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ABSTRACT

Endophytic bacteria reside within plant tissues and are frequently associated with plant growth promotion (PGP). 
The study aimed to isolate and screen endophytic bacteria associated with chickpea plants in heavy metal (HM)-
contaminated agricultural fields. Chromium (Cr) was used as an HM to evaluate its potential to sustain PGP under Cr 
(VI) stress conditions. A total of 15 bacterial strains were isolated and screened for Cr (VI) tolerance, out of which 
two bacterial strains were selected for the production of PGP traits. Basic local alignment search tool alignment of 
16S rRNA gene sequences confirmed the bacterial strains as Serratia spp. strain SMAJ_44 and Enterobacter spp. 
strain SMAJ_47. The IC50 value of Cr (VI) for strains SMAJ_44 and SMAJ_47 was 500 and 270 µM. PGP traits were 
evaluated for both strains; strain SMAJ_47 showed high indole acetic acid production. Our findings indicate that 
both strains exhibited key PGP traits under lower Cr concentrations. In addition, the strains demonstrated tolerance 
to other HMs such as arsenic (As), cadmium (Cd), cobalt (Co), copper (Cu), as well as resilience to salt and drought 
stress. These findings highlight the potential of bacterial strains as bioinoculants for enhancing plant growth and 
supporting sustainable agriculture and bioremediation efforts.

1. INTRODUCTION

Heavy metals (HMs) are typically classified as metallic elements and 
metalloids with high molecular weight and density above 5 g/cm3 [1]. 
In contrast to organic pollutants, HM pollutants cannot be naturally 
eliminated and begin to bioaccumulate in sediments, subsequently 
entering the food chain. In addition, the buildup of potentially 
harmful HMs can adversely affect the physical metabolism, 
activity, biomass, diversity, and composition of plants and microbial 
communities [2]. Chromium (Cr) is toxic to plants, microorganisms, 
and animals at higher concentrations [3,4]. Cr (III) and Cr (VI) 
compounds are classified as Group 3 and Group 1, respectively, by 
the International Agency for Research on Cancer [5]. Sources of 
chromium include both natural processes, such as the weathering of 
parent rocks and volcanic eruptions, and anthropogenic activities, 
including fossil fuel combustion, industrial operations, chromium 
plating, leather tanning, metal fabrication, wood preservatives, pulp 
and paper mills, paints, printing inks, and anti-corrosive materials [6]. 
Among the various forms of chromium (Cr+6, Cr+5, Cr+4, Cr+3, Cr+2, 
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Cr+1, Cr0, Cr−1, and Cr−2), Cr (VI) and Cr (III) are the most stable. 
The excessive accumulation of Cr (VI) in the soil poses significant 
challenges to plant growth and crop productivity [7].

Addressing HM contamination is essential for maintaining agricultural 
soil health, as it directly affects crop growth and productivity. 
Recently, various physical and chemical methods have been employed 
to remediate contaminated soils. While the use of chelators is integral 
to these methods, their excessive application can pollute soil and 
groundwater. In addition, these traditional methods are non-eco-
friendly and expensive and require skilled operators for the machinery 
involved [8]. The use of bacteria in phytoremediation has been widely 
accepted because of their significant impact on plant growth and 
their ability to enhance the remediation efficiency of contaminated 
soils [9]. Plant-microbe interactions are a vital approach to addressing 
HM contamination in soil. Microorganisms such as bacteria, protozoa, 
fungi, and algae inhabit the soil around plant roots, known as the 
rhizosphere. Plant growth-promoting bacteria/rhizobacteria (PGPB/R) 
are also found in the rhizosphere. These PGPBs naturally associate 
with plants in various ways, functioning as free-living, symbiotic, or 
endophytic organisms [10]. Among microbes, metal-resistant plant 
growth-promoting rhizobacteria (PGPR) are promising candidates for 
biofertilization and bioremediation, reducing the reliance on chemical 
fertilizers. Moreover, these microbes can mitigate both abiotic and 
biotic stresses [11]. In addition, certain microorganisms may be crucial 
in the biogeochemical cycling of toxic HMs and the remediation of 
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metal contamination. Numerous studies have investigated the potential 
of microorganisms in mitigating HM contamination, with some yielding 
promising results [12]. PGPR also mitigates salt stress and induces 
drought tolerance in host plants by altering root system architecture, 
ion transport system, aiding osmoregulation, exopolysaccharides (EPS) 
activity, biofilm formation, activating antioxidant defense systems to 
scavenge reactive oxygen species (ROS), reducing lipid peroxidation, 
regulating phytohormones, and transcriptionally regulating host stress-
responsive genes [13,14].

