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Abstract: Plant growth-promoting rhizobacteria (PGPR) exhibit biocontrol and biofertilzer traits and 

help plants survive adverse environmental conditions. In this study, the rhizobacteria are explored for 

their ability to tolerate drought stress and their potential to act as plant growth promoters. Herein, we 

have isolated bacterial strains from the rhizosphere of Spilanthes acmella Murr. (toothache plant) found 

in the Shivalik hills region of Himachal Pradesh. We screened nine drought-tolerant culturable bacteria 

by analyzing their ability to survive in varying concentrations of polyethylene glycol (PEG) (10% - 

50%), which is further supported by their 1-aminocyclopropane-1-carboxylic acid (ACC) deaminase 

activity and their ability to release exopolysaccharides (EPS). Strains having these activities are 

identified by 16S rDNA analysis, which reveals that they belong to four different bacteria genera, 

namely Klebsiella, Enterobacter, Burkholderia, and Pantoea. These isolates also harbor plant growth-

promoting traits such as solubilization of phosphate, production of indole-3-acetic acid (IAA), 

siderophore, ammonia, hydrogen cyanide (HCN), and antifungal activity. The Enterobacter cloacae 

showed maximum drought tolerance among all the other isolates. We found that the drought stress of 

60% PEG inhibited wheat seedlings' growth, but the bacterization with the isolated strains stimulated 

seedling growth. Hence we conclude that these drought-tolerant PGPR from the rhizosphere of S. 

acmella Murr. can be utilized to enhance the survival and growth of plants under drought stress. The 

isolated strains not only exhibit the drought-tolerant ability but also show the biocontrol and biofertilizer 

traits. Inoculation of these strains could help the plant survive under adverse environmental conditions.  

Keywords: Spilanthes acmella Murr.; Shivalik hills; drought stress; phosphate solubilization; 

siderophore; bacterization. 
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1. Introduction 

Drought stress is a serious agricultural problem that reduces crop productivity [1]. By 

2050, more than 50% of the earth's cultivable land will get affected by drought, leading to a 

severe decrease in agricultural production. Moreover, the world's population is assumed to 

reach 9 billion by 2050, so it is necessary to increase crop production to encourage food security 
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[2]. Therefore, there is a dire need to find solutions to abate the consequences of drought on 

agriculture productivity [3]. 

Several mechanisms can be employed to mitigate the drought stress like morphological 

alterations, tuning of osmolites, augmentation of diverse water resources, modification of 

antioxidant defense systems to reduce reactive oxygen species (ROS) related changes and, 

reorientation of stress-related genes [4]. Other methods include improving the breed of plants 

either by traditional methods or by transgenic approach and developing new irrigation 

techniques. Unfortunately, these methods are highly labor-intensive and challenging to be 

applied under field conditions [5].  

Plants symbiotically harbor microbes that could either be endophytes or rhizosphere 

associated. Using those plant growth-promoting rhizobacteria (PGPR) that benefit the plant to 

grow under low water conditions could be a possible solution. PGPR is associated with plant 

roots, and they either directly or indirectly help to enhance the growth of plants [6]. The PGPR's 

mechanisms to enhance plant growth include phytohormones, nitrogen fixation, phosphates 

solubilization, and siderophore production for quenching iron, and ACC (1-

aminocyclopropane-1-carboxylic acid) deaminase production. ACC is the precursor of 

ethylene [7]. It was reported that PGPR strains (Bacillus sp. and Pseudomonas sp.) produce the 

enzyme ACC deaminase that catabolizes ACC to NH4, and α-ketobutyrate reduces the level of 

ethylene synthesis and damage induced by ethylene to plant [8]. 

Under drought stress condition bacteria like Pseudomonas produces exopolysaccharide 

(EPS) which protects bacteria from drought by enhancing water retention capacity and 

regulating the diffusion of organic carbon sources [9]. Due to the EPS, these bacteria get 

attached and colonize the plant roots with the help of fibrillar material that permanently 

connects the bacteria to the root surface [10]. It has been shown that PGPR help in alleviating 

the effects of drought [11-13]. 

One way to identify and isolate drought-resistant PGPR is to find them from plants that 

face drought-like Spilanthes acmella Murr., which is a threatened medicinal plant. It is an 

annual herb, found throughout India, ascending to 5000 ft., in all warm regions [14], including 

lower Shivalik Hills of Himachal Pradesh [15-16]. It is utilized for various medicinal usages 

[17-18]. No reports are available on the stress-tolerant plant growth-promoting rhizospheric 

bacteria isolated from S. acmella Murr. Therefore, the present study was aimed at isolating 

stress-tolerant PGPR from the rhizosphere of S. acmella Murr. with multiple plant-growth-

promoting and antagonistic activities against plant fungal pathogens. However, the stress-

tolerant activity of rhizobacteria in other plants was reported earlier [19-21].   

