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Abstract Application of beneficial microbes in soil is an
important avenue to control plant stresses. In this study,
the salinity tolerance of halotolerant bacteria (Bacillus teq-
uilensis) was investigated and the bacterium was inoculated
in the soil to mitigate salinity stress. The results revealed
the highest floc yield and biofilm formation ability of B.
tequilensis at 100 mM NaCl concentration. Fourier trans-
formed infrared spectroscopy depicted the presence of
carbohydrates and proteins which binds with sodium ions
(Na‘*) and provide tolerance against salinity. Using PCR,
plant growth-promoting bacterial genes viz., 1-aminocyclo-
propane-1-carboxylate deaminase and pyrroloquinoline qui-
none were successfully amplified from the genome of B. teg-
uilensis. In the saline soil, B. tequilensis was inoculated and
chickpea plants were grown. The bacterial strain improved
the physiology, biochemistry, and antioxidant enzyme activi-
ties of the chickpea plant under salt stress. Plants inoculated
with B. tequilensis exhibited higher relative water content,
higher photosynthetic pigments, lower levels of hydrogen
peroxide (H,0,) and malondialdehyde, and improved enzy-
matic activity for the scavenging of reactive oxygen species.
The findings of this study suggest the sustainable use of B.
tequilensis to mitigate the salinity stress of chickpea and
other crops. This bacterium not only helps in the alleviation
of the toxic effects of salt but also increases plant growth
along with a reduction in crop losses due to salinity.
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Introduction

Crop production is seriously hindered by the adverse effects
of abiotic and biotic stresses. Plants are immobile and they
are exposed to a range of challenges including water stress,
heavy rains, alkalinity, temperature extremities, metal stress,
nutrient depletion, phytopathogen and insect attacks. Among
many environmental pressures, the extreme availability of
dissolved salts (soil salinity) is one of the most significant
issues, leading to decreased plant growth and compromised
crop yield (Gupta and Pandey 2019). Around 7% of the total
land and 20% of the cultivated area is influenced by salinity.
Plants use a variety of halotolerant mechanisms, such as the
synthesis of polyamine and osmolytes, reduction of reactive
oxygen species, ion transport, antioxidant defense mecha-
nisms and compartmentalization, etc. (Shukla et al. 2012).
The word “rhizobacteria” was first used to describe the
soil bacterial community in 1978 by Kloepper and Schroth.
Rhizobacteria competitively penetrate plant roots, stimulate
growth, and decrease the incidence of plant infections. These
helpful rhizobacteria are referred to as plant growth-promot-
ing rhizobacteria (PGPR) by Kloepper and Schroth (1981).
When growing alongside the host plants, PGPR is an essen-
tial component of the rhizosphere biota that can promote the
growth of the host plant. Due to their high adaptability in
a variety of conditions, rapid growth rate, and biochemical
plasticity to metabolize a wide range of natural and xenobi-
otic substances, PGPRs appear as successful rhizobacteria
in establishing themselves in the soil ecosystems. According
to Cook (2002), PGPR is a crucial part of managing agri-
cultural practices with innate genetic potential. Currently,
the idea of PGPR is only applicable to bacterial strains that
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can meet at least two of the three requirements, i.e., aggres-
sive colonization, plant growth stimulation, and biocontrol
(Weller et al. 2002; Vessey 2003).

Many plant growth promoting rhizobacteria (PGPR)
enhance the growth of plants by minimizing phytopathogens
or by enabling nutrient availability from the surroundings.
PGPR can play a protective role in adverse environmental
conditions such as waterlogging, alkalinity, toxic metals,
and plant pathogens. PGPR also mitigates these stresses by
improving plant growth and development (Tank and Saraf
2010). PGPR promotes phosphate solubilization, IAA pro-
duction, ACC deaminase activity, siderophores production
and NH; production. Bacterial cells release exopolysaccha-
rides (EPS) and reduce ethylene levels through ACC deami-
nase activities to regulate the growth of the plant in response
to severe environmental stresses. A wide range of PGPRs are
being used to enhance growth and development of plants
under both normal and saline conditions, across the globe
(Kumar et al. 2021). Enterobacter sp. has been reported
to alleviate the salinity stress of rice (Sarkar et al. 2018),
while Serratia marcescens, a multi-faceted PGPR, enhances
salt tolerance in wheat (Singh and Jha 2016). Many PGPRs
including Pseudomonas putida, Alcaligenes sp., Klebsiella
sp., and Pseudomonas cedrina have been described to main-
tain their typical salt tolerance characteristics under salin-
ity stress. These traits enable plants to tolerate the adverse
effects of salinity and grow better (Tirry et al. 2021). Bacil-
lus species are halotolerant and they have been reported to
possess growth promoting abilities (Ibarra-Villarreal et al.
2021).

