesis 
of S-adenosyl-methionine synthetase (SAMS), ACC syn-
thase (ACS 1), and ACC oxidase (ACO). All three genes 
were highly upregulated under drought stress showing their 
induction to 1.5-, three, and 2.3-fold induction for SAMS, 
ACS 1, and ACO genes, respectively. However, inoculation 
of WRS7 decreased their expression level, bringing it to 
the basal level as observed in non-stressed control plants. 
(Fig. 5c).

Expression of Various Osmolyte Synthesis Genes

Knowing the role of osmolytes in ameliorating drought 
stress, the expression of genes associated with the synthesis 
of osmolytes, such as proline, trehalose, and LEA protein, 
was analyzed. Though the expression level of P5CR was 
not affected under drought stress, bacterial inoculation or 
their combination (both drought stress and WRS7 inocula-
tion) upregulated P5CS by 2.5- and 2.2-fold, respectively. 
(Fig. 5d). For trehalose biosynthesis, the expression of 
the trehalose phosphate synthase encoding gene (TPS1) 
was evaluated. There was slight induction of TPS1 gene 
expression in drought- and WRS7-treated plants separately. 
Strangely, the combinatorial treatment of drought and WRS7 
inoculation showed fivefold higher expression of TPS1 than 
the other treatments (Fig. 5e). We also examined the expres-
sion of the LEA1 gene encoding Late Embryogenesis Abun-
dant (LEA) proteins which also protect plants from osmotic 
stress. Drought stress significantly induced the expression of 
LEA1 by 2.7-fold as compared to control plants. On the other 
hand, WRS7-treated plants grown either in the presence or 
absence of drought showed a lower level of gene expression 
than the control plants (Fig. 5e).

Expression of Calcium Transporter TPC1

Two-pore calcium channel protein 1 (TPC1), a voltage-
gated  Ca2+ channel in plant vacuolar membrane, plays an 
important role in various signaling responses under abiotic 
stress (Choi et al. 2014; Larisch et al. 2016). The drought 
stress-induced expression of TPC1 by fourfold compared to 
the control plants, whereas steep induction (9.4-fold) in the 
expression was observed in WRS7-inoculated plants. How-
ever, the level of the expression of TPC1 decreased in plants 
treated both with WRS7 and drought stress, yet it was higher 
than only drought stress-treated plants (Fig. 5f).

Root Colonization of Bacteria

The colonization ability of bacterial isolate WRS7 in the 
treated and control plants’ roots was determined by CFU 
count, ERIC-PCR, and scanning electron microscopy after 

the experimental period. After 15  days of the drought 
period, root-associated bacteria were detected in the range of 
2.5 ×  106 CFU/g of the root (Supplementary fig. S3a). Bac-
terial establishment and colonization were also supported 
by visualization of dense adherence of bacteria on the root 
surface seen under a scanning electron microscope (Fig. 6). 
No bacterial colonization was observed in the case of the 
uninoculated plant’s root surface. For confirmation of identi-
fied bacteria, ERIC-PCR was performed with genomic DNA 
of colonies obtained on LB plates and pure culture of WRS7. 
The banding pattern of the isolated colonies from the root 
surface were similar to that of pure culture (Supplementary 
fig. S3b), confirming its colonization ability.

Discussion

Some PGPR is known to cause induced systemic tolerance 
(IST) by various mechanisms, including increased nutrient 
uptake, phytohormones production, and ACC deaminase 
activity. These PGPR can interact with plants and modu-
late host functions by inducing gene expression required to 
alleviate the deleterious effects of abiotic stressors, includ-
ing drought stress. Some studies have shown the potential 
of various Enterobacter species as PGPR and its role in 
ameliorating different abiotic stresses in plants (Bhatt et al. 
2015; Singh et al. 2015a, b). The present study elucidates the 
role of water stress-tolerant PGPR E. bugandensis WRS7, 
a wheat rhizospheric isolate, in mitigating drought stress of 
the wheat plant by affecting several genes, including those 
required for stress-related phytohormones (abscisic acid 
and ethylene biosynthesis), antioxidant, osmolytes, and 
 Ca2+ transporter TPC. To the best of our knowledge, this is 
the first study highlighting the potential of E. bugandensis 
WRS7 as PGPR protecting the wheat plant from drought 
stress.

E. bugandensis WRS7 showed various PGP, including 
phytohormone production, P-solubilization, and Siderophore 
production. The properties such as phosphate solubiliza-
tion, siderophore production, and nitrogen fixation help in 
nutrient uptake by plants. Out of different PGPs, phytohor-
mones secreted as secondary metabolites by bacteria can 
act as phytostimulants and prominently impact plant growth 
and metabolism both under stress and non-stress conditions 
(Ghosh et al. 2019). Bacteria-secreted phytohormones mod-
ulate plant hormones level in a similar way as exogenous 
phytohormone application does. As previously reported, 
bacterial IAA stimulates primary root elongation and helps 
form lateral roots, thereby affecting the root architecture and 
helping plants to survive under stressful conditions (Gupta 
et al. 2016; Vaishnav and Choudhary 2019). Gibberellic acid 
is a growth hormone involved in cell elongation and divi-
sion and responds to abiotic stress. Also, GAs produced by 
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PGPR improves plant growth and yield (Bottini et al. 2004). 
Similar to our observations regarding increased IAA and 
 GA3 production under drought stress, some research groups 
also reported increased production of phytohormones by 
PGPR under drought stress. Ghosh et al. reported enhanced 
production of auxin and  GA3 by Bacillus and Pseudomonas 
strains under osmotic stress (Ghosh et al. 2019), whereas 
Bhatt et al. reported the same for Enterobacter strain P-39 
under osmotic stress (Bhatt et al. 2015).

Certain PGPR can mitigate the adverse effects of abiotic 
stressors and promote crop production through one or more 
mechanisms. As the ACC deaminase activity of PGPR is 
one of the important PGPs for inducing systemic tolerance 
to the plants (Singh et al. 2015a, b; Singh et al. 2015a, 
b), we quantitatively analyzed the ACC deaminase activ-
ity of WRS7. Bacteria with ACC deaminase activity can 

lower the level of stress ethylene in plants by cleaving its 
precursor ACC into α-ketobutyrate and ammonia (Singh 
et al. 2015a, b). The ability of Enterobacter sp. to produce 
ACCD has been previously reported (Gontia-Mishra et al. 
2017; Singh et al. 2015a, b). The ACCD activity of WRS7 
(460 ± 0.01 nmol/mg protein/h) is much higher than the 
minimum threshold value of 20 nmol of α-KB  mg−1  h−1, 
which can influence plant growth by reducing the level of 
stress ethylene in plants (Singh et al. 2015a, b). Another 
important property of IST is the production of exopoly-
saccharides by PGPR. Exopolysaccharides produced by 
PGPR not only protect bacteria from the detrimental effect 
of osmotic stress but also improve plant growth through 
improved nutrient uptake as it increases root permeability 
to the soil and maintains high water potential around the 

Fig. 6  Evaluation of colonization efficiency of bacterial isolate 
WRS7 on wheat root surface employing FESEM a under non-
stressed conditions and b under drought stress conditions. Column (i) 

and (ii) represent magnification 30,000X and 50,000X, respectively. 
The arrow indicates bacterial colonization on the root surface
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roots (Ghosh et al. 2019; Gontia-Mishra et al. 2017; Gon-
tia‐Mishra et al. 2016; Khan and Bano 2019).

Drought stress disturbs the water use efficiency of a plant, 
reducing plant growth and rate of photosynthesis, causing 
membrane damage, and affecting the activity of various 
enzymes (Noman et al. 2018). The role of PGPR in mitigat-
ing the adverse effects of drought stress has been exclusively 
studied (Abd El-Daim et al. 2019; Chandra et al. 2021; 
Egamberdieva et al. 2019). To test the efficacy of Entero-
bacter sp. WRS7 as biofertilizer, we conducted plant growth 
studies under drought stress conditions and its amelioration 
by E. bugandensis WRS7 under laboratory conditions. It 
was evident that WRS7-inoculated plants showed better root 
and shoot length and increased RWC, FW, and DW under 
water-stressed conditions (Table 2), suggesting the ability 
of WRS7 to mitigate the negative effects of drought. Our 
results are also supported by previous studies on PGPR-
mediated drought stress mitigation (Ansari et  al. 2021; 
Gontia‐Mishra et al. 2016; Singh et al. 2015a, b). Increased 
root length increases root surface area, which in turn helps 
in more water absorption from the soil under drought stress. 
The bacterial auxin and GA might have a role in increased 
root length in plants (Sarma and Saikia 2014; Yuwono et al. 
2005). Our study found increased chlorophyll content in 
PGPR-primed plants, which indirectly improved plant pho-
tosynthetic efficiency and energy metabolism. Earlier stud-
ies have also established increased photosynthetic efficiency 
and chlorophyll content in PGPR-inoculated plants (Martins 
et al. 2018; Murali et al. 2021).