Herein, we isolated rhizospheric bacteria from S. acmella Murr., which can grow under 

in vitro drought conditions and harbored plant growth-promoting traits. We carried out seedling 

based bacterization experiments, which strongly implicate that these microbes could improve 

growth under water deficiency stress. 

2. Materials and Methods 

2.1. Isolation of root-associated phosphate solubilizing bacteria. 

From the rhizosphere of S. acmella Murr., the soil samples were collected randomly 

from four districts (Hamirpur, Bilaspur, Mandi, and Solan) of Himachal Pradesh. A total of 36 

rhizospheric soil samples were collected. For isolation of bacteria, 1 g of rhizospheric soil was 

dissolved in 9 ml sterilized distilled water and incubated on an incubator shaker at the speed of 
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250 rpm at 37°C for 30 min, and later the soil was settled by centrifugation at 685×g for 5 min. 

The supernatant was collected and centrifuged at 5590× g for 10 min to settle all the microbes. 

The resultant pellet was dissolved in 500 μl of 30% glycerol and preserved at −80°C. Using 

the serial dilution method, the number of bacteria per g of soil was enumerated. The culturable 

bacterial strains were further characterized as described earlier [22]. Around 100-150 bacterial 

colonies were observed on nutrient agar medium (NAM). Then the colonies were picked, and 

patching was done on Pikovskaya's agar media (PAM) to identify strains showing clear halo 

zone on PAM. Then the bacterial strains were selected and analyzed for colony morphology, 

Gram-positive or Gram-negative reaction, catalase, and oxidase reactions as described earlier 

[22]. Catalase activity of strains was analyzed by forming oxygen bubbles with 3% hydrogen 

peroxide solution, whereas oxidase activity was analyzed by the oxidation of TMPD 

(tetramethyl-p phenylenediamine dihydrochloride). 

2.2. Screening of bacterial isolates for drought tolerance. 

Previously, it was shown that PEG induced osmotic stress by reducing the water 

potential of plant cells [23]. Thus, PEG could be used to identify bacteria that were tolerant to 

drought. The trypticase soy broth (TSB) with varying water potentials (10% PEG for -0.15 

MPa, 20% PEG for -0.49 MPa, 30% PEG for -1.03 MPa, 40% PEG for -1.76 MPa and 50% 

PEG for -2.7 MPa) were made carrying the appropriate concentrations of PEG-6000 [24,12]. 

Overnight grown above-mentioned bacterial strains were inoculated in 10 ml TSB with 

different PEG concentrations and grown at 28°C for 24 h (120 rpm). Growth was assessed by 

measuring absorbance at OD 600 nm. 

2.3. Molecular characterization. 

For the genetic characterization of bacteria, 16S rDNA sequencing was performed as 

described earlier by [25,26]. DNA extraction and purification were done by Quick-DNA 

Fungal/bacterial Miniprep Kit (Zymo Research, India). By using universal primers 27F (5′-

AGA GTT TGA TCC TGG CTC AG-3′) and 1492R (5′GGT TAC CTT GTT ACG ACT T-

3′), the 16S rDNA gene was amplified and, purification of amplicons was done by using 

QIAquik Gel extraction kit (Qiagen, India). After DNA sequencing of amplicons, the results 

were compared against GenBank database using the basic local alignment search tools 

(BLAST). The sequence of respective strains was deposited in the National Centre for 

Biotechnology Information (NCBI) database (http://www.ncbi.nlm.nih.gov/BLAST). The 

sequences thus obtained were submitted to the GenBank for their accession numbers. The 

evolutionary relationship of sequences was determined. The Phylogenetic tree was made using 

maximum likelihood from PhyML integrated into Unipro UGENE. 