Numerous bacterial genera have been identified as PGPB, 
including Agrobacterium, Alcaligenes, Arthrobacter, Azospirillum, 
Azotobacter, Bacillus, Burkholderia, Clostridium, Enterobacter, 
Klebsiella, Phyllobacterium, Pseudomonas, Rhizobium, Serratia, 
and Xanthomonas [15]. Studies showed that plant growth improves 
under both metal-exposed and unexposed conditions, either through 
biocontrol activities or by enhancing various plant growth promotion 
(PGP) traits such as the production of 1-aminocyclopropane-1-
carboxylate deaminase, hydrogen cyanide, siderophores, indole-3-
acetic acid, nitrogen fixation, ammonia production, and phosphate 
solubilization [16]. Due to the direct and indirect effects of PGPR 
on host plants, they are ideal candidates for commercialization as 
bioinoculants; thereby contributing to the goals of sustainable 
agriculture [17]. However, researchers are actively seeking new 
strains of PGP and biocontrol endophytic bacteria to enhance plant 
growth and reduce reliance on agrochemicals. The utilization of PGP 
endophytes that enhance plant growth and nutrient uptake in nutrient-
deficient conditions represents a significant step toward sustainable 
agriculture. Recent studies have extensively documented the role of 
endophytic bacterial strains in the biofortification of various crop 
plants [18]. Biosorption is a process where living and non-living 
microbial cells, along with cellular products such as polysaccharides, 
are utilized to remove HM ions from aqueous solutions based on 
adsorption principles. This bioremediation technique has garnered 
significant attention in recent years [19]. Numerous microorganisms 
have been genetically engineered to enhance their capacity for HM 
bioremediation. Engineered strains such as Escherichia coli BL21, 
E. coli TOP10, E. coli MC4100, B. subtilis PY79, E. coli BL21 
(DE3), and R. palustris have demonstrated effective bioremediation 
of lead (Pb), cadmium (Cd), copper (Cu), nickel (Ni), arsenic (As), 
and mercury (Hg), respectively [20]. However, concerns regarding 
the accidental release of these modified organisms have limited 
their widespread application [12]. This study aimed to investigate 
endophytic bacteria isolated from the local region of West 
Bengal, India, and to evaluate their PGP attributes under varying 
concentrations of Cr (VI) stress.

2. MATERIALS AND METHODS

2.1. Collection, Isolation, and Maintenance of Endophytic 
Bacteria
Healthy chickpea (Cicer arietinum) plants were collected from an 
agricultural field located near a village area named Krishipally, block 
Santipur, and district Nadia region of West Bengal, India (latitude 23° 
14’ 24.733” N; longitude 88°3’ 25.789” E). The plants were kept in a 
ziplock bag for transport to the laboratory. In the laboratory, the root 
parts were carefully separated from the shoot parts. The plant root 
parts were thoroughly washed with tap water for 5  min, followed 
by three subsequent washes with sterile-distilled water. The nodules 
were carefully excised from the root, followed by washing twice with 
70% ethanol (v/v) for 3 min and then sterilized with 0.1% mercuric 
chloride (w/v) for 2  min. Samples were then finally washed thrice 

using sterile distilled water. After surface sterilization, each nodule 
was placed in a sterile 1.5 mL centrifuge tube, and 500 μL of sterile 
water was added. The nodule was then crushed using an autoclaved 
plastic homogenizer. The 500 μL of nodular sap was serially diluted 
up to 10–4  times, followed by the spreading of 100 µL diluted sap 
on yeast mannitol agar containing Congo red (YMACR) (HiMedia 
M721, India). Further, the plates were incubated at 28 ± 2°C for 24–
48 h. After incubation, the plates were observed for morphologically 
distinct colonies. Fifteen distinct isolates were observed, then carefully 
sub-cultured onto YMACR to obtain pure cultures. Moreover, 25% 
(v/v) glycerol stocks were prepared from fresh overnight cultures for 
long-term storage at −80°C.

2.2. Screening of Chromium-Tolerant Bacteria
Chromium-tolerant endophytic bacteria were screened using the 
gradient Petri plate method [21]. A two-layer agar method was used in 
125 mm square Petri dishes measuring 120 × 120 × 15 mm (Himedia, 
Cat. No. PW050), with a maximum volume capacity of approximately 
216  mL, to create linear gradient plates with increasing chromium 
concentrations. The bottom layer consisted of 100 mL of yeast mannitol 
agar supplemented with 500 µM Cr (VI) (K2Cr2O7), which was allowed 
to solidify in a tilted position to form a slant to ensure even coverage 
across the bottom. Once solidified, the plate was placed horizontally, 
and 100 mL of plain yeast mannitol agar was poured as the top layer. 
The plates were left undisturbed for 12 h at room temperature (~25°C) 
to allow vertical diffusion of Cr (VI) from the bottom layer. This setup 
generated a linear gradient with Cr (VI) concentrations ranging from 0 
to 500 µM along the gradient axis. The plate was divided into six grids, 
where bacterial isolates were spot-inoculated to grow up to the final 
6th grid in the plate gradient assay. In this assay, isolates were inoculated 
onto six successive grids representing increasing concentrations of 
chromium (0–500 µM). Isolates that exhibited visible growth across 
the highest number of grids were considered more tolerant to Cr (VI) 
stress and thus demonstrated superior performance relative to others. 
This method enabled the evaluation of bacterial tolerance to Cr (VI) 
across a gradient of HM stress. Fifteen bacterial isolates were screened 
for Cr (VI) tolerance, of which two exhibited superior performance 
compared to the others. These two isolates were designated as strains 
SMAJ_44 and SMAJ_47 [Figure  1]. Moreover, subsequent detailed 
morphological and biochemical tests were conducted on these two 
strains for their phenotypic characterization according to Bergey’s 
Manual of Determinative Bacteriology [22].

2.3. Molecular Identification of the Bacterial Strains
2.3.1. Genomic DNA extraction
The two bacterial strains SMAJ_44 and SMAJ_47 were grown in 
2 mL yeast mannitol broth (HiMedia M716, India), pH 7.0, followed 
by incubation for 24 h at 28 ± 2°C, with constant shaking at 100 rpm. 
Then the culture was centrifuged at 10,000 × g for 5  min at 4°C 
(Eppendorf Centrifuge 5424R) to obtain the cell pellet, while the 
supernatant was discarded. Genomic DNA was extracted from the 
pellet, using the HiPurA® Bacterial Genomic DNA Purification Kit 
(Himedia MB505, India) [23].