To establish the role of E. bugandensis WRS7 in drought 
stress amelioration through the modulation of abiotic stress-
related phytohormones, we evaluated the level of genes 
associated with the synthesis of ABA and ethylene. ABA 
plays a major role in regulating water balance and drought 
stress tolerance in plants by inducing stomatal closure (Zhu 
2002). Other than stomatal closure, osmotic-responsive 
genes are activated due to increased ABA concentration in 
plants. Proteins encoded by these genes help plants maintain 
water balance by accumulating organic solutes, thus, lower-
ing water potential and reducing water loss under drought 
stress (Estrada-Melo et al. 2015). Accumulation of ABA 
in host plants upon PGPR inoculation under osmotic stress 
is a well-established fact (Blatt 2000; Cohen et al. 2015; 
Estrada-Melo et al. 2015). Therefore, in this study, we meas-
ured ABA accumulation by studying the expression of genes 
encoding ABA biosynthesis enzymes. Zeaxanthin epoxidase 
(known as WZE in wheat) and 9-cis-epoxy-carotenoid dioxy-
genase (NCED) are the major ABA biosynthesis gene, which 
later catalyzes the rate-limiting step. Upregulation of ABA 
biosynthesis genes (NCED and WZE) under drought stress 
in crop plants has been reported in earlier studies (Chen 
et al. 2016; Wang et al. 2021), which supports our findings. 
We found expression of genes encoding ABA biosynthesis 

enzymes was not significant in bacteria-inoculated plants 
under watered and drought stress conditions. This outcome 
suggests that WRS7 can assist plant growth under drought 
stress, independent of the ABA.

Ethylene, a gaseous hormone, is involved in the regula-
tion of plant growth and development, but its concentration 
increases in response to various abiotic stressors, referred 
to as ‘Stress ethylene’ (Abeles et al. 1992), which inhibits 
plants’ growth and yield. There are three major enzymes 
involved in ethylene biosynthetic pathways, including 
S-AdoMet Synthetase (SAMS), ACC synthase (ACS), and 
ACC oxidase (ACO) (Lin et al. 2009), where ACS is a rate-
limiting step and a major target for regulating ethylene pro-
duction under stress (Wang et al. 2002). Our results show 
that E. bugandensis regulates the level of stress ethylene not 
only through ACC deaminase activity but also by regulat-
ing the expression of genes required for the biosynthesis of 
ethylene. To our knowledge, this is the first study that reports 
the regulation of ethylene biosynthesis genes in host plants 
by PGPR. Future studies can be conducted to identify bacte-
rial factors affecting the expression of the genes mentioned 
above.

Plants mitigate the effects of drought stress by produc-
ing osmolytes, which is triggered by a change in turgor, 
a key signal for the activation of osmolyte biosynthesis 
genes (Zhu 2002). Osmolytes such as proline and TSS can 
be important biochemical indicators of stress tolerance in 
plants. Osmolytes accumulation maintains optimum turgor 
pressure within the cell and stabilizes the structure of vari-
ous macromolecules against drought stress (Kaur and Asthir 
2015). In the current study, WRS7-inoculated plants showed 
a higher accumulation of proline than the uninoculated 
stressed plants, as shown in the biochemical test (Fig. 3). 
However, the gene expression (P5CS and P5CR) studies did 
not show an equivalent increase in WRS7-treated plants. 
This slight discrepancy may be attributed to a higher trans-
lation rate of corresponding proteins or high enzyme activ-
ity leading to increased proline production (Sadak 2019). 
Expression studies of proline biosynthesis genes were also 
done by various research groups under abiotic stress (Ghosh 
et al. 2017). Ghosh et al. found increased expression of both 
P5CS and P5CR genes under drought stress in uninoculated 
and bacteria-inoculated Arabidopsis plants. We observed an 
increase in TSS, another osmolyte, was also observed in 
bacteria-inoculated wheat plants under stressed conditions. 
A high amount of TSS might result from increased hydroly-
sis of starch, resulting in more sugar availability for osmotic 
adjustment to minimize the adverse effects of drought stress 
(Kerepesi and Galiba 2000). Accumulation of osmolytes 
in PGPR-inoculated plants under abiotic stress in various 
plant species has been reported (Ansari et al. 2021; Kohler 
et al. 2008; Vaishnav and Choudhary 2019). The biochemi-
cal data of TSS correlated with the increased expression 



 Journal of Plant Growth Regulation

1 3

of the TPS1 gene transcript, which suggests elevated tre-
halose biosynthesis in PGPR-primed plants under drought 
stress. TPS1 encodes the trehalose phosphate synthase (TPS) 
enzyme involved in trehalose biosynthesis. Trehalose is a 
non-reducing disaccharide involved in stress resistance and 
protects not only plants but also bacteria and fungi (Fer-
nandez et al. 2012; Sadak 2019). Fernandez and the group 
have observed an accumulation of TPS1 gene transcript upon 
chilling in PGPR-inoculated grapevine plants (Fernandez 
et al. 2012). Along with osmolyte production, plants also 
comprise osmotically active compounds, including hydro-
philic proteins such as Late Embryogenic Abundant (LEA) 
proteins as a cellular response (Kosová et al. 2008; Meh-
rabad Pour-Benab et al. 2019). ABA acts as a key signal 
for activating these genes, protecting cells from stress and 
regulating genes involved in water transport and detoxifying 
enzymes (Estrada-Melo et al. 2015). LEA-type gene activa-
tion represents a damage repair pathway (Xiong et al. 2002). 
Our observation found increased expression of the LEA1 
gene in drought-affected plants, but decreased expression 
was noticed in bacteria-inoculated plants. The decreased 
expression of LEA might result from other cross-talked 
pathways, like the antioxidant defense system for damage 
repair in these plants. Our observation tallied with the report 
of Battaglia and Covarrubias, who highlighted that inocula-
tion of rhizobia in legumes plants did not show LEA tran-
script in these plants (Battaglia and Covarrubias 2013).

Further, to protect plants and their organelles from the 
adverse effect of drought stress, plants have antioxidant 
defense systems, including enzymes like catalase, super-
oxide dismutase, and peroxidases (Gowtham et al. 2020). 
Increased activity of these enzymes to overcome the oxi-
dative damage caused by environmental stressors has been 
demonstrated in PGPR-treated plants (Fahad et al. 2017; 
Kohler et al. 2008). In our study, biochemical assays showed 
enhanced catalase and superoxide dismutase activity in bac-
teria-inoculated plants under drought stress conditions, sug-
gesting an active and improved role of defense machinery in 
the plant for ROS detoxification (Cruz de Carvalho 2008). 
We also found increased expression of CAT  genes in unin-
oculated and bacteria-inoculated drought-treated plants but 
with no significant difference, suggesting WRS7 might not 
be directly regulating the catalase gene expression. How-
ever, the APX gene showed a significant fold increase in 
bacteria-inoculated plants under non-stressed conditions, 
whereas GPX genes was downregulated in bacteria-inocu-
lated plants. Since peroxidase has many isoenzymes encoded 
by multigene families and their gene expression is regulated 
at different times and places by various abiotic stressors, the 
gene expression of various isoenzymes of these peroxidases 
can be tested in future for better understanding. Also, these 
enzymes have different affinities for  H2O2 and different func-
tions in scavenging. Upregulation of CAT  and APX genes 

can efficiently scavenge  H2O2, preventing the accumulation 
of toxic reactive oxygen species. Our data suggest that a 
complex enzymatic system is responsible for scavenging 
excess ROS production due to drought stress. Bacterial 
isolate WRS7 modulates this response positively, protects 
plants from oxidative damage caused due to water deficit 
conditions, and helps maintain the plant’s structural integ-
rity. As malondialdehyde (MDA) content is one of the stress 
markers (Gontia‐Mishra et al. 2016; Hossain et al. 2015), we 
evaluated its content in treated plant leaves. The inoculation 
of WRS7 caused a decrease of up to 40% in MDA content in 
plants as compared to its control plants grown under stress 
conditions. It indicates that PGPR helps plants combat the 
negative effects of stress. Our results support the previous 
investigations stating that PGRP-inoculated plants combat 
oxidative damage induced by abiotic stress (Gontia‐Mishra 
et al. 2016; Xun et al. 2015).