2.4. Effects of isolated strains on seed germination under drought stress. 

The potential drought-tolerant bacterial strains isolated from the rhizosphere of S. 

acmella Murr. were analyzed on Triticum aestivum L. (commonly known as wheat) for their 

competence to exhibit the plant growth promotion under drought stress. A batch of 50 seeds 

was surface sterilized with 70% ethanol for 1 min and then in sodium hypochlorite for 3 min, 

followed by washing with 70% ethanol for 30 s and finally, washing thrice with autoclaved 

distilled water for 10 min as described earlier [25]. To analyse the surface sterilization, the last 

wash was plated on NAM and incubated at 37°C for 72 h. Bacterial inoculum was prepared by 
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inoculating the bacterial strains in 50 ml nutrient broth media incubated at 37°C until the OD600 

reached 0.1. Then, the surface-sterilized seeds were soaked in 50 ml bacterial culture for 4 h 

followed by treatment with 60% PEG solution and kept at 30°C in Petri plates with moist paper 

for 12 days in BOD incubator. Later the seedlings were analyzed for growth of root and shoot 

length [27]. Seeds without PEG and with 60% PEG were taken as control.  

2.5. Determination of plant growth-promoting traits of the isolates. 

The bacterial strains were further analyzed for in vitro PGP properties like production 

of Indol acetic acid (IAA), hydrogen cyanide (HCN), ammonia and, siderophore as described 

earlier [25]. IAA production in PGPR is a very fruitful activity of this group [28-29]. Its 

production and quantification by phosphate solubilizing bacterial strains were carried out by 

using the Salkowski assay. For this, the bacterial strains were incubated in 2 ml of LB (Luria-

Bertani) broth supplemented with L-tryptophan (200 μg ml-1) and without L-tryptophan at 

30°C in the dark with shaking at 250 rpm for 48 h. After 48 h, the culture was centrifuged at 

6,000 × g for 10 min, and supernatants were obtained. 500 μl of supernatant was mixed with 

500 μl of Salkowski's reagent R1 (FeCl3, 12 gl-1 in 42.9 % v/v H2SO4) and after 20 min 

incubation in the dark, the absorbance at 535 nm was determined. The concentration of IAA 

was determined by standard curves using purified IAA. 

The bacterial strains were also analyzed for their ability to produce hydrogen cyanide 

(HCN) [25]. For this, streaking of bacterial strains was done on modified NAM supplemented 

with glycine (4.4 gl-1). A Whatman filter paper number 1 soaked with Na2CO3 (2%) in picric 

acid solution (0.5%) was placed inside the plate's lid so that it covered the NAM without 

touching the top surface of the growing strains. Parafilm sealed plates were incubated at 30°C 

for 4 days. The development of orange to red color on Whatman filter-paper indicated the 

production of HCN by bacterial strains.  

We also tested the isolated PSB for their ability to produce ammonia. For this, the 

bacterial strains were cultured in 10 ml peptone water (peptone 10 gl-1 in 5 gl-1 NaCl) at 30 °C 

for 72 h. Later on, the addition of 0.5 ml Nessler's reagent was done to the culture, and the 

color change was observed. The transformation of brown to the yellow color indicated the 

ammonia production by the bacterial strains [25]. 

The siderophores production by bacterial strains were analyzed by observing the ability 

of the strains to produce an orange halo zone on Chrome azurol S agar (CAS-agar) media (0.33 

mM Chrome azurol S dye, 2.47 mM FeCl3.6H2O, 0.36 mM N,N,N,N-Cetyl trimethyl 

ammonium bromide, 0.33 mM HCl, 42.23 gl-1 King's B base) as described previously [25]. For 

this, the bacterial strains were inoculated in 5 ml nutrient broth media and incubated at 30°C 

for 24 h. Then, 2 μl of bacterial culture was spotted on CAS-agar media, incubated at 30°C, 

and observed for orange halos forming around the spotted bacterial culture. The size of the 

halos was measured by subtracting the colony diameter from the total diameter. 

The antagonistic activity against phytopathogenic fungi (Rosellinia sp. and Fusarium 

sp.) was also determined as described earlier [25,30]. The Fusarium sp. (ITCC: 6903) was 

obtained from India type culture collection (India Agriculture Research Institute), and 

Rosellinia sp. (HG964402) was obtained from the Department of Biotechnology, Shoolini 

University, Solan. These fungi were grown on potato dextrose agar (PDA) medium, and later 

a fungal disc (4 mm radius) was excised and placed on another PDA media. Bacterial strains 

were streaked on both sides of the fungal disc at a distance of 2 cm away from the fungal disc 

and incubated at 25°C. The percentage zone of inhibition was calculated by (C-T)/ Cx100, 
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where "C" is the average diameter of fungal growth in the control and "T" is the average 

diameter of fungal growth in the treatment. 