2.3.2. Polymerase chain reaction (PCR) and 16S rDNA 
amplification
For molecular identification and characterization, the genomic DNA 
of two bacterial strains, PCR amplification was performed targeting 
the 16S rRNA gene for molecular identification of the bacterial isolates 
using the universal primers 27F 5’-AGAGTTTGATCGTGGCTCAG-3’ 
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Figure 1: Gradient plate assay with two agar layers containing 
increasing concentrations of Cr (VI) (0–500 µM) to assess bacterial 

tolerance using spot assay.

and 1492R 5’-CGGTTACCTTGTTACGACTT-3’ purchased from IDT 
(Integrated DNA Technologies) [24]. Both the forward and reverse 
primers were added to the 50 µL of reaction mixture containing 1× 
reaction	  buffer including 1.5 mM MgCl2, 0.2 µM of each of the 
forward and reverse primers, 0.2 mM dNTP, 5 µL of the template DNA, 
water to a final volume of 50 μL, and 1.25 U of Taq DNA polymerase. 
The following PCR program was used: An initial denaturation at 
94°C for 5  min, followed by 30  cycles of 94°C for 30 s, 55°C for 
30 s, and 72°C for 60 s, and a final extension at 72°C for 10  min. 
All of the aforementioned chemicals were procured from BioBharati 
LifeScience Pvt. Ltd. (Kolkata, India) [25]. A  sample containing 
sterile water instead of DNA was used as a negative control. The 
PCR reactions were carried out in a T 100™ Thermal cycler (BioRad). 
The size of the amplified products was visualized and determined in 
a 1% agarose gel stained with ethidium bromide in 1× Tris-acetate-
ethylenediaminetetraacetic acid buffer at 75V for 35–40 min and using 
a DNA Ladder (ProxiO 1  kb DNA Ladder plus cat. #93406, SRL). 
The gel images were captured in ultraviolet transillumination with Gel 
Doc™ XR+ imaging system (Bio-Rad, USA) [Figure 2].

2.3.3. Cleanup and purification of the PCR products
PCR products were excised from agarose gels using surgical blades. 
The gel pieces were kept as small as possible to minimize dilution of 
the recovered DNA. PCR products were purified using the Wizard® SV 
Gel and PCR Clean-up System (cat. #A9281, Promega) according to 
the manufacturer’s instructions [26]. The purity of the extracted DNA 
samples was assessed by measuring the A260/A280 absorbance ratio, 
using a Synergy H1 microplate reader (BioTek, USA).

2.3.4. Sequencing and phylogenetic tree construction
The purified PCR products were subsequently sequenced using 
Sanger sequencing (Eurofins Genomics India Pvt. Ltd). PCR product 
sequences were assembled using BioEdit software [27]. The partial 
16S rDNA sequences of the bacterial strains were analyzed using the 
basic local alignment search tool (BLAST) algorithm and compared 
against reference sequences in the NCBI GenBank database for 
identification. Multiple sequence alignments were conducted using 
ClustalW via MEGA 11 software [28]. Phylogenetic dendrograms were 
then constructed using the neighbor-joining (NJ) method based on 16S 

rDNA sequences to calculate evolutionary distances using MEGA 
11 [29,30]. Tree topologies were generated with bootstrap values set 
at 1000 replicates, to achieve consistent reliability estimates for each 
clade, with a cut-off point set at 50% for bootstrap replication. The 16S 
rDNA sequences for bacterial strains SMAJ_44 and SMAJ_47 were 
submitted to the NCBI GenBank and assigned the accession numbers 
PP837545 and PP837546, respectively.

2.4. Screening of Bacterial Strains for Abiotic Stress
2.4.1. Determination of HM tolerance
In this study, five HMs, arsenic (As) as (NaAsO2), cadmium (Cd) 
as (3CdSO4•8H2O), chromium (Cr) as (K₂Cr₂O₇), cobalt (Co) as 
(CoCl2•6H2O), and copper (Cu) as (CuSO4•5H2O), were used to 
evaluate bacterial tolerance. The HM salt solutions were prepared 
by dissolving the respective salts in distilled water, followed by 
filtration using 0.2  µm pore filters. Each metal was supplemented 
at varying concentrations (0–1000 µM, while 0–10 mM for As and 
Cu) in LB broth, pH adjusted to 7.0. A  volume of 5  mL medium 
was inoculated with 50 μL of fresh bacterial suspension equivalent 
to ~108 CFU/mL. The cultures were then incubated at 28 ± 2°C for 
24 h with constant shaking at 100 rpm to assess bacterial growth and 
tolerance. Followed by measuring the optical density (OD) at 600 nm 
using a Synergy H1 microplate reader (BioTek, USA). The minimum 
inhibitory concentration (MIC) was determined based on the lowest 
concentration at which OD600 measurements indicated a 90% reduction 
in bacterial growth compared to the control [31]. The inhibition 
percentage was then determined using the following equation [32,33]. 
To determine the Cr concentration that causes 50% growth inhibition, 
the inhibitory concentration (IC50) was calculated based on bacterial 
growth response [34]. For concentrations where IC50 could not be 
determined from growth inhibition data, GraphPad Prism software 
for nonlinear regression analysis was used for analysis, using four-
parameter logistic and one-phase binding models [35]. Likewise, MIC 
and IC50 for HMs, salt, and drought stress were also determined.

( ) C TGrowth inhibition % 100
C
−

= ×

Figure 2: Agarose gel electrophoresis was performed to analyze the 
16S rRNA gene amplified from bacterial isolates. The PCR-amplified 

products were separated on a 1% agarose gel, and L1 represents the DNA 
ladder, used as a molecular size reference.
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Where C is the OD of the control and T is the OD in the presence 
of HM.