One of the prime reactions to abiotic and biotic stress is 
an alleviation in the cytosolic  Ca2+ concentration and subse-
quent  Ca2+ signal transduction leads to cellular responses to 
mitigate potential damages caused due to the stress (Xiong 
et al. 2002; Zhu 2002). Therefore, we looked for the expres-
sion of two-pore channels (TPCs) in response to PGPR 
and drought stress. TPCs are voltage-gated, nicotinic acid 
adenine dinucleotide phosphate (NAADP)-regulated, and 
slow activating (SV)  Ca2+ channels located in the vacuole 
membrane of plants (Pandey and Sanyal 2021). These chan-
nels make the tonoplast and plasma membrane permeable to 
 Ca2+, accumulating  Ca2+ in the cytosol. TPC1 is involved 
in cation homeostasis as well as in vacuolar storage func-
tion (Hanin et al. 2016). TaTPC1 is reportedly induced by 
drought, high salinity, ABA, or cold in wheat (Liu et al. 
2018; Wang et al. 2005). By quantitative PCR analysis, we 
found increased expression of the TPC1 gene under drought 
stress. Since the role of PGPR in modulating the level of 
TPC1 during drought stress has not been reported earlier, 
detailed characterization is required in future studies. Previ-
ously in our lab, through quantitative proteomics analysis, 
Singh et al. (2017) reported enhanced expression of Two-
pore calcium channel proteins in wheat plants inoculated 
with Enterobacter cloacae under salt stress (Singh et al. 
2017). From our results, it appears that PGPR mediates 
 Ca2+ signaling through TPC1 to alleviate the effect of abi-
otic stressors.

Finally, we investigated the colonization potential of 
E. bugandensis WRS7 as root colonization by PGPR is 
an important trait for plant growth stimulation and for 
survival of bacteria under stress conditions (Singh et al. 
2015a, b). All form of motility was shown by the isolate 
required for chemotaxis response and root colonization 
(Singh et al. 2015a, b). Further colonization efficiency of 
the bacterial isolate to the root surface was determined 
by FESEM (Ghosh et al. 2016) and ERIC-PCR (Li et al. 
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2009). DNA fingerprinting through ERIC-PCR has been 
established by earlier reports also (Gupta et  al. 2013; 
Singh et al. 2015a, b).

Overall, the present study demonstrates that Entero-
bacter bugandensis WRS7 is a plant growth-promoting 
bacteria that can ameliorate drought stress in wheat 
plants indicating its potential to be used as a biofertilizer 
for enhanced growth of host plants. Enterobacter sp. is 
primarily associated with healthcare-related infections, 
although not all species are known to cause infection in 
humans (Ramirez and Giron, 2022). Enterobacter bugan-
densis, an emerging human pathogen, can cause nosoco-
mial infections in neonates (Pati et al. 2018). However, 
the pathogenic potential of environmental isolates has not 
been reported and must be investigated before its use as 
a biofertilizer.

Conclusion

The present study investigated the potential of a PGPR E. 
bugandensis WRS7, a drought-tolerant wheat rhizospheric 
isolate, in ameliorating drought stress in the wheat plant. Our 
results suggest that E. bugandensis WRS7 having multiple 

PGP protects plants from adverse effects of drought stress by 
modulating host physiology and expression of stress-related 
genes and improves plant growth (Fig. 7). The inoculation 
of WRS7 stimulates the accumulation of osmolytes and 
enhances the level of antioxidative enzymes as compared 
to uninoculated plants. Further, the gene expression analy-
sis suggests that E. bugandensis WRS7 differentially regu-
lates the expression of stress-associated genes, including 
those required for the synthesis of trehalose and prolines 
(osmolytes), antioxidative enzymes, phytohormone bio-
synthesis, and  Ca2+ transporter TPC1. To our knowledge, 
PGPR-mediated inhibition of ethylene biosynthesis by 
regulating the expression of SAMS, ACS1, and ACO, and 
modulation of TPC1 transporter is being reported for the 
first time in the present study. These findings contribute to 
our understanding of PGPR-mediated drought tolerance in 
wheat plants and provide future scope to understand the 
underlying molecular mechanism. Since the isolate used in 
the present study belongs to the genus Enterobacter, which 
encompasses several human pathogens, its biosafety and 
environmental considerations before mass application needs 
to be evaluated and scientifically validated (Keswani et al. 
2019).

Fig. 7  A model representing the mechanistic insights of E. bugandensis WRS7 to mitigate the effects of drought stress in wheat plants
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Biochemical and metabolic signatures are
fundamental to drought adaptation in PGPR
Enterobacter bugandensis WRS7†

Saumya Arora,‡a Piyoosh K Babele ‡b and Prabhat Nath Jha *a

Drought alone causes more annual loss in crop yield than the sum of all other environmental stresses.

There is growing interest in harnessing the potential of stress-resilient PGPR in conferring plant resistance and

enhancing crop productivity in drought-affected agroecosystems. A detailed understanding of the complex

physiological and biochemical responses will open up the avenues to stress adaptation mechanisms of PGPR

communities under drought. It will pave the way for rhizosphere engineering through metabolically

engineered PGPR. Therefore, to reveal the physiological and metabolic networks in response to drought-

mediated osmotic stress, we performed biochemical analyses and applied untargeted metabolomics to

investigate the stress adaptation mechanisms of a PGPR Enterobacter bugendensis WRS7 (Eb WRS7). Drought

caused oxidative stress and resulted in slower growth rates in Eb WRS7. However, Eb WRS7 could tolerate

drought stress and did not show changes in cell morphology under stress conditions. Overproduction of ROS

caused lipid peroxidation (increment in MDA) and eventually activated antioxidant systems and cell signalling

cascades, which led to the accumulation of ions (Na+, K+, and Ca2+), osmolytes (proline, exopolysaccharides,

betaine, and trehalose), and modulated lipid dynamics of the plasma membranes for osmosensing and

osmoregulation, suggesting an osmotic stress adaption mechanism in PGPR Eb WRS7. Finally, GC–MS-based

metabolite profiling and deregulated metabolic responses highlighted the role of osmolytes, ions, and

intracellular metabolites in regulating Eb WRS7 metabolism. Our results suggest that understanding the role of

metabolites and metabolic pathways can be exploited for future metabolic engineering of PGPR and

developing bio inoculants for plant growth promotion under drought-affected agroecosystems.

Introduction

Drought is a major abiotic stress that undermines crop produc-
tivity and quality and may lead to plant death under prolonged
conditions. Drought induces osmotic stress in plants and mod-
ulates several physiological and biochemical processes, including
stomatal closure, decreased photosynthesis and respiration,
altered root system architecture and root exudation, and the onset
of oxidative stress.1 Drought also substantially affects soil biota, as
it increases soil heterogeneity, restricts nutrient mobility and
accessibility, and increases soil oxygen, frequently resulting in a
drastic decrease in microbial biomass.2 During drought, plant
systems actively trigger specific signalling and metabolic

responses to maintain osmotic balance by promoting root
elongation for water uptake from the soil, stomata closure to
reduce water loss, adjusting osmotic and biochemical processes
within tissues, activating phytohormone (e.g., abscisic acid)
signalling, and producing and mobilizing antioxidant and
metabolites.3 Traditional breeding and genetic engineering
approaches have continuously been applied to design drought-
tolerant transgenic plants. Unfortunately, these methods are
time-consuming, expensive, and difficult to apply in the field.2

In an agroecosystem, plants are inhabited by a large micro-
biota. Interaction between plant roots, soil, and microbes forms a
most complex zone known as the rhizosphere.4 Plant root exu-
dates mediate the interactions and selection of beneficial soil
microbial communities or plant growth-promoting rhizobacteria
(PGPR), thus, playing a key role in plant-microbial communica-
tion, which is crucial for both these counterparts.5,6 PGPR colo-
nize the rhizosphere/endo-rhizosphere and confer specific
functions to their hosts, such as ameliorating abiotic stress
tolerance (e.g., drought) and triggering systemic resistance against
biotic stress factors.7 PGPR support plant growth, health, and
productivity through various direct and indirect mechanisms, such
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as facilitating the nutrient acquisition, producing phytohormones
and lytic enzymes, and accumulating osmolytes, antioxidants, and
secondary metabolites.8,9 Climate change-driven environmental
stresses alter the rhizosphere properties and functioning, and thus
have a direct impact on the plant-microbe interactions and even-
tually on crop growth and yield.2 Sustainable and efficient crop
production to feed a growing world population in the era of global
climate change requires alternate and eco-friendly approaches.
Rhizosphere engineering by harnessing the potential of PGPR is
one of the alternatives to increase crop resilience against
drought.10,11 Certain PGPR have unique metabolic capabilities
and exhibit various tolerance and adaptation mechanisms to
drought stress. It includes thickening of the cell wall, maintaining
the dormant stage (spore formation), accumulation of osmolyte/
compatible solutes (proline, trehalose, glycine betaine), ions
(Na+, K+), and exopolysaccharide (EPS) production to overcome
reduced water potential for maintaining normal cell physiology.12,13

The drought-tolerant PGPR maintains the biologically active state
of the plasma membrane in response to drought/osmotic stress by
modifying the fatty acid composition and maintaining the ratio of
unsaturated to saturated fatty acid, thereby ensuring the fluidity
and rigidity of the plasma membrane.14

There is growing interest in harnessing the potential of
stress-resilient PGPR and its subsequent application to induce
stress tolerance mechanisms in plants.2 Rhizosphere engineering
based on genetically/metabolically engineered PGPR with improved
performance under stress is one of the most important critical
strategies to achieve sustainable crop production in drylands.
Developing genetically modified PGPR is simpler and less
time-consuming than plants with a higher level of genetic
complexity.10,11 Hence, developing more effective PGPR strains
with longer shelf lives and improved stress adaptation requires
identifying and investigating useful metabolic pathways asso-
ciated with producing secondary metabolites and complex
stress-responsive pathways modulated in response to specific
stress environments.8,15 We hypothesize that plant-associated-
PGPR undergoes morphological and physiological reprogramming
under abiotic stress and produces metabolites that protect bacteria
and the associated plants from the harmful effects of given stress.
To date, little is known about the drought tolerance mechanisms
of PGPR and how their biochemical and metabolic characteristics
can influence plant performance under drought/osmotic stress.
Therefore, it is necessary to comprehend the physiology and
metabolism of stress-resistant PGPR and their interaction with
plants before implementing them in intensive farming practices to
enhance plant performance under drought stress.