2.6. Screening for ACC deaminase activity. 

The drought-tolerant bacterial isolates were screened for ACC deaminase activity on 

Dworkin and Foster (DF) salt minimal medium with ACC as sole nitrogen source [31]. All the 

isolates were cultured in 5 ml of TSB for 24 h with shaking (120 rpm) at 28 °C. The cultures 

were centrifuged at 3,000 g for 5 min. The pellet was washed twice with sterile 0.1 M Tris–

HCl (pH 7.5), resuspended in 1 ml of 0.1 M Tris–HCl (pH 7.5), and spot inoculated on Petri 

plates containing modified DF minimal salts medium [KH2PO4, 4.0 g; Na2HPO4, 6.0 g; MgSO4 

.7H2O, 0.2 g; micro-nutrient solution (FeSO4.7H2O, 1 mg; H3BO3, 10 µg; ZnSO4.7H2O, 70 µg; 

Na2MoO4, 10 µg; MnCl2, 10 µg; CuSO4 50 µg; in distilled water, 1,000 ml] supplemented with 

3 mM ACC as the sole nitrogen source. Plates with (NH4)2SO4 (0.2 % w/v) were used as the 

positive control, and with only DF minimal salts medium without ACC were used as the 

negative control. The plates were incubated at 28 °C for 3 days. The growth of bacterial isolates 

on ACC-supplemented plates was compared with the negative and positive controls. The 

bacterial strains which were able to deaminase ACC were selected based on their growth by 

utilizing ACC.  

2.7. Extraction and purification of exopolysaccharides (EPS). 

The bacterial strains that showed growth in media having 20 % PEG were analyzed for 

EPS production under normal and stressed conditions according to the method given by [9]. 

EPS was extracted from bacterial cultures grown for 72 h in TSB (20 % PEG 6000 was added 

to TSB for inducing the stress). Before centrifugation, highly viscous bacterial cultures were 

diluted by adding 0.85 % KCl. After that, the bacterial cultures were centrifuged (20,000g, 25 

min) and the supernatant was separated. For complete extraction of the EPS the pellet was 

washed twice with 0.85 % KCl. The extraction of intracellular polysaccharides was done by 

testing for the presence of DNA in the supernatant by diphenylamine (DPA) reagent [9]. 

Protein concentration was estimated by Bradford's reagent. The filtration of supernatant was 

done through 0.45 μm syringe filters and dialyzed against water for 18 h at 4°C. The dialysate 

was centrifuged (20,000 g) for 25 min and mixed with 3 volumes of absolute ice-cold ethanol 

and kept overnight at 4°C and then centrifuged (10,000 g, 15 min). The precipitated EPS was 

suspended in water and again dialyzed against water and precipitated as described above. Total 

carbohydrate content in the precipitated EPS was determined as described earlier [9]. The EPS 

solution (0.5 ml) and the phenol solution (0.1 ml) were added to the centrifuge tube and were 

vortexed. Then 0.5 ml of concentrated H2SO4 was added gently along the side of the tube. The 

tubes were then vortex stirred for 5 s and incubated at 22°C for 30 min. followed by cooling 

down to room temperature and measuring absorbance at 490 nm using distilled water as blank. 

2.8. Statistical analysis. 

Statistical analysis was done by using Microsoft office excel 2013. One-way ANOVA 

and Tukey's multiple comparison test and Two-way ANOVA and Bonferroni post-tests were 

used to check the data's significance level. Analysis of the data was carried out using Graphpad 

Prism version 5.02 with a completely randomized analysis of variance (p< 0.05).. 
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3. Results and Discussion 

3.1. Isolation of culturable bacteria exhibiting phosphate solubilization. 

Total 36 rhizospheric soil samples collected from the rhizosphere of S. acmella Murr. 

from Shivalik hills of Himachal Pradesh were serially diluted and plated on NAM plates. After 

24 h of incubation at 37°C, the CFU g-1 of soil was ~ 1 ×108 CFU g-1 on NAM. About 100-150 

colonies from each NAM plate were picked and analyzed for phosphate solubilization by using 

PAM at 30°C for 48 h. After incubation, we found a total of 53 PSB, which exhibited a clear 

halo zone. The representative PSB colonies were purified and preserved for further studies. We 

found that all culturable PSB were Gram-negative, oxidase negative, and catalase-positive.  