2.4.2. Determination of salt and drought tolerance
The salt tolerance of bacterial strains was evaluated in 5  mL LB 
broth supplemented with NaCl (0–10% w/v). The cultures were then 
incubated at 28 ± 2°C for 24 h with constant shaking at 100 rpm to 
assess bacterial growth and tolerance. Followed by measuring the 
OD600 [36]. The drought tolerance of bacterial strains was assessed 
in LB broth supplemented with varying concentrations of PEG 
6000 (0–50%) to simulate water stress conditions. The cultures were 
then incubated at 28 ± 2°C for 24 h with constant shaking at 100 rpm 
to assess bacterial growth and tolerance. Followed by measuring the 
OD600 [37].

2.5. PGP Characteristics
2.5.1. Quantitative Assay for Indole Acetic Acid (IAA) Production
Indole acetic acid (IAA) production by strains SMAJ_44 and SMAJ_47 
was determined according to Majhi et al. [38] with a few modifications. 
5 mL LB broth was inoculated with a fresh culture (~108 CFU/mL) 
supplemented with 0.1% tryptophan, followed by incubation at 28 ± 
2°C for 24 h at 100 rpm. IAA production was quantified by collecting 
1.5 mL of culture supernatant and mixing it with 1 mL of Salkowski 
reagent. The mixture was incubated for 20 min, and absorbance was 
measured at 530 nm using a spectrophotometer [39,40]. The amount of 
IAA in the supernatant was quantified using a standard curve created 
from IAA standard solutions (0–100 μg/mL).

2.5.2. Quantitative assay for siderophore production
For this purpose, SMAJ_44 and SMAJ_47 strains were grown 
independently in iron-free MM9 medium with modification 
consisting of (g/L) Sucrose; 10.0, KH2PO4; 1.0, K2HPO4; 0.15, 
MgSO4•7H2O; 0.2, NH4SO4; 1.0, PIPES; 3.3, NaCl; 5.0, and 1 mL 
of 100 mM CaCl2 at pH  7.0. For the experiment, 5  mL MM9 
medium amended with Cr (VI) (0–1000 µM) after inoculation was 
incubated for 24 h at 28 ± 2°C, with constant shaking at 100 rpm. 
For estimation of siderophore, MM9 broth was centrifuged at 
10,000 × g for 10  min at 4°C (Eppendorf Centrifuge 5424R) to 
obtain CFS. The CFS was subjected to a quantitative test using the 
CAS shuttle assay [41], where 0.5 mL CFS was added to 0.5 mL of 
CAS reagent, followed by 10 µL of shuttle solution was added and 
incubated for 30 min. After incubation, absorbance was measured 
at 630 nm.

( ) Ar AsPercentage of siderophore units SU 100
Ar
−

= ×

Where Ar is the absorbance of the reference (MM9 medium) at 630 nm 
with CAS reagent, and as is the absorbance of the CFS at 630 nm with 
CAS reagent.

2.5.3. Quantitative assay for ammonia production
Ammonia production was assessed by growing the bacterial strains in 
5 mL of peptone broth supplemented with varying concentrations of 
Cr (VI) (0–1000 µM) at 28 ± 2°C for 24 h. After incubation, Nessler’s 
reagent was added to the bacterial suspension, and the development of 
a yellow to brown coloration was observed as an indicator of ammonia 
production. The microplate method was used to determine ammonia 
production by bacterial strains according to Abdelwahed et al. [42]. 
The absorbance was measured at 450  nm against a standard curve 
of ammonium sulfate to quantify ammonia production by bacterial 
strains.

2.5.4. Determination of phosphate (P)-solubilization index
To determine the P-solubilization ability to solubilize sparingly soluble 
inorganic phosphate, strains were screened for clear phosphate-
solubilizing zones around the colonies after 5 days of incubation at 
28 ± 2°C on the agar plates with NBRIP (National Botanical Research 
Institute’s Phosphate) medium consisting of glucose (10  g/L), 
(NH4)2SO4  (0.1  g/L), MgSO4•7H2O (0.25  g/L), KCl (0.2  g/L), 
MgCl2•6H2O (5.0 g/L), Ca3(PO4)2 (5 g/L) and agar (15 g/L) [43]. The 
diameter of the bacterial colony and the halo zone were measured on 
the 5th day and then were used to evaluate the Phosphate Solubilization 
Index (PSI) according to the equation below [44].

Phosphate Solubilization Index (PSI)
colony diameter  clearing zone diameter

colony diameter
+

=

2.5.5. Production and extraction of EPS
Bacterial strains were cultured in LB broth (50 mL) and incubated at 28 
± 2°C for 24 h. These broth cultures were later centrifuged at 10,000 g 
for 15  min to separate EPS from bacterial biomass. The EPS was 
extracted from the cell-free supernatant by adding ice-cold absolute 
alcohol in the ratio of 1:2 (v/v), and the mixture was stored at 4°C 
overnight for complete precipitation of EPS [45]. The amount of EPS 
was determined using the gravimetric method, where the precipitated 
EPS was collected by centrifugation at 10,000 × g for 10  min to 
obtain a firm pellet. The supernatant was carefully discarded, and the 
resulting pellet was air dried for 1 h and weighed using an analytical 
balance to determine the EPS yield.

2.6. Statistical Analysis
All experiments were conducted in quadruplicate (n = 4), with data 
presented as means, standard deviation, and standard error. Statistical 
analyses were performed using Statistical Package for the Social 
Sciences (SPSS) software version 27 for Windows (SPSS Inc., USA.), 
where an unpaired Student’s t-test was applied to compare differences 
between two groups, and one-way analysis of variance (ANOVA) 
was used to assess significant differences among multiple groups. 
Where a significant difference exists in one-way ANOVA, Tukey’s 
HSD was used to separate and compare means. Differences in means 
were considered significant at P ≤ 0.05. Graphs were generated using 
Microsoft Excel 2013 (Microsoft Corporation, Albuquerque, NM, 
USA), and IC50 was evaluated using GraphPad Prism 9.3.1.