Metabolomics has the potential to identify and characterize
metabolites and biochemical pathways and their dynamic
responses to changes in the environment, e.g., stress.16,17 This
information is utilized to manipulate novel metabolic pathways
involved in drought/osmotic tolerance in PGPR. Therefore, to
investigate the physiological and biochemical capabilities of
stress-resilient PGPR, we studied the physicochemical para-
meters of Enterobacter bugandensis WRS7 (hereafter Eb WRS7).
This bacterium, isolated from the wheat rhizosphere, showed its
ability to grow under drought/osmotic stress and improved wheat

plant growth under drought stress (accepted manuscript).
Furthermore, to discover the underlying metabolic signatures
and their role in stress tolerance mechanisms, we employed
untargeted gas chromatography–mass spectrometry (GC–MS)
based metabolomics to profile the deregulated metabolite (central
and secondary) pool and identify core metabolic pathways under
stress. Our results provide a detailed understanding of the stress-
responsive mechanism(s) in Eb WRS7 at a metabolic level under
drought/osmotic stress conditions. Stress-tolerant abilities of
PGPR strains and their detailed understanding of the osmo-
adaptation mechanism could be translated into the engineering
of efficient PGPR inocula (biofertilizer) with wide adaptability to
the different agroecosystems with varying soil types and eventually
can be harnessed for the betterment of dryland agriculture.

Materials and methods
Eb WRS7 culture conditions and drought exposure

Eb WRS7, a PGPR isolated from wheat rhizospheric soil under
drought stress conditions, was used in the present study. Eb WRS7
showed different plant growth-promoting properties, including
nitrogen fixation, phosphate solubilisation, siderophore produc-
tion, phytohormones (indole-acetic acid and gibberellic acid)
production, exopolysaccharide secretion, and ACC deaminase
activity (accepted manuscript). For all the experiments, Eb WRS7
was grown in LB media. To test the ability of Eb WRS7 to grow
under a hyperosmotic environment, LB media was supplemented
with different concentrations (0 to 25%) of polyethylene glycol
(PEG-6000). The cultures were grown at 30 1C with constant
shaking at 150 rpm in an incubator shaker. Bacterial growth was
measured by reading the optical density (OD) at 600 nm using
a UV-visible spectrophotometer (BioSpectrometer, Eppendorf,
Germany). OD600 was measured every hour, and then the growth
curve was plotted to study its growth pattern.

Morphophysiological and biochemical analyses

Field emission scanning electron microscopy. To check the
osmotic efficiency of Eb WRS7, the cellular morphology of non-
stressed and osmotic-stressed cells (10% PEG) was studied
through Field Emission Scanning Electron Microscopy (FESEM)
following a standard protocol. 1 ml of 24 h grown bacterial cells
was pelleted down and washed with phosphate buffer saline
(PBS) twice. Cells were then suspended in 2.5% of glutaralde-
hyde solution and kept overnight incubated in the dark at 4 1C.
The cell pellet was collected through centrifugation (5000 g for
5 min) and washed three times with PBS. The sample was then
dehydrated with 30%, 50%, 70%, 80%, and 90% ethanol with
10 min incubation each. The cell pellet was dehydrated with 100%
ethanol. Finally, SEM stubs were prepared by applying adhesive
tape and adding bacterial samples. The fixed bacterial cells were
sputter coated with gold and subjected to FE-SEM (FEI-APREO
SEM, Thermo Fisher Scientific, USA) to investigate the morpho-
logical changes in bacterial cells under drought stress.

Reactive oxygen species (ROS) detection. To measure the
level of intracellular ROS, a stress marker, in control and stressed
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bacterial cells of Eb WRS7, the cell-permeable free radical sensor
20,70-dichlorodihydrofluorescein diacetate (H2DCFDA) was used.18

Briefly, 1 ml of bacterial culture grown in LB media supplemented
with (control) and without 10% PEG (stressed) was collected at 6,
12, and 24 h. Bacterial cells were harvested through centrifuga-
tion, washed with 1X PBS, and resuspended in PBS. H2DCFDA
(10 mM) was added to the cells and incubated in the dark for
30 min at room temperature (RT). The ROS generation was
detected using Fluorimeter (Fluoroskan Ascent, Thermo Scientific)
at excitation/emission at 485 nm/535 nm, respectively.

Malondialdehyde (MDA) assay. MDA is one of the final
products of the peroxidation of polyunsaturated fatty acids in
cells. An increase in free radicals causes the overproduction of
MDA and is commonly known as a marker of oxidative stress
and the antioxidant status of the cell. Lipid peroxidation was
determined by observing the formation of a thiobarbituric acid-
reactive substance (TBARS). Bacterial cells from non-stressed
and stressed conditions were harvested at 6, 12, and 24 h,
washed with 0.85% NaCl once, and then suspended in 0.25%
SDS by gentle swirling, then TBA buffer reagent was added,
followed by 60 min incubation at 95 1C. Tubes were then allowed
to cool to RT by incubating on ice for 10 min. Then, the reaction
mixture was centrifuged at 3000 g, and the supernatant was
collected. The adduct formation of MDA–thiobarbituric acid
(TBA) was measured at 532 nm by using a spectrophotometer
(BioSpectrometer Eppendorf, Germany). The concentration of
MDA formed was calculated by comparing the absorbance
obtained from experimental samples to the standard curve
obtained using the malondialdehyde (MDA). The extent of lipid
peroxidation was expressed in nanomoles of MDA.

Estimation of intracellular ion concentration. The induc-
tively coupled plasma–optical emission spectroscopy (ICP–OES)
method was performed to know the concentrations of intra-
cellular potassium (K+), sodium (Na+), and calcium (Ca2+) ions
in the bacterial cell under control and stress conditions as
described previously.19 Briefly, 10 ml bacterial culture was
collected at 6, 12, and 24 h of growth under control and
stressed conditions, and centrifuged at 3000 g for 15 min.
The supernatant was decanted, and the residual media was
completely removed. The cell pellet was dried at RT for 24 h,
followed by its digestion with 1 ml of 30% nitric acid, and
incubated at RT for 48 h. Later, the solution was sonicated
using a probe sonicator (ultrasonic cell disruptor, Microson,
USA) at 10 Hz with 10 sec pulses for 5 cycles. Samples were then
centrifuged at 20 000 g for 20 min. The supernatant was filtered
through 0.2 mm syringe filters, and the filtrate was diluted five
times with sterilized, deionized water. Samples were then ana-
lyzed by ICP–OES (Optima 8000 PerkinElmer, USA). Standard
curves for K+, Na+, and Ca2+ were prepared for quantitative
estimation. Ion concentration was normalized using bacterial
optical density at 600 nm.

Quantification of exopolysaccharide production. Eb WRS7
was analyzed for its ability to produce EPS under no stress and
osmotic stress according to the method of Sandhya et al. (2010)
with slight modifications.20 Briefly, 3-day-old culture grown in
LB (with and without 10% PEG) was centrifuged at high speed

(13 000 g) for 30 min at 4 1C, and the supernatant was collected.
To the supernatant, two-volumes of chilled absolute alcohol
was added and kept overnight at 4 1C. The precipitated EPS
was harvested by centrifugation at 10 000 g for 20 min and
suspended in water. Precipitated EPS was estimated for total
carbohydrate content following the method of Dubois et al.21

The glucose standard of different concentrations was used for
the standard curve preparation and carbohydrate quantifica-
tion in EPS.