3.2. Screening of isolates for drought tolerance. 

Fifty-three PSB isolates from rhizospheric soil of S. acmella Murr. were further 

screened for drought tolerance by analyzing their competence to grow in varying levels of 

polyethylene glycol 6,000 (PEG 6,000) as described in materials and methods. Out of the 53 

isolates, only 9 were able to grow in the presence of PEG (an induced stress condition). These 

isolates showed different levels of stress tolerance ability. We found a decline in optical density 

as PEG concentration was increased from 10 to 50% PEG. The highest drought tolerance 

activity was exhibited by isolate Pa3S3C (50% PEG), Pa2S2E (50% PEG), C3S3P (50% PEG), 

Pa2S2C (50% PEG), C3S3F (50% PEG) followed by H3S3A (40% PEG), C3S3D (30% PEG), 

C3S3G (30% PEG), C3S3E (20% PEG). The results were analyzed by two-way ANOVA 

analysis followed by Bonferroni post-tests (Figure 1). The survival rate of bacterial strains was 

also examined. The growth in control having no PEG is taken as 100%, and growth with PEG 

supplement was calculated with respect to control. We found that strain C3S3G showed 

maximum survival percentage at 10% PEG concentration compared to other strains, but by the 

increase in PEG concentration, it could not persist its growth and perish away at 40 % PEG 

concentration. 

 
Figure 1. Growth of nine rhizobacteria under non-stressed (control) and drought-stressed conditions of different 

PEG concentrations. All the treatments show statistically significant differences in growth under different PEG 

concentrations compared to control (without PEG) at p≤0.05 (Bonferroni test). Columns with a similar letter 

show non-significant results and with different letters show significant results. 
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Table 1. Plant growth-promoting activities of drought-tolerant bacterial isolates from rhizosphere of Spilanthes 

acmella Murr. 
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3.3. Molecular characterization. 

We further went on to identify the bacterial strains using 16S rDNA analysis. The DNA 

was isolated and 16S rDNA gene was amplified by PCR. Amplicons were found to be ~1400 

bp and were identified by sequencing. The sequences thus obtained were submitted to the 

GenBank (Table 1). After BLAST analysis, the 16S rDNA gene sequence of the strains showed 

maximum similarity with the closest-type strains, as shown in Table 1. It was found that the 

rhizobacteria isolated in the present study were Klebsiella pneumonia (MG518361), Klebsiella 

sp. (MG518362), Enterobacter cloacae (MG518363), Enterobacter sp. (MG518364), 

Burkholderia anthina (MG518365), Burkholderia sp. (MG518366), Klebsiella sp. 

(MG518367), Burkholderia anthina (MG518368), Pantoea sp. (MG518369) (Table 1).   

The phylogenetic tree was constructed by using maximum likelihood from PhyML 

integrated into Unipro UGENE. This analysis involved nucleotide sequences of nine strains 

indicating an evolutionary relationship between them (Figure. 2). Bacterial strain Klebsiella sp. 

C3S3P and Klebsiella sp. Pa2S2E shared the same gene pool and were closely related to each 

other. They also clustered with Klebsiella sp. C3S3F. Similarly, Enterobacter sp. Pa2S2C and 

Enterobacter sp. Pa3S3C shared the same gene pool and were closely related to each other. 

Burkholderia sp. C3S3G and Burkholderia C3S3E were also closely related to each other and 

also clustered with Burkholderia sp. C3S3D. 

 
Figure 2. Phylogenetic analysis of bacteria isolated from the rhizospheric soil of Spilanthes acmella Murr. The 

name of the genera is followed by the accession number as indicated in Table 1. Distance is shown with 

numerals. 

3.4. Under drought stress, the isolated strains improved seed germination. 

We found that the germination of wheat seedlings (Triticum aestivum L.) was reduced 

under 60% PEG compared to without PEG (control). We have also observed that isolated 

strains were able to grow under drought stress. So we further analyzed the growth of seedlings 

in PEG 6000 to confirm either isolated strains make them able to grow or not. After 12 days of 

incubation at 30˚C, the different plant growth criteria like shoot-length, root-length, number of 

roots, and number of leaves were analyzed (Figure. 3). We found a significant rise in shoot-

length and root-length of wheat seedlings incubated with different bacteria compared to control 
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seedlings (treated with 60% PEG). A maximum of 1.28-fold rise in shoot length was found in 

the seedlings treated with H3S3A bacteria (Pantoea sp.). Similarly, the root length was 

increased by ~ 1.23 to 2.8-fold compared to control. Around 2.8-fold rise in the root, the length 

was found in seedlings treated with C3S3E strain (Burkholderia sp.) and a minimum 1.23 fold 

increase in the case of Pa2S2E bacteria (Klebsiella sp.). The root and shoot length data were 

analyzed by one-way analysis of variance (ANOVA) and Tukey's multiple comparison test 

(Table 2). In the case of root length, it showed a significant difference between all the 

treatments and control except PEG + Klebsiella sp. vs. PEG + Burkholderia sp., PEG + 

Enterobacter sp. Vs. PEG + Burkholderia anthina. Similarly, in the case of shoot length, a 

significant difference was found between all the treatments and control except PEG vs. PEG + 

Klebsiella sp. and PEG + Enterobacter sp. vs PEG + Burkholderia sp. We further found that 

the seedlings induced drought-stressed treated with the isolated bacterial strains showed higher 

shoot length and root length in comparison to the untreated seedlings, which were only treated 

with 60% PEG (Table 2). 