3. RESULTS AND DISCUSSION

3.1. Morphological and Biochemical Characterization
The morphological characteristics of the bacterial strains SMAJ_44 and 
SMAJ_47, derived from chickpea root nodules, were comprehensively 
analyzed in the YMACR plate. Both strains exhibited circular colony 
shapes with entire margins and raised elevations. The pigmentation 
differed, with strain SMAJ_44 displaying reddish-pink colonies, which 
is attributed to the production of prodigiosin, a red-pink secondary 
metabolite which is typically produced by Serratia spp., as reported 
in previous scientific studies [46]. Whereas strain SMAJ_47 exhibited 
peach-pink colored colonies. In terms of optical characteristics, 
strain SMAJ_44 colonies were opaque, in contrast to the translucent 
colonies of strain SMAJ_47. Gram staining revealed that both strains 
were Gram-negative rods arranged singly. Biochemically, both strains 
were catalase positive. However, a distinction was observed in the 
coagulase test, where strain SMAJ_44 was coagulase negative, and 
strain SMAJ_47 was coagulase-positive. Both strains tested negative 
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for the methyl red test and positive for the Voges–Proskauer and citrate 
test, as shown in Table 1.

3.2. Genetic Characterization
The 16S rRNA gene typically spans approximately 1500 base pairs. 
Sequencing results indicated that strains SMAJ_44 and SMAJ_47 had 
nucleotide base sizes ranging from 353 to 394 bp, respectively. The 
BLAST results in Table 2 show that strain SMAJ_44 has a similarity of 
100% with Serratia marcescens AN66. Strain SMAJ_47 had 99.75% 
similarity with Enterobacter mori IRQBAS47. The NJ method was 
used to construct the phylogenetic tree. The phylogenetic tree analysis 
of Serratia spp. SMAJ_44 and Enterobacter spp. SMAJ_47 is shown 
in Figure 3. The SMAJ_44 strain branched in the clade S. marcescens, 
whereas the SMAJ_47 strain branched with the clade E. mori. Bacillus 
cereus, a Gram-positive bacterium, was chosen as the outgroup for the 
phylogenetic tree.

3.3. Determination of MIC and IC50 Values of Bacterial Strains 
under Abiotic Stress
Cr (VI) tolerance was evaluated for both the strains SMAJ_44 and 
SMAJ_47. The effect of Cr (VI) stress was observed for the LB broth. 
From the results, we can see that in both media, strain SMAJ_44 
after 24 h showed higher turbidity compared to strain SMAJ_47 in 
Figure  4a. Likewise, the growth percentage and OD600 value of all 
other abiotic stresses for both the strains SMAJ_44 and SMAJ_47 
are shown in Figure 4b, Figure 5a and b, Figure 6a and b, Figure 7a 
and b, Figure 8a and b, Figure 9a and b, and Figure 10a and b. IC50 

Table 1: Morphological and biochemical characteristics of bacterial isolates.

Morphological and biochemical tests Bacterial strains

SMAJ_44 SMAJ_47

Colony shape Circular Circular

Colony margin Entire Entire

Elevation Raised Raised

Pigmentation Reddish pink Peach pink

Optical characteristics Opaque Translucent

Gram stain ‑ ‑

Cell shape Rod Rod

Cell arrangement Single Single

Catalase + +

Coagulase − +

Methyl red − −

Voges proskauer + +

Citrate + +
+ Positive, −Negative.

Table 3: Minimum inhibitory concentration (MIC) and IC50 values of 
bacterial strains under various abiotic stresses.

Abiotic 
stress

Strain Inhibition 
%

Concentration Estimated 
IC50

MIC

Cr SMAJ_44 57.1 500 µM ~500 µM 700 µM

SMAJ_47 73.03 300 µM ~270.1 
µM

600 µM

Co SMAJ_44 59.66 700 µM ~686.6 
µM

900 µM

SMAJ_47 53.97 600 µM ~600 µM 700 µM

Cd SMAJ_44 53.06 300 µM ~300 µM 600 µM

SMAJ_47 57.30 200 µM ~200 µM 400 µM

Cu SMAJ_44 44.43 4 mM ~4.11 mM 5 mM

SMAJ_47 62.72 4 mM ~3.48 mM 5 mM

As SMAJ_44 80.97 2 mM ~1.33 mM 4 mM

SMAJ_47 73.26 1 mM ~0.65 mM 3 mM

NaCl SMAJ_44 60.23 6 (w/v %) ~5.73 
(w/v %)

8 (w/v 
%)

SMAJ_47 85.82 6 (w/v %) ~4.94 
(w/v %)

8 (w/v 
%)

PEG6000 SMAJ_44 53.95 10 (w/v %) ~10 
(w/v %)

30 (w/v 
%)

SMAJ_47 53.25 5 (w/v %) ~5  
(w/v %)

20 (w/v 
%)

~Approximately.

Table 2: Bacterial strains with their query coverage, top‑hit taxonomy 
(homologous sequence), percent identity, and NCBI accession number.