Protein content estimation. Total cellular protein in the
bacterial cell was determined by lysing the cell pellet obtained
from the 3 day-old culture under normal and osmotic-stress
conditions with 5 ml of lysis buffer.20 The cell suspension was
sonicated, cell lysate was collected through centrifugation at
13 000 g for 10 min, and total protein was estimated using the
standard Bradford method.22

Proline content estimation. The estimation of free proline
accumulated in bacterial cells under normal and osmotic-stress
conditions was estimated as per a previously described
method.23 Cell pellets obtained from 72 h grown cultures were
lysed. The supernatant (1 ml) obtained was treated with 2 ml of
3% aqueous sulphosalicylic acid, followed by incubation for
30 min. After incubation, the solution was centrifuged at 8000 g
for 20 min at 4 1C, and the supernatant was collected. The
obtained supernatant was treated with 2 ml glacial acetic acid and
2 ml acid ninhydrin and incubated at 100 1C in a water bath for
1 h. The reaction was terminated by keeping the tubes in ice. 4 ml
of toluene was added to each reaction mixture and mixed well.
The chromophore containing the toluene layer was collected, and
the absorbance was measured spectrophotometrically at 520 nm
against toluene as the blank. The concentration of free proline
was calculated from the standard curve prepared using different
concentrations of L-proline.

Fatty acid methyl ester analysis

In order to comprehend the fatty acid profile under osmotic
stress, the fatty acid composition of PGPR Eb WRS7 was
analysed following a standard protocol.24 The bacterial cells
were grown in only LB media (control) and LB media contain-
ing 10% PEG (stressed) for 24 h. Cells were harvested by
centrifugation at 1000 g for 5 min and sonicated in lysis buffer
containing 50 mM tris–Cl (pH 7.6), 1.1 mM dithiothreitol,
1 mM PMSF, and 0.2% lysozyme. The resulting supernatant
was extracted using a mixture of methanol and chloroform in a
1 : 2 ratio followed by centrifugation at 6000 g for 10 min. The
supernatant was diluted with the same solvent system ten times
and kept on a shaker at 160 rpm for 3 hr for phase separation. The
lower organic phase was collected and concentrated using a rotary
evaporator, dissolved in toluene, and converted to fatty acid
methyl ester (FAME) by the trans-esterification reaction. Later,
samples were subjected to GC–MS analysis (GCMS-TQ8040, Shi-
madzu Corporation, Japan). GC was operated in split-less injector
mode with the following conditions: initial oven temperature of
50 1C held for 2 min and temperature ramping from 50 to 250 1C
at a rate of 10 1C per min. MetaBoAnalyst 5.0 was used for the
Hierarchical heat map construction.
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Metabolite extraction, derivatization, and GC–MS analysis

Polar and non-polar metabolites were extracted from the bacterial
cells grown in only LB media (control) and LB media containing
10% PEG (stressed) for 24 h for GC–MS Analysis. Cell pellets were
sonicated in lysis buffer using a sonicator probe using three cycles
of 10 s pulses at 40 Hz on ice. Cells were centrifuged at 20 000 g for
5 min. Metabolites from the supernatant were extracted using a
2 : 1 ratio of chloroform and methanol. Then, 100 ml of each
solvent layer was collected and evaporated to dryness using a
rotary vacuum concentrator. The dried supernatant was sus-
pended in 1 ml methanol. As mentioned below, 200 ml was
aliquoted into a fresh microcentrifuge tube, followed by evapora-
tion to dryness and derivatization. To each 200 ml of the dried
sample, 30 ml of methoxyamine hydrochloride was added, heated
at 70 1C for 45 min, and then cooled at room temperature to
derivatize the samples. After that, 50 ml of MSTFA was added and
heated at 40 1C for 90 min. Later, derivatized samples were
transferred to auto-sampler vials for analysis. 1 ml of the deriva-
tized sample was loaded on Shimadzu capillary column SH-RXi-
5SilMS (30 m � 0.32 mm � 0.25 mm) through autosampler in
split-less mode at 250 1C. The constant flow rate of 1 ml min�1 of
helium gas was maintained. Initially, the GC program was
started at 60 1C for 1 min, followed by temperature ramping of
10 1C min�1 to 180 1C with a temperature hold of 2 min, followed
by a second ramping of 4 1C min�1 until the final temperature
reached 300 1C and remained constant for 10 minutes. Data
acquisition involved a mass range of 50 to 650 m/z. Peaks were
identified using the NIST 14 library. The metabolomics data
were obtained in .qgd file format for analysis. MetaBoAnalyst 5.0
was used for the statistical analysis.

Statistical analysis

All the experiments were carried out in triplicates, unless otherwise
stated, repeated in three different experimental sets, and plotted as

mean � SD using Prism 8 (Graph Pad software). Statistical analysis
was performed using an unpaired student’s t test. Statistical
significance: *P r 0.05, **P r 0.01, ***P r 0.001, and ****P o
0.0001, ns = not significant. For GC–MS analysis, four replicates of
each control and stressed sample were used in the experiment.
After data normalization, all significant metabolites were analyzed
using unsupervised principal component analysis (PCA) to observe
the overall distribution trend among samples. Differential metabo-
lites were screened according to VIP 41 and p o 0.05. Univariate
analysis and metabolic pathway enrichment analyses were per-
formed using the online tool MetaboAnalyst 5.0 (https://www.
metaboanalyst.ca).

Results
Cell growth and morphological responses under osmotic stress

First, we asked whether and to what extent the cells of Eb WRS7
could tolerate and survive the osmotic stress. To test this, we
exposed cells to a range of PEG (5 to 25%) concentrations and
measured the optical density (600 nm). The growth curve
showed maximum cell growth under control (no PEG exposure)
conditions, while significant growth retardation was observed
with increasing concentrations of PEG (Fig. S1, ESI†). Although
cells can sustain up to 25% PEG, there was a significant loss
in cell growth. In all the tested doses of PEG, Eb WRS7 could
withstand 10% PEG concentration without significant growth
defects and showed about 50% of survival of Eb WRS7 as
compared to the control. Therefore, 10% PEG was selected to
induce drought/osmotic stress in all the subsequent experi-
ments to analyze the physiological, biochemical, and molecular
responses. After testing the growth defect in Eb WRS7 in
response to osmotic stress, we observed the changes in cellular
morphology directly related to the osmotic tolerance efficiency.
Small (100 nm to 250 nm in size) vesicle-like structures were

Fig. 1 Scanning electron microscopic images of Eb WRS7 cells under (A) non-stressed and (B) osmotic (10% polyethylene glycol) stressed conditions.
Osmotic stress-exposed cells do not show significant morphological changes; small vesicle-like structures (inside red circles) were seen. Similar
appearances were found in separate experiments. Two left panel images (with single cell) were captured at 200 000�magnification (Bar-400 nm). Two
right panel images (with multiple cells) were captured at 50 000� (Bar-1 mm) and 100 000� magnification (Bar-500 nm).
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also observed in PEG-exposed cells. FE-SEM analysis showed
that Eb WRS7 maintained cellular integrity upon exposure to
10% PEG (Fig. 1).

Physiological and biochemical responses under osmotic stress

Cell growth and morphology analysis indicated that PEG-
induced osmotic stress slowed down the growth of Eb WRS7.
However, we did not observe significant morphological alterations
in cells grown with 10% PEG. To determine whether decreased
cell growth resulted from oxidative stress and membrane damage,
we measured the accumulation of intracellular reactive oxygen
species (ROS) and conducted lipid peroxidation assays in control
and osmotically stressed cultures. At 6 h of growth of PEG-treated
cells, there was a significantly high level of both ROS (81.33%)
and MDA (179.59%) as compared to non-stressed cells (Fig. 2).
Thereafter, a gradual decline in both ROS and MDA contents was
observed at 12 and 24 h suggesting the stress adaptation and
tolerance of Eb WRS7 under osmotic stress.

ROS and MDA analysis pointed out that osmotic stress triggers
oxidative stress in the cells. We expected that stress exposure
would activate the ROS-mediated signaling cascades and even-
tually promote stress-responsive pathways for cell survival in
response to stress events. Since the uptake and release of ions,
especially K+, Na+, and Ca2+, are involved in osmoregulation,
we measured the intracellular concentration of K+, Na+, and
Ca2+ to understand the mechanism of osmotic stress tolerance
in Eb WRS7. The content of these ions significantly increased at
6 h but decreased gradually at 12 and 24 h under osmotic stress.
At 24 h, a significant difference in ionic concentration under
stress and non-stress conditions was found only for Ca2+ (Fig. 3).
The Na+ concentrations were significantly different at 6, 12, and
24 h showing 182.33 � 4.426, 154.465 � 5.933, and 27.22 �
0.938 mM respectively under osmotic stress. In contrast, K+ was
relatively low and measured to be 91.325 � 0.148, 40.393 � 0.061,
and 4.557 � 0.054 mM, respectively. Similarly, the level of Ca2+

decreased with an increase in time duration of stress, with a
maximum of 14.825 � 0.594 mM after 6 h of osmotic stress. We
observed an increase of 75% in Na+ until reaching 12 h of stress
compared to the control conditions, whereas the K+ content first
increased to 185.12% at the initial hour of stress, which further
decreased to 47% after 24 h compared to the control conditions.
Interestingly, we observed a very high concentration (B15 mM)
of Ca2+ during the initial hour of stress, which further decreased
to B5 mM after 24 h of stress conditions (Fig. 3(C)). We tested
EPS production, along with the ability of Eb WRS7 to modulate
endogenous proline and cellular protein under osmotic stress.
In response to PEG-induced osmotic stress conditions, there was
about a 3-fold increase in EPS concentration. We also observed
1.8-fold higher free proline levels in stressed cells than in control
cells. Finally, there was an increment in the total cellular protein
content after 72 h under stress conditions (Fig. 4).