 
Figure 3. Wheat seedling treated with different bacteria and 60% PEG followed by distilled water. (A) Only 

PEG, (B) PEG+ Klebsiella sp., (C) PEG+ Enterobacter sp., (D) PEG+ Klebsiella pneumoniae, (E) PEG+ 

Enterobacter cloacae, (F) PEG+ Klebsiella sp., (G) PEG+ Burkholderia anthina, (H) PEG+ Burkholderia sp., 

(I) PEG+ Pantoea sp., (J) PEG+ Burkholderia anthina. 

Table 2. Effect of bacterial inoculation on induced drought-stressed wheat seedlings. All the treatments show a 

statistically significant difference in root length and shoot length compared to control seedlings at p≤0.05 

(Tukey's test). Values with different letters are significantly different, and with the same letters are non-

significant. 

Treatment  Shoot length (cm) Root length (cm) Seedling length (cm) No. of 

roots 

No. of 

leaves  

Only PEG 10.5±0.05a 6.5±0.08a 17.03±0.14 5 2 

PEG + Klebsiella sp. 11±0.06b 11.5±0.03b 22.53±0.08 4 2 

PEG + Enterobacter sp. 11.6±0.03c 16±0.08c 27.66±0.12 4 2 

PEG + Klebsiella pneumoniae 10.6±0.03a 11.2±0.08b 21.63±0.12 5 2 

PEG + Enterobacter cloacae 13±0.11e 10.5±0.03e 23.73±0.12 5 2 

PEG + Klebsiella sp. 12±0.05f 8±0.06f 20.06±0.12 4 2 

PEG + Burkholderia anthina 11.3±0.03g 15.8±0.03c 27.16±0.06 5 2 

PEG + Burkholderia sp. 11.7±0.05c 11.6±0.08b 23.23±0.03 4 2 

PEG + Pantoea sp. 13.5±0.08i 17.5±0.03i 31.06±0.12 5 2 

PEG + Burkholderia anthina 12.7±0.03j 18.2±0.03j 30.96±0.03 5 2 
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3.5. Characterization of isolated rhizobacteria for plant growth-promoting traits. 

Rhizospheric bacteria have been shown to exhibit plant growth-promoting traits like 

biofertilizer and biocontrol. Therefore, we tested the biofertilizer and biocontrol of the 

phosphate solubilizing bacterial strains present in the rhizosphere of S. acmella Murr. towards 

plant growth. We analysed the nine isolated strains for exhibiting production of IAA, 

siderophore, HCN and, antifungal activity against Fusarium sp. and Rosellinia sp. The 

production of IAA was observed with or without supplemented with tryptophan. The bacterial 

strains showed a low amount of IAA production without amendment of tryptophan, whereas 

after the amendment of 200 μg/ml tryptophan to the nutrient broth, it enhances IAA production. 

It was observed that the color intensity increased as the concentration of IAA increased in the 

supernatant. With addition of tryptophan maximum IAA production was shown by C3S3P 

strain (~39.76 µg/ml), followed by Pa2S2C (~28.88 µg/ml), C3S3F (~27.25 µg/ml), Pa2S2E 

(~24.72 µg/ml), H3S3A (~23.66 µg/ml), C3S3E (~10.35 µg/ml), Pa3S3C (~10.15 µg/ml), 

C3S3G (~6.8 µg/ml), and C3S3D (~4.13 µg/ml) (Table 1).  

All the isolated strains were positive for ammonia production. They show deep brown 

to yellow color appearance after the addition of Nessler's reagent. Production of HCN by PGPR 

is linked to biocontrol trait. We found that C3S3F, C3S3P, Pa2S2C, C3S3G, C3S3D, C3S3E 

showed orange color on the filter paper carrying picric acid solution indicating their ability to 

produce HCN whereas, Pa3S3C, Pa2S2E, H3S3A did not show any color change (Table 1).  