Strain Query 
coverage (%)

Homology 
with

Percent 
identity (%)

Accession

SMAJ_44 100 Serratia 
marcescens 
AN66

100 PP657487.1

SMAJ_47 100 Enterobacter 
mori 
IRQBAS47

99.75 LC427682.1

for both the strains SMAJ_44 and SMAJ_47 in the LB broth were 
determined to be 500 µM and 270.1 µM, respectively. With increasing 
Cr (VI) stress, the growth percentage of both strains gradually 
decreased. The MIC values for Cr (VI) were 700 µM for strain 
SMAJ_44 and 600 µM for strain SMAJ_47. Similarly, MIC and IC50 
for other HMs (As, Cd, Co, and Cu), salt, and drought stress were also 
determined as shown in Table 3. For metals such as Cd, Cr, and Co, 
the bacterial tolerance threshold was relatively low (up to ~900 µM), 
so concentrations were expressed in µM. In contrast, for metals such 
as As and Cu, the isolates could tolerate much higher concentrations 
(e.g.,  4000–8000 µM). To maintain simplicity, these higher values 
were converted and represented in mM (e.g., 4 mM, 8 mM). Long-term 
HM contamination in soil exerts a selective pressure that favors the 
survival of bacterial species capable of developing resistance to HMs. 
These bacteria can assist plants in mitigating stress and enhancing 
growth and productivity by transforming HMs into less toxic forms 
and altering their availability. A  deeper understanding of bacterial 
resistance mechanisms and their interactions with plants can lead to the 
development of more effective and targeted bioremediation strategies 
for HMs in agricultural settings. These resistance mechanisms, which 
involve complex chemical crosstalk between bacteria and plants, 
include the production of secondary metabolites and other intricate 
processes [47]. In this study, we evaluated the IC50 for both strains in 
the LB broth. As Cr (VI) stress increased, the growth percentage of 
both strains gradually declined. At 700 and 600 µM, strains SMAJ_44 
and SMAJ_47 showed a 90% inhibition [Table 3]. Strain SMAJ_47 
exhibited lower IC50 values under all metal stress conditions, 
including salt and drought stress, indicating lower stress resistance 
compared to strain SMAJ_44. IC50 of NaCl for strains SMAJ_44 and 
SMAJ_47 was 5.73 (w/v %) and 4.94 (w/v %), respectively. Razzaghi 
Komaresofla et al. [48] demonstrated that halotolerant bacteria 
enhance plant growth under salt stress conditions at 200 mM NaCl. 
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Figure 3: Phylogenetic tree illustrating the position of strains SMAJ_44 and SMAJ_47, with a black circle (●). The clades for both strains are highlighted. 
Evolutionary distances were calculated using the maximum composite likelihood, and the topology was inferred using the neighbor-joining method using MEGA 
11. Bootstrap values >50% based on 1000 replicates are indicated as percentages at the nodes of the tree. The scale bar represents 0.05 substitutions per nucleotide 

site. Bacillus cereus was arbitrarily chosen as the outgroup.

Plants exhibit similar responses to drought and salinity due to water 
stress. High soil salinity causes osmotic stress, ion toxicity, nutrient 
imbalance, ROS production, and disrupts photosynthesis. These 
factors negatively impact plant growth, reducing seed germination, 
seedling vigor, flowering, and overall yield [49]. IC50 of PEG6000 
for strains SMAJ_44 and SMAJ_47 was 10 (w/v %) and 5 (w/v %), 

respectively. Uzma et al. [50] conducted a study that demonstrated 
that PGPR with multiple beneficial traits alleviated drought stress 
and enhanced pod length, number of pods per plant, and seed weight 
in inoculated plants compared to controls. Similarly, inoculation 
with drought-tolerant, EPS-producing PGPR led to a 27% and 28% 
increase in root length in wheat varieties [51].
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3.4. Quantification of PGP Traits
3.4.1. IAA production
The PGP traits of bacterial strains SMAJ_44 and SMAJ_47 were 
assessed based on their ability to produce IAA, ammonia, siderophores, 
phosphate solubilization, and EPS production. The results revealed 
that strain SMAJ_47 exhibited significantly higher IAA production, 
1037.69 ± 21.50 (P < 0.001), in comparison to strain SMAJ_44, 
which exhibited 90.78 ± 5.68 µg/mL production, suggesting its greater 

potential in promoting root elongation and plant development. In the 
treatment set for strain SMAJ_47, IAA production at 50 µM Cr (VI) 
showed a significant increase of 1135.94 ± 15.68 (P < 0.001) compared 
to the control 1037.69 ± 21.50 [Table 4]. However, in strain SMAJ_44, 
IAA levels at 0 µM and 50 µM Cr (VI) were comparable (P > 0.05), 
indicating no significant change in response to the Cr (VI) stress. IAA 
is a phytohormone produced by plants and various microorganisms. 
It enhances plant growth and plays a crucial role in the interaction 
between plants and microorganisms [52]. IAA production by bacteria 

Figure 4: (a) Growth response of strains SMAJ_44 and SMAJ_47 in LB broth 
under chromium stress, (b) percentage of growth in LB broth under chromium 
stress. Values are expressed as means ± standard error. Different letters denote 
significant differences between treatments (P < 0.05) according to One-way 

analysis of variance with Tukey’s post hoc multiple comparison test.

a

b

Figure 5: (a) Growth response of strains SMAJ_44 and SMAJ_47 in LB 
broth under cobalt stress, (b) Percentage of growth in LB broth under cobalt 

stress. Values are expressed as means ± standard error. Different letters denote 
significant differences between treatments (P < 0.05) according to One-way 

analysis of variance with Tukey’s post hoc multiple comparison test.

a

b

Figure 6: (a) Growth response of strains SMAJ_44 and SMAJ_47 in LB broth 
under cadmium stress, (b) percentage of growth in LB broth under cadmium 

stress. Values are expressed as means ± standard error. Different letters denote 
significant differences between treatments (P < 0.05) according to One-way 

analysis of variance with Tukey’s post hoc multiple comparison test.

a

b

Figure 7: (a) Growth response of strains SMAJ_44 and SMAJ_47 in LB 
broth under copper stress, (b) Percentage of growth in LB broth under copper 
stress. Values are expressed as means ± standard error. Different letters denote 
significant differences between treatments (P < 0.05) according to One-way 

analysis of variance with Tukey’s post hoc multiple comparison test.

a

b
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Table 4: Plant growth‑promoting (PGP) traits of bacterial strains.