Plasma membrane lipid dynamics under osmotic stress

Since membrane lipids are crucial in protecting an organism from
the adverse effect of osmotic stress, we analyzed the fatty acid profile
of Eb WRS7 by GC–MS analysis. Saturated hydrocarbons such as
triacontane, pentacosane, and tetradecane were detected at 0% PEG
(non-stressed condition) along with unsaturated hydrocarbons such
as Heptadecene and Nonadecene. At 10% PEG (osmotic stress), the
hydrocarbon composition of the extract changed, showing the
presence of hexadecane, heptadecane, triacontane, docosane, tetra-
decane, 9-eicosene, 1-dodecene, 1-heptadecene, 1-nonadecene, and
1-pentadecene (Fig. 5(A) and Table S1, ESI†). Some short-change
fatty acids like valeric acid were also detected under stressed
conditions. Fatty alcohols like 1-dodecanol, 1-heptacosanol, and
n-tetracosanol-1 were observed in both stressed and non-stressed
conditions. The saturated fatty acids C16:0 and C18:0 and the
monounsaturated fatty acid C18:1 were the predominant lipid
components in non-stressed bacterial cells. A hierarchical heat-
map was drawn using Metaboanalyst 5.0 software to represent
the change in the fatty acid profile (Fig. 5(B)), which showed the
qualitative distribution of fatty acids under control and stress
conditions. Heatmap clustering showed that saturated fatty
acids like myristic acid and palmitic acid were less in stressed
bacterial cells. In contrast, branched-chain fatty acids like iso-
palmitic acid were dominant in stressed bacterial cells.

Metabolic responses under osmotic stress

To study the role of metabolites and identify the metabolic
pathways participating in osmotic stress tolerance, we extracted
intracellular metabolites and performed GC–MS-based untargeted
metabolomics of Eb WRS7 grown under normal and osmotic
stress conditions (PEG-10%). We identified 33 significantly
deregulated metabolites (fold change Z 1.9) in control vs.
stress-exposed cells. Based on their chemical structure, functions,
and associated metabolic pathways, annotated metabolites were
categorized into different classes such as organic acids (TCA cycle
metabolites), sugar/carbohydrates, amino acids, polyamines,
phytohormones, and osmolytes (Fig. 6(A)). Metabolites of glyco-
lysis, TCA cycle pathways, and sugar/carbohydrates are signifi-
cantly higher in stress exposed cells as compared to control cells.

Fig. 2 Eb WRS7 responses under osmotic-stressed conditions. (A) Reactive
oxygen species (ROS) detection by H2DCFDA and expressed as relative fluores-
cence unit (RFU) at 535/590 nm, (B) membrane lipid peroxidation products were
determined as TBARS (MDA-TBA adduct) and are reported as nmol MDA
equivalents/109 cells. The error bars indicate standard deviations from three
independent cultures assayed in triplicate. The error bar refers to the mean� SD
of three independent measurements. Horizontal bars with asterisks (*) indicate
statistical significances between two values based on a Student’s t test. Statistical
significance: *Pr 0.05, **Pr 0.01, ***Pr0.001, and ****Po0.0001, ns = not
significant. Abbreviations: MDA – malondialdehyde; TBA – thiobarbituric acid.
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Similarly, polyamines (putrescine and cadaverine), phytohor-
mones (indole acetic acid and gibberellic acid), and osmolytes
(trehalose, proline, glycine betaine, and ethanolamine) were also
over-accumulated in stress exposed cells. Osmotic stress also
resulted in a higher level of some amino acids such as aspartate,
proline, glutamate, and tryptophan, whereas amino acids like
leucine, tyrosine, and lysine were significantly reduced (Fig. 6(A)).

The biological replicates clustered together, whereas meta-
bolites under normal and stressed conditions clustered differ-
ently. Principle component analysis (PCA) was used to visualize
variance between the two conditions, which showed a similar
clustering pattern. A total variance of 85.1% (PC 1 = 78.6% and
PC 2 = 6.5%) was observed (Fig. 6(B)). Considering the control
(non-stressed) condition as in ref. 26, metabolites were significantly
upregulated (shown in red), whereas 7 were significantly down-
regulated (shown in blue) in stress exposed cells as shown in
the volcano plot (Table 1 and Fig. 6(C)). Annotated metabolites

were further processed by hierarchical clustering to provide an
intuitive visualization of metabolite changes under the tested
conditions (Fig. 6(D)). The heat map obtained from the selected
metabolites indicates that some metabolites are upregulated
while others are down-regulated under osmotic stress (Fig. 6(D)).
Finally, metabolite enrichment analysis revealed the functions
and involvement of these metabolites in various metabolic path-
ways. Based on this observation, we conclude that the TCA cycle,
glyoxylate, dicarboxylate metabolism, alanine, aspartate and glu-
tamate metabolism, and fatty acid biosynthesis metabolic path-
ways are significantly more active in response to osmotic stress in
Eb WRS7 (Fig. 7(A) and (B)).

Discussion

The rhizosphere microbiome is considered one of the effective
and better alternative approaches for sustainable agriculture

Fig. 3 Intracellular ion concentration in Eb WRS7 (A) sodium ion, (B) potassium ion, and (C) calcium ion. The error bar refers to the mean � SD of three
independent measurements. Horizontal bars with asterisks (*) indicate statistical significances between two values based on a Student’s t test. Statistical
significance: *P r 0.05, **P r 0.01, ***P r 0.001, and ****P o 0.0001, ns = not significant.

Fig. 4 Quantification of (A) cell-free proline, (B) exopolysaccharide (EPS) production, and (C) total cellular protein in Eb WRS7 under non-stressed and osmotic-
stressed (10% PEG) conditions. Each bar represents the mean� SE of three replicate samples. ‘*’ represents the significant difference between osmotic-stressed versus
non-stressed conditions, based on a Student’s t test. Statistical significance: *P r 0.05, **P r 0.01, ***P r 0.001, and ****P o 0.0001, ns = not significant.
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and a reasonable solution to meet the twin challenges of food
security and environmental stability. This approach offers
several advantages, including the capability of PGPR to confer
abiotic stress tolerance through modulating plant physiological

and biochemical traits.2 Developing drought-tolerant PGPR
(bio-inocula) seems a promising solution to improve crop
productivity under drought-prone agroecosystems. However,
despite an increased application of PGPR, our understanding

Fig. 5 Change in fatty acids composition of Eb WRS7 cells exposed to osmotic stress. (A) Normalized abundance of saturated and unsaturated fatty acids
and (B) heatmap hierarchical clustering of detected fatty acids. A hierarchical tree was performed for detected fatty acids in control (non-stressed) and
osmotic stress treatment using Metaboanalyst 5.0 software. Each colored cell on the map represents the peak intensity. Columns correspond to two
conditions in replicates (n = 3), while rows represent different metabolites detected. On the top of the heatmap, control samples are represented in red
while stressed samples are in green. Dark blue to dark red color gradient denotes lower to higher expression.

Fig. 6 Change in intracellular metabolites of E. bugandensis WRS7 cells exposed to osmotic stress (PEG-10%). (A) Normalized abundance of different
metabolites. (B) Scores Plot (PC1 vs. PC2) of partial least-squares–discriminant analysis (PLS–DA) of metabolites. Each ring represents the distribution of
biological replicates. The pink color donates control samples, whereas the green color represents stressed samples. (C) Volcano map depicting
contributory metabolites to the differences in two conditions, with fold change threshold (X-axis) = 2 and t tests threshold (Y-axis) = 0.1. (D) Heatmap
hierarchical clustering of detected intracellular metabolite pools. Hierarchical trees were drawn based on the detected metabolites in control (non-
stressed) and osmotic stress treatment. Columns correspond to two conditions in replicates, while rows represent different metabolites detected.
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of the stress adaptation mechanisms of PGPR communities
under drought is still incomplete. In this paper, we contend
that a comprehensive understanding of the complex physiolo-
gical and biochemical responses to drought will pave the way
for rhizosphere engineering through PGPR and, ultimately, the
exploitation of these responses to increase the drought resis-
tance of crop production. Our lab previously isolated and
characterized PGPR Eb WRS7 (accession number MW453057)
from wheat rhizosphere and reported its growth-promoting and
abiotic stress tolerance ability under drought stress (accepted
manuscript). Being isolated from a drought-prone agroecosys-
tem and considering its role in ameliorating plant growth
under drought stress, we have hypothesized that this PGPR
might have unique stress adaptation abilities.