Furthermore, we tested for siderophore release by bacterial strains and found that media 

carrying CAS dye showed an orange zone by C3S3E, which is of 15 mm size, followed by 

other strains like C3S3D (11 mm), C3S3G (10 mm), Pa2S2E (4 mm), C3S3P (4 mm) and 

Pa2S2C (2 mm) whereas C3S3F, Pa3S3C, and H3S3A did not show any halo zone hence no 

siderophore production. The rhizobacterial isolates' antifungal potential was analyzed on PDA 

plates against Rosellinia sp. and Fusarium sp. (Table 1). In the control experiment (without 

inoculation of isolated strains), fungus showed normal growth, whereas bacteria's application 

restricted the growth of fungus. Maximum zone of inhibition against Rosellinia sp. was shown 

by Pa3S3C (75 %) followed by Pa2S2C (67.50%), Pa2S2E (62.90%), C3S3F (58.33 %), 

C3S3P (58.28%), C3S3E (55.45%) and H3S3A (55.45%), whereas C3S3G and C3S3D were 

unable to restrict the fungal growth (Table 1). In the case of biocontrol activity against 

Fusarium sp., the maximum zone of inhibition was shown by C3S3G (52.06%) followed by 

C3S3E (51.66%) and C3S3D (48.33%). Strains like C3S3F, C3S3P, Pa3S3C, Pa2S2C, 

Pa2S2E, and H3S3A did not show any inhibition toward Fusarium sp. Only the C3S3E 

bacterial strain showed antifungal activity against both the fungi (Table 1). The phylogenetic 

analysis showed that rhizospheric bacterial strains harboring the PGP traits belonged to the 

genus Klebsiella, Enterobacter, Burkholderia, and Pantoea (Table 1). 

All drought tolerant isolates were screened for ACC deaminase activity in which ACC 

was used as a sole nitrogen source. Out of these 9 isolates, we found that 4 isolates (Pa3S3C, 

Pa2S2C, Pa2S2E, and H3S3A) grew on DF minimal salts medium, indicating their ACC 

deaminase activity (Table 1). 

The bacterial isolates that showed ACC deaminase activity were further assessed for 

EPS production under water-stressed (20% PEG) and non-stressed conditions. Strain Pa2S2E 

produced the maximum amount of EPS (33.28±155.79 mg EPS mg-1 protein) under the non-

stressed condition, followed by isolate H3S3A (10.72±13.59 mg EPS mg-1 protein), Pa2S2C 

(7.49±17.99 mg EPS mg-1 protein), and Pa3S3C (6.99±22.22 mg EPS mg-1 protein). Under the 
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drought stress condition, isolate Pa2S2E was the best producer of EPS (17.16±11.37 mg/mg 

protein) followed by Pa3S3C (15.67±19.77 mg EPS mg-1 protein), Pa2S2C (8.41±28.48 mg 

EPS mg-1 protein), and H3S3A (8.40±22.83 mg EPS mg-1 protein) (Table 1).  

3.6. Discussion.  

In the future, there is a great challenge to maintain agricultural productivity due to many 

factors. One of the critical factors is the availability of water. There could be many 

interventions to resolve the issue of the low-availability of irrigation water. In the present study, 

we focused on the microbes of an S. acmella, which can thrive under water stress, isolate strains 

that could help it do so, and help it grow either directly (biofertilizer activity) or indirectly 

(biocontrol activity). Microbes inside the roots or in the rhizospheric region of plants have been 

earlier studied, and the researchers found that the use of PGPR enhanced the growth of plants 

and reduced the effects of drought stress [32, 11-13, 33].  

In this study, 53 phosphate solubilizing bacteria were isolated from the rhizosphere of 

S. acmella Murr.  All the isolates were further screened for drought tolerance by analyzing their 

capability to thrive in the presence of polyethylene glycol 6,000 (PEG 6,000), which is 

supplemented in their growth media. Out of 53 PSB, nine strains were drought tolerant. 

Analysis of the strains' 16S rDNA sequences revealed that the isolates belonged to four 

different genera: Klebsiella, Enterobacter, Burkholderia, and Pantoea. Previously, all these 

genera have been reported to confer biocontrol and biofertilizer properties [34-37]. Some of 

the strains of genus Burkholderia and Pantoea were also described as efficient phosphate 

solubilizers [38. 39, 32]. 

The Enterobacter sp. Pa3S3C isolated in our study exhibited higher drought tolerance 

(50% PEG) as compared with previously reported Enterobacter hormaechei (-0.30 MPa) 

bacterial strain isolated from the plant Setaria italica L. [5]. Previously, reported drought-

resistant Bacillus spp. that exhibited many PGP properties under drought stress, and it 

improved the overall growth of maize plant under drought stress of -0.73 MPa, 25% PEG [40]. 