PGP traits Cr (VI) (µM) Strain 
SMAJ_44

Strain 
SMAJ_47

IAA production 
(µg/mL)

0 90.78±5.68d 1037.69±21.50b

50 82.28±1.68d 1135.94±15.68a

 100 82.05±1.16d 289.34±8.40c

200–1000 ‑ ‑

Ammonia 
production (mM)

0 12.38±0.99ab 11.17±0.53abc

50 12.90±1.85a 10.59±0.65bc

100 11.68±0.62ab 5.41±0.58d

200 9.41±0.36c ‑

300–1000 ‑ ‑

Siderophore 
production (%)

0 45.33±1.08a 37.00±2.23b

50 32.99±2.42b 24.73±1.84c

100 11.93±3.44d 8.00±0.73d

200–1000 ‑ ‑
Values represent means of replicates (n=4); mean values  (mean±standard deviation); ‑, 
No production. Different letters denote significant differences between treatments 
(P<0.05) according to One‑way analysis of variance with Tukey’s post hoc multiple 
comparison test.

can vary significantly across different species and strains, and it is 
influenced by factors such as culture conditions, substrate availability, 
and growth stage [53]. The experimental results demonstrated that 
SMAJ_44 and SMAJ_47 strains successfully utilized L-tryptophan 
as a precursor to produce IAA under in vitro conditions. Rizvi 
and Khan [54] reported similar findings that IAA production by 
Pseudomonas aeruginosa decreased with increasing concentrations 
of Cd, Cr, and Cu, ranging from 25 to 400 µg/mL. IAA produced by 

PGPB enhances plant growth and colonization. It was reported that 
bacterial inoculation improved plant growth and physiology, resulting 
in better survival rates, increased root/shoot biomass, and higher 
nutrient content [55]. IAA-producing bacteria promote plant growth, 
as reported by Shahzad et al. [56], demonstrated endophytic bacteria 
significantly increased root and shoot length, fresh and dry weight of 

Figure 8: (a) Growth response of strains SMAJ_44 and SMAJ_47 in LB 
broth under arsenic stress, (b) Percentage of growth in LB broth under arsenic 
stress. Values are expressed as means ± standard error. Different letters denote 
significant differences between treatments (P < 0.05) according to One-way 

analysis of variance with Tukey’s post hoc multiple comparison test.

a

b

Figure 9: (a) Growth response of strains SMAJ_44 and SMAJ_47 in LB 
broth under NaCl stress, (b) Percentage of growth in LB broth under NaCl 

stress. Values are expressed as means ± standard error. Different letters denote 
significant differences between treatments (P < 0.05) according to One-way 

analysis of variance with Tukey’s post hoc multiple comparison test.

a

b

Figure 10: (a) Growth response of strains SMAJ_44 and SMAJ_47 in 
LB broth under PEG6000 stress, (b) Percentage of growth in LB broth 
under PEG6000 stress. Values are expressed as means ± standard error. 

Different letters denote significant differences between treatments 
(P < 0.05) according to One-way analysis of variance with Tukey’s post hoc 

multiple comparison test.

a

b
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Table 5: Phosphate solubilization index (PSI) and exopolysaccharide (EPS) 
production by bacterial strains.

Bacterial strains PSI EPS (g/L)

SMAJ_44 2.73±0.27a 0.60±0.22a

SMAJ_47 3.38±0.28b 0.64±0.76a

Values represent means of replicates (n=4); mean values (mean±standard deviation). 
Different letters denote significant differences between treatments (P<0.05), data 
analyzed using the unpaired Student’s t‑test.

Figure 12: Exopolysaccharides production by bacterial strains SMAJ_44 and 
SMAJ_47 was obtained from 25 mL LB broth.

Figure 11: Phosphate-solubilizing halo zones formed by bacterial strains 
SMAJ_44 and SMAJ_47 on NBRIP agar plates. Sterile LB broth was used as 

a control.

the plant, and chlorophyll content of Oryza sativa compared to the 
control group treated with distilled water and E. coli, which did not 
produce IAA.

3.4.2. Siderophore production
Siderophore production was higher in strain SMAJ_44 (45.33 ± 1.08 
SU) (P < 0.05) than in strain SMAJ_47 (37.00 ± 2.23 SU), suggesting 
a stronger ability to enhance iron availability for plants. At 50 µM Cr 
(VI), strain SMAJ_47 exhibited a significant decrease (P < 0.001) 
in siderophore production, whereas strain SMAJ_44 maintained 
production levels comparable to the control. A  similar pattern of 
tolerance at lower Cr (VI) concentrations was also observed in IAA 
production, where strain SMAJ_44 showed stable output despite the 
Cr (VI) stress. Since iron is often poorly soluble in soil, both plants 
and microorganisms utilize distinct strategies, such as siderophore 
secretion, to increase iron solubility and facilitate uptake. Given that 
both strains demonstrated siderophore production, they hold promise 
for use as bioinoculants with potential biotechnological applications 
in agriculture, particularly in enhancing crop growth and nutrient 
acquisition under iron-limited conditions. It is important to note 
that bacterial growth and siderophore production are influenced by 
various factors, including the type of carbon source (sucrose, fructose, 
glucose, glycerol, mannose, maltose, and xylose) used. Moreover, 
concentrations of metal (Fe3+, Mn2+, Cu2+, and Zn2+), different 
nitrogen sources (asparagine, glutamic, lysine, proline, tyrosine, and 
tryptophan), pH, temperature, and incubation time [57]. This study 
used sucrose as a carbon source to estimate siderophore production 
in MM9 medium. In our study, siderophore production decreased 
as Cr (VI) stress levels increased. Similar findings were reported 
by Shi et al. [58], who demonstrated that at high concentrations 
(1000 μM) of HMs (Cd2+, Cu2+, Mn2+, Ni2+, Pb2+, and Zn2+), total 
siderophore production in P. aeruginosa decreased. Conversely, 
at lower concentrations (200–400 μM), siderophore production 
levels were elevated. Notably, Cu2+ significantly inhibited the total 
siderophore and pyoverdine production in P. aeruginosa. According 
to Braud et al. [59], siderophores such as pyoverdine and pyochelin 
can sequester metals from the extracellular environment of bacteria, 
thereby reducing metal diffusion into the cells. This indicates 
that siderophores may be produced not only for iron acquisition 
but also to sequester toxic metals under certain conditions. In our 
study, siderophore production was significantly inhibited at Cr (VI) 
concentrations exceeding 200 μM [Table 4].