To prove our hypothesis, we initially assessed the growth
and morphology of this bacterium upon drought exposure.
Since dehydrating agents like PEG can reduce bacterial growth,
Eb WRS7 growth was studied at different concentrations of
PEG. It is evident from Fig. S1 (ESI†) that Eb WRS7 showed
better growth and survival under osmotic stress conditions
than E. coli, used as a control (Fig. S2, ESI†). However, slower
growth was observed than its non-stressed counterparts. Under
stress conditions, bacterial cells might have directed their
energy flow towards activating the protection mechanisms,
which might have affected their growth.13,25 Previous reports

have also described the tolerance of PGPR Pseudomonas sp. and
Bacillus sp. under osmotic stress.13,25 There were no significant
morphological changes, but we observed the formation of
vesicle-like structures in response to osmotic stress. Vesicle
formation is influenced by the bacterial growth stage and stress
insults. These vesicles might serve some specialized function,
such as nutrient acquisition or biofilm formation, and play an
important role in host–microbe interactions, hence, offering
stress tolerance under stressful environmental conditions.26,27

McMillian et al., 2021 reported that outer membrane vesicles
from Pseudomonas syringae and Pseudomonas fluorescens acti-
vate plant immune response in Arabidopsis thaliana against
pathogenic bacteria.28 Membrane vesicles play an essential
defense function in mitigating osmotic and oxidative stress.29

The latest study described the role of vesicles in mitigating the
osmotic stress in E. coli when exposed to titanium dioxide
nanoparticles showing that osmotic stress and cell vesiculation
are associated with nanoparticle resistance.30 However, factors
stimulating vesicle generation and their specialized functions
in PGPR are not well studied. Therefore, specific experiments
are required to know the exact function of this vesicle-like
structure in future studies.

The primary signal caused by drought is hyperosmotic
stress, which often induces complex secondary effects such as
oxidative stress, damage to cellular macromolecules, and con-
sequently metabolic dysfunction. Oxidative stress triggers over-
accumulation of the cells’ reactive oxygen species (ROS). Excess
ROS production induces lipid (polyunsaturated fatty acids)
peroxidation in the cells, as evidenced by a high content of
malondialdehyde (MDA), a common biomarker of oxidative
stress, and determines the antioxidant status of the cell.31 Lipid
peroxidation results in alterations of the membrane structure,
affecting its fluidity and damaging its integrity.32 We observed
an initial increase in ROS and MDA followed by a decline at
24 h, indicating adaptive responses of this bacteria against
stress. ROS production is a normal physiological process and
plays a vital role in cell signaling and homeostasis.33 Over-
accumulation of ROS is, however, kept under tight control by a
versatile and cooperative antioxidant system. ROS functions as
a secondary messenger that triggers adaptive responses by
activating signal transduction pathways which in turn limits
intracellular ROS concentration and hence maintains the redox
homeostasis of the cell.33

The common osmoadaptation mechanisms of bacteria
include accumulating or releasing solutes such as inorganic
ions (often K+, Na+, and Cl�) and organic osmolytes to attenuate
water fluxes (efflux/influx) to counter the variations in external
osmotic pressure.34,35 In bacteria, K+ is the most abundant
inorganic ion in the cell cytosol and, therefore, is the most
suitable candidate for osmotic adjustment purposes under
stress conditions. The electrochemical gradients favor K+ loss
and accumulation of Na+ into the cell via specific ion transport
systems, hence, play a significant role in maintaining normal
cell turgor. The imbalance in the cytosolic K+/Na+ ratio drama-
tically impacts cell metabolism and may trigger programmed
cell death.36 In E. coli, it has been reported that osmotic shock

Table 1 Significantly altered intracellular metabolites of Eb WRS7. Com-
pared to the non-stressed conditions, the fold change shows metabolite
levels from Eb WRS7 with osmotic stress (by PEG 10%)

S. no. Metabolites Log 2 (fold change)

1 1-Dodecene 3.406
2 Sorbose 3.2082
3 L-Hydroxyproline �3.0187
4 L-Leucine �2.8512
5 2,3 Butanediol 2.844
6 Glycerate 2.8413
7 Capric acid 2.7461
8 L-Valine 2.7076
9 Homocysteine �2.697
10 L-Tyrosine �2.6581
11 Dodecanoic acid 2.6116
12 Homoserine 2.5187
13 Gamma-aminobutanoic acid 2.517
14 Maltose 2.5027
15 Glyoxylate �2.4979
16 Benzeneacetic acid 2.4945
17 Boric acid 2.4891
18 Guaiacol 2.467
19 L-Lysine �2.4569
20 Tocopherol 2.4213
21 1-Pentadecene 2.4108
22 L-Aspartic acid 2.4041
23 Docosane 2.3378
24 Benzoic acid 2.1249
25 Nonadecanoic acid �2.0448
26 2-Propanol 1.9509
27 Methylmalonate 1.5216
28 Sucrose 1.4431
29 Cadaverine 1.3913
30 D-Gluconate 1.3558
31 Trehalose 1.1505
32 D-Arabinose 1.1025
33 Pyruvic acid 1.0769
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causes an increase in intracellular Na+ over K+ concentration.37

We also observed higher Na+ concentrations than K+ in stressed
cultures, suggesting inorganic ions’ role in maintaining osmotic
balance in Eb WRS7. However, more experimental data are
needed to support our hypothesis. It is well established that
hyperosmotic stress induces a rapid rise in intracellular Ca2+

concentration in plants and may reflect the activities of biochem-
ical and metabolic components to counter osmotic stress.38

Interestingly, we also observed a higher Ca2+ concentration sug-
gesting the role of this secondary messenger in activating the
osmo-adaptation mechanism in this PGPR. A previous report
shows that Ca2+ affects several bacterial physiological processes,
including chemotaxis, cell differentiation (spore development
and heterocyst formation), and membrane transport.39 We also
recorded high Ca2+ under stress conditions, which might be
involved in an osmotic stress signalling pathway.

Microorganisms preferentially accumulate organic solutes
like glutamate, glycine betaine, proline, and trehalose, decreasing
water potential without interfering with cellular metabolism.
These osmolytes maintain osmotic potential and scavenge ROS,
thus preventing cellular damage from oxidative stress without any
adverse effects on cellular macromolecules.20,34 We observed
around a two-fold increase in proline content under stress.
Microorganisms can increase their function and survival in
hostile environments by improving their local habitat. Since
drought limits substrate availability and reduces nutrient diffu-
sion, bacteria preferably start synthesizing extracellular polymeric
substance (EPS) as an effective drought adaptation method. EPS
functions like a sponge, slowing the drying process and thus
retaining water by allowing action at a low water potential.40 Our
results also indicate increased EPS (predominantly containing
polysaccharides, protein, and DNA) production and a significant
increase in protein content after 72 h in stressed cells. This might
be because of the enhanced production of bacterial extracellular

protein for the production of EPS, which protects them against
desiccation.40 Bacterial cellular protein contributes to exopolysac-
charide (EPS) production under stress conditions,13 which in turn
forms a sheath around the bacterial colonies and protects them
from osmotic stress by decreasing water loss.20 EPS is known to
exhibit high antioxidant properties, which protect bacteria from
ROS-dependent cell death.41 EPS produced by bacteria not only
help them tolerate osmotic stress but also improve the quality and
fertility of the soil, act as a nutrient facilitator, reduce ion toxicity,
and maintain plant health under abiotic stress.42

Microbes tune their membrane lipid composition to maintain
membrane fluidity and properties in response to environmental
changes. Global patterns of lipid remodeling can provide insights
into fundamental principles of membrane adaptation.43,44 Lipid
determination by FAME analysis is an accurate reflection and can
be used to quantify total lipids. Using FAME-based lipidomics,
we examined the total lipid fraction of this PGPR to understand
the role of fatty acids in regulating membrane dynamics. The
change in fatty acid composition, especially carbon length and
degree of saturation under stressed conditions, indicates the adap-
tion of bacteria to tolerate osmotic stress, increasing the cytoplas-
mic membrane’s fluidity. They also play an important role in
membrane stability and permeability.45 Under stressed conditions,
there was an increase in cyclopropane fatty acids. The bacterial
production of the cyclopropane ring is related to changes in the
membrane fatty acids composition. It represents one of the most
important adaptive microbial responses that favor the stress toler-
ance of several bacteria.46 Cyclopropanate membrane lipids have
been associated with resistance to oxidative stress in Mycobacterium
tuberculosis, organic solvent stress in E. coli, and acid stress in E. coli
and Salmonella.47 It has been reported that in the membrane of
Lactococcus lactis, osmotic stress induces high levels of cyclopropane
fatty acid (DC19:0).48 Although the mechanism is not yet known,
researchers believe that a change in the fatty acid composition of

Fig. 7 Dot plot of KEGG pathway enrichment of metabolites corresponding to (A) Non-stressed and (B) Osmotic-stressed in Eb WRS7. The top 25
enriched pathway terms are displayed. The P value indicates the enrichment level of the pathway term and ranges from 0 to 1.
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the lipid membrane may regulate glycine betaine transporter
activity.12 Earlier studies showed a different profile of fatty acids
under stress conditions, which might help bacterial cells to survive
the changing environment by maintaining the cell membrane as an
iso-osmotic barrier.24 Therefore, the present study highlighted that
bacteria change their membrane composition in changing environ-
ments for survival.