Three bacterial strains, Pseudomonas putida, Pseudomonas strain GAP-P45, and Bacillus 

megaterium, were isolated from drought soil and were able to encourage plant growth under 

drought conditions [41, 42, 12]. 

Under a drought-stress environment, inoculation of PGPR is the most effective method 

to increase productivity. PGPR produce phytohormones, which ultimately enhance plant 

growth. Production of IAA, an active auxin, by several microorganisms, including PGPR 

through L-tryptophan metabolic pathway, help plant grow [41, 43, 44]. Under osmotic stress 

conditions, the production of IAA by PGPR was considered as a suitable marker for its 

effectiveness to overcome the drought stress [45]. In our study maximum, IAA production was 

seen in C3S3P, i.e., Klebsiella sp. IAA production was also seen in other PSB like Klebsiella 

SN 1.1 and Achromobacter xylosoxidans and [46]. Besides producing phytohormones and 

solubilization of phosphate, we found that strains isolated in our study were also able to 

overcome the impact of pathogenic fungi. These bacterial isolates decreased the normal growth 

of Fusarium sp. and Rosellinia sp. 

To gain further insight into the impact of bacteria on decreasing the water deficiency 

stress, we inoculated the wheat seedlings with bacteria and gave the drought stress to seedlings. 

Impressively, we found that seedlings treated with bacteria showed an increase in growth 

parameters, i.e., shoot and root length compared to the seedlings treated with PEG only. We 

found that the seedling treated with Pantoea sp. showed a 1.28 fold increase in shoot length. 
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Treatment with Burkholderia anthina increased 2.8 fold increase in root length. Similar studies 

were done to analyze the impact of bacteria on the plant's growth. It was reported that 

Burkholderia phytofirmans strain PsJN and Enterobacter sp. strain FD improved the overall 

growth of the plant in drought stress [47-53]. Similarly, under drought stress, an increase in 

plant growth due to PGPR treatment has also been reported in other crops, including Helianthus 

annuus L., Triticum aestivum, Vigna radiata L., Sorghum bicolor [52-55]. Plant growth-

promoting bacteria has also been reported to produce ACC deaminase, which breaks ACC to 

ammonia and α-ketobutyrate [56], thus encouraging root elongation and plant growth 

hydrolyzing ACC from germinating seeds and enhancing the active rhizosphere zone. [57] 

reported that ACC-deaminase produces rhizobacteria to alleviate water-stress impacts in wheat 

(Triticum aestivum L.) plants. 

 In the present study, seven isolates exhibited growth on DF salts minimal medium with 

ACC as a sole nitrogen source. ACC deaminase-producing bacteria are known to protect plants 

from various biotic (bacterial and fungal pathogens) and abiotic stresses (drought, flooding, 

salts, heavy metals) [56, 58]. Therefore, bacteria producing ACC deaminase are important 

components of agriculture in stressed environments. Production of ammonia by bacteria is also 

an important trait as plants use ammonia as a source of nitrogen for their growth [59]. 

Plants treated with EPS-producing bacterial strains display increased resistance to water 

stress. The addition of EPS-producing microorganisms in the drought-stressed soils can 

alleviate stress in the crop plants. The EPS production of isolates was higher under stress than 

under no stress conditions. It increased by increasing stress level, indicating that EPS 

production in bacteria occurs as a response to the stress [12]. In previous studies, drought-

tolerant Pseudomonas sp. were also reported to produce a higher level of EPS under stressed 

conditions than under non-stressed ones, indicating that EPS production in bacteria occurs as 

a stress response [9, 5]. 

Since the strains isolated in the present study were found from a medicinal plant from 

the Himalayan region, these strains could help improve the growth of local crops like wheat, 

maize, peas, and tomato under drought conditions. 

4. Conclusions 

 Since the drought conditions in the future could hit our agriculture practices to a greater 

extent, the strategy to utilize the symbiotic bacteria to mitigate the impact of drought would be 

very useful. These bacterial strains will not only improve the growth of plants but could also 

help in decreasing the effects of phytopathogens. This study has isolated drought-tolerant 

bacteria from the rhizosphere of S. acmella Murr. from the Shivah hills region of Himachal 

Pradesh. These drought-tolerant strains were isolated for the first time from this region, which 

could tolerate the drought stress up to 50% PEG, which is higher than the stress level reported 

in the literature earlier (up to PEG 40%). The improvement in growth towards the drought-

stressed seedlings by these bacteria showed a promising utilization of these strains to decrease 

the impact of drought stress. 
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