3.4.3. Ammonia production
In terms of ammonia production, no statistically significant difference 
was observed (P > 0.05) in the control set between strain SMAJ_44 
and SMAJ_47. Both strains showed similar capabilities, with strain 
SMAJ_44 producing 12.38 ± 0.99 mM and strain SMAJ_47 producing 
11.17 ± 0.53 mM [Table 4], indicating their role in nitrogen enrichment 
of the soil. However, above 300 μM, the production of ammonia was 
not detected for both strains. These findings indicate a threshold 
beyond which Cr (VI) toxicity adversely affects the functional 
capabilities of beneficial bacteria, limiting their role in alleviating HM 
stress for plants.

3.4.4. P-solubilization index
Phosphate solubilization, a crucial factor for improving phosphorus 
uptake, was slightly more efficient in strain SMAJ_47 showed 
a solubilization index of 2.73 ± 0.27 (P < 0.05) than in strain 
SMAJ_44  (3.38 ± 0.28), as shown in Table  5, highlighting its 
better potential in mobilizing phosphorus [Figure 11]. Phosphate-
solubilizing bacteria (PSB) provide a promising approach to enhance 

phosphorus availability in the soil. Several studies have demonstrated 
the PGP effects of PSB on maize, chickpea, barley, lettuce, and other 
plants [60]. These bacteria serve as a biotechnological alternative to 
chemical fertilizers.

Overall, these findings suggest that both strains exhibit promising 
PGP traits, with strain SMAJ_47 excelling in IAA production and 
phosphate solubilization, whereas strain SMAJ_44 demonstrates 
superior siderophore production, making them potential candidates 
for improving plant growth under nutrient-deficient conditions. At 
concentrations exceeding 300 µM of Cr (VI), PGP production by 
both bacterial strains was significantly inhibited. This reveals that 
higher Cr levels cause significant stress on bacterial metabolism, 
potentially disrupting key pathways involved in ammonia production, 
IAA production, and siderophore secretion. Thus, higher levels of Cr 
may lead to oxidative stress, reduced nutrient uptake efficiency, and 
overall metabolic suppression, thereby reducing the ability of bacteria 
to facilitate plant growth under higher metal-contaminated conditions.
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3.4.5. Production of EPS
PGPB produces EPS and biosurfactants that maintain soil structure and 
fertility, even under HM stress. The polysaccharides and lipopolysaccharides 
in EPS facilitate the removal of metals from rhizospheric soil through 
biosorption, which is mediated by anionic functional groups such as 
phosphate, hydroxyl, succinyl, and uronic acids. These functional groups 
enable EPS to mobilize toxic metals effectively [61]. Serratia spp. and 
Enterobacter spp. have both been previously reported to produce EPS 
[62-67]. Our findings indicate that there was no statistically significant 
difference (P > 0.05) in EPS production between the two bacterial strains 
[Table  5], with strain SMAJ_44 producing 0.60 ± 0.22  g/L and strain 
SMAJ_47 producing 0.64 ± 0.76  g/L [Figure 12], which is beneficial 
for biofilm formation and stress tolerance. These findings suggest our 
bacterial strains can play an important role in sustainable agriculture 
by enhancing soil health, elevating plant stress tolerance, and aiding in 
bioremediation. All these PGP attributes make them a promising tool for 
developing sustainable agriculture systems.

4. CONCLUSION

The two bacterial strains isolated from chickpea root nodules were 
evaluated for their tolerance to HMs including chromium (Cr), 
cadmium (Cd), copper (Cu), cobalt (Co), and arsenic (As), with 
particular emphasis on Cr (VI), as it served as the primary focus of 
this study, under in vitro conditions. The two strains isolated from 
chickpea root nodules demonstrated tolerance to HMs and possessed 
PGP traits, which may enhance the growth and survival of the 
host plant in a nutrient-deficient and abiotic stress environment. 
Strain SMAJ_44 exhibited higher siderophore production, whereas 
strain SMAJ_47 produced higher IAA. However, under higher Cr 
(VI) stress, all PGP traits, such as IAA, ammonia, and siderophore 
production, were not detected. Along with salinity and drought 
stress, HM tolerance is crucial for PGPR to mitigate HM toxicity and 
preserve their PGP traits under HM stress conditions. Utilizing abiotic 
stress-tolerant bacteria that produce PGP traits, as bioinoculants, is 
highly advantageous for boosting crop yield and preserving soil 
fertility in both agricultural fields and tree-based ecosystems in saline, 
drought, and HM-contaminated lands for sustainable agriculture. 
Recent advancements in microbial biotechnology and bacterial 
transformation systems may facilitate the engineering of endophytic 
bacteria to enhance crop benefits. The performance of the inoculant 
could be improved greatly if it could have higher resistance against 
HM stress and abundantly express one or more PGP traits that interact 
synergistically.
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