To obtain a deeper insight into the stress adaption mecha-
nism, we evaluated the metabolic responses of this PGPR
(Eb WRS7) under drought. To better understand the mechanism
of osmolality and adaptability, we employed GC–MS-based
untargeted metabolomics to determine the change in primary
and secondary metabolites under drought stress. Deregulation
in these intracellular metabolites indicated the operation of
central carbon and nitrogen metabolism in response to osmotic
stress and provided deeper insights into the osmoadaptation
mechanism of PGPR. Deregulated metabolites were subdivided
into several classes based on their biochemical structure, func-
tions, and involvement in different metabolic pathways. We
recorded higher organic osmolyte content, including amino
acids, polyamines, quaternary ammonium compounds, and
sugars. The role of these metabolites in osmoprotection has
been very well-established in many bacteria.34 We observed

higher content of ethanolamine and polyamines. It has been
reported that ethanolamine is a precursor of betaine and pro-
line, and its supplementation promotes glycine biosynthesis.49

Polyamines possess antioxidant properties and protect bacteria
exposed to oxidative stress by decreasing ROS, binding and
shielding negatively charged macromolecules, and modulating
the expression of adaptive genes.50 For instance, cadaverine
can bind to porin proteins and lipopolysaccharides of the cell
envelope, regulate transport through the outer membrane, and
is involved in the adaptive responses to acid stress, redox-active
compounds, and antibiotics. Putrescine primarily binds to
nucleic acids, regulates gene expression by modulating tran-
scription, protein stability, mRNA secondary structure, and
functioning of the ribosome, stabilizes and protects DNA, and
is involved in the adaptive responses to oxidative stress, osmotic
shock, heat shock, etc.49

In addition to the aforementioned organic molecules, volatile
organic compounds (VOCs) were over-accumulated in stress-
exposed cultures. Under stress exposure, PGPR produces volatile
organic compounds (VOCs) to regulate osmolyte and phytohor-
mones biosynthesis. These compounds also play a crucial role
in plant–microbe interactions.41 The ability of 2,3-butanediol,
and acetoin in plant growth promotion and induced systemic

Fig. 8 Eb WRS7 response to osmotic stress and tolerance mechanism. Drought/osmotic stress triggers osmosensors and induces oxidative stress
through ROS accumulation. ROS causes lipid peroxidation and damage to the plasma membrane. ROS over accumulation activates cell signaling
cascades and induces gene expression. Osmotic stress tolerance mechanisms are governed by maintaining the lipid dynamics (balance in membrane
fatty acids) and ion transport systems. PGPR regulate their carbon and nitrogen metabolism to fulfill the energy demands and biosynthesis of osmolytes
and other secondary metabolites. Abbreviations: 2OG – 2-oxoglutarate3PG-3-phosphoglycerate, AcCoA – acetyl coenzyme A, AKG – a-ketoglutarate,
Cit – Citrate, CFA – cyclo fatty acid, GA – gibberellic acid, IAA – indole acetic acid, Mal – malate, NDP – nucleotide diphosphates, OAA – oxaloacetic
acid, PEP- phosphoenolpyruvate, ROS – reactive oxygen species, SFA – saturated fatty acid, Suc – succinate, UFA – unsaturated fatty acid.
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resistance against pathogenic fungi, bacteria, and viruses in
plants has been reported in previous studies.51,52 In our study,
2,3-butanediol was detected under osmotic stress known to be
produced by various root-associated bacteria such as Bacillus
spp., Aerobacter spp., and Klebsiella spp.52 Although VOCs reg-
ulate growth hormones and ion acquisition, a lot more can be
explored regarding their direct role in the bacteria defense
system and ameliorating abiotic stress in plants. Metabolomics
data also highlighted increased levels of sugar molecules such as
sucrose, maltose, and arabinose in Eb WRS7 under osmotic
stress. It has been reported that the production of EPS required
a higher amount of glucose, trehalose, mannose, and rhamnose
for better water retention ability.13 Therefore, higher sugar con-
tent might contribute to EPS production, enhance water retention
within the bacteria, and protect them from fluctuating water
potential.53 Higher sugars may also act as a carbon pool to fulfill
the carbon demands of this PGPR under drought.

Finally, we observed a higher accumulation of the glycolytic
pathway and TCA cycle metabolites such as pyruvate, a-keto-
glutarate, succinate, malate, and oxaloacetate. Moreover, several
amino acids, such as aspartate and glutamate, are over-
accumulated in contrast to leucine, lysine, and tyrosine, showing
lower concentrations under stress exposure. Since survival in
high osmotic stress is an energy-demanding process, and the
production of osmolytes demands high energy and carbon, the
activation of glycolytic and TCA cycle might be involved in
fulfilling these demands.54 Under osmotic stress, the glycolytic
pathway may have contributed to the production of trehalose
in plants and bacteria.53 Also, increased levels of glycolysis and
TCA cycle metabolites might provide energy in the form of ATP
to the bacterial cell under stressed conditions.55,56 Glutamate is
an important metabolite that plays a role in various metabolic
processes and is involved in protein synthesis and other funda-
mental processes such as glycolysis, gluconeogenesis, and the
TCA cycle. Glutamate metabolism plays a vital role in resistance
to acid stress and multiple other stresses in E. coli.57 Since the
synthesis of glutamate and aspartate are energetically econom-
ical for the bacteria and act as a counter partner for K+, which
increases during the osmotic stress, this can be an adaptive
strategy of bacteria to deal with hyperosmotic stress.55 Similar to
our findings, a previous study reported a decrease in aromatic
(tyrosine) and branched-chain (leucine and isoleucine) amino
acids, which may result from increased energy demands for
maintaining cell integrity and homeostasis under stress.55

Moreover, the increased production of essential amino acids like
threonine and serine during stress can play a role in producing
the defense molecule glutathione.56 Furthermore, there was an
increase in intracellular tryptophan, IAA, and GA levels under
osmotic stress conditions. These observations support the PGPR
capability of Eb WRS7. However, to understand the specific role of
phytohormones in bacterial physiology, further experiments are
needed using mutant bacterial strains, compromising their ability
to produce these phytohormones. The deregulation in metabo-
lites indicates that Eb WRS7 can modulate their physiological and
metabolic processes to combat stress. These metabolic responses
and alterations in cellular metabolism might be related to certain

stress signaling and adaptation mechanisms and provides a
roadmap for the commercialization of bacterial metabolites for
the development of bio-inoculants, which can combat abiotic
stress and improve plant growth and yield in drought-prone
agroecosystems in a sustainable manner.

Conclusion

This study highlights the stress tolerance mechanism of a
PGPR, Eb WRS7, to mitigate osmotic stress by utilizing mor-
phological, biochemical, and metabolic capabilities (Fig. 8).
The formation of a vesicle-like structure seems to play a crucial role
in stress tolerance by facilitating the nutrient acquisition and
activation of the immune response. Osmotic stress induces ROS
production leading to oxidative stress. In response, the bacteria
modulate their membrane fatty acid composition leading to
changed membrane fluidity for their survival under osmotic stress.
Higher concentrations of Na+ and Ca2+ over K+ under stress
suggest the role of these ions in maintaining osmotic balance
and activation of Ca2+ dependent osmotic stress signalling path-
ways in Eb WRS7. Activation of the signaling cascade under stress
conditions suggests its role in osmoadaptation through physio-
logical and metabolic modulations. Metabolomics profiling
showed metabolic capabilities such as the production of osmolytes,
polyamines, 2,3-butanediol, quaternary ammonium compounds,
sugars, and higher accumulation of the glycolytic pathway, and
TCA cycle metabolites, used for survival under drought/osmotic
stress. Overall, the metabolite fingerprint reveals the mechanisms
adapted by PGPR and highlights the importance of stress-
responsive metabolites and their metabolic pathways, which in
the future may be targeted for the metabolic engineering of this
PGPR for rhizosphere engineering. Considering the ability to
tolerate osmotic stress and PGP properties, Eb WRS7 can be used
as a biofertilizer candidate to promote plant growth under drought-
stress conditions, which can be tested in future studies.
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