Many scientists are working on the application of PGPR
on chickpea (EI Esawi et al. 2019; Mazumdar et al. 2020;
Laranjeira et al. 2022). Chickpea (Cicer arietinum L.) is a
major pulse crop and a high quality protein source in several
areas of the world. It is a nitrogen-fixing crop and is fre-
quently used as green manure and fodder. The nutritional
profiling of chickpea seeds reveals 20.6% protein content,
2.2% fat content, and 61.2% total carbohydrates (Madurap-
perumage et al. 2021). It is one of the oldest pulses known
and cultivated in both Asia and Europe dating back to
ancient times. Gram is thought to have originated in the
Himalayas or the Mediterranean region. It is currently grown
in Pakistan, Italy, India, Romania, Greece, Russia, North
Africa, Egypt, and several other countries around the world
(Singh and Sood 2020). Chickpea is sensitive to salinity and
saline conditions have a negative impact on chickpea ger-
mination, vegetative growth, and in particular, reproductive
processes (Kotula et al. 2019).

The current study was designed to first time characterize,
identify, and evaluate the effect of a halotolerant B. tequilen-
sis on salinity tolerance and growth promotion of chickpea.
This research will aid in the application of PGPR to improve
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plant tolerance in stressful environments, particularly salin-
ity, and to promote the growth of chickpea plants.

Materials and methods
Selection of PGPR

For the estimation of flocculation yield potential and biofilm
formation ability, the available strain of Bacillus tequilen-
sis was selected. A recent study reported the capability of
this PGPR in phosphorus solubilization and the production
of indole acetic acid, siderophore, HCN, EPS, and ACC-
deaminase (Haroon et al. 2021a). It was isolated from the
halophyte rhizosphere collected from the Khewra salt mine
in Jhelum, Pakistan (Haroon et al. 2021b).

Estimation of bacterial flocculation

To make Tryptic soy broth (TSB) media, 17 g of Tryptone,
3 g of Soy, 5 g of NaCl, 2.5 g of dipotassium phosphate
(K,HPO,), and 2.5 g of glucose were dissolved in 1000 mL
of distilled water and autoclaved. B. tequilensis was cultured
in TSB broth and incubated at 30-35 °C for 4 days. The cul-
ture was filtered, using Whatman filter paper No. 1 and the
collected flocculation was dried by placing it into an oven
for 2 h at 60 °C. The dry weight was recorded and presented
as floc yield (Sadasivan and Neyra 1985).

Biofilm formation

The microtiter plate-based protocol was used to estimate
biofilm formation. For 24 h, B. tequilensis was cultured
in TSB medium, amended with NaCl at 30-35 °C and its
optical density (OD) was adjusted to 0.3 (752 N UV-VIS,
Beijing, China). The bacterial culture (200 mL) was trans-
ferred into the wells of a microtiter plate and incubated at
35-37 °C for 4 days. The growth medium was removed after
4 days and the wells were stained with 0.01% crystal violet
for 20-25 min. The stained biofilm, formed on the walls of
microtiter plate wells was extracted with 95% ethanol and
its OD was recorded at 590 nm (Christensen et al. 1985).

Scanning electron microscopy (SEM) of B. tequilensis
under salinity stress

B. tequilensis was cultured in TSB medium, amended
with 100 mM NaCl, and placed in an incubator shaker for
4 days at 120 rpm. The culture was centrifuged for 10 min
at 5000 rpm and a bacterial pellet was collected. The bacte-
rial cells were treated with 2.5% glutaraldehyde for 5-6 h
at 4 °C and centrifugation at 5000 rpm for 6—8 min. The
pellet was washed for 10 min with 0.1 M sodium cacodylate
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buffer. For post fixation, the sample was treated with 1%
osmium tetraoxide and dehydrated using 35-100% acetone.
The sample was dried for 1-2 h in a critical dryer. Dried
sample was mounted on a stub, sputter coated with gold
and observed under Scanning Electron Microscope (SEM,
JEOLJSM 25910).

Fourier transform infrared spectroscopy (FTIR)

In a previous study, we found that B. tequilensis could pro-
duce exopolysaccharides (EPS) under varying levels of salt
stress (Haroon et al. 2021a). To characterize EPS in this
study, two milligrams of the extracted dried EPS from B.
tequilensis was mixed with 200 mg of potassium bromide
and subjected to FTIR spectroscopy. Functional groups of
EPS were determined in a range of 4000-5000 cm™! (Model
No. FTSW 300 MX, BIO-RAD, California, USA).

Screening of genes conferring PGP traits

Two most important plant growth promoting (PGP) genes, in
bacterial genome were detected by their amplification with
conventional PCR. DNA of B. fequilensis (PCR template)
was isolated (William et al. 2012) and gene specific primers
(Table 1) were used to amplify 1-aminocyclopropane-1-car-
boxylate deaminase (acdS) and pyrroloquinoline quinone
(pqqE) genes. acdS gene enhances plant growth by reducing
ethylene levels (Naing et al. 2021), while pqqE gene encodes
PPQ cofactor for phosphate solubilization (Kim et al. 2003).

Pot experiment
Inoculation and sowing of chickpea seeds

Seeds of Kabuli chickpea variety (Punjab 2008) were
obtained from National agricultural research center (NARC),
Islamabad. Seeds were washed with running tap water,
soaked in 1% sodium hypochlorite (NaOCl) solution for
3 min and rinsed three times with deionized water. Sterilized
seeds were dried on filter paper and nicked with a nail clip-
per. Chickpea seeds were inoculated by soaking in bacterial
culture suspension for 1 h and air dried aseptically in the
laminar air flow. Control seeds were surface sterilized and
immersed in sterilized distilled water only.

Table 1 Primer sequences of selected genes for RT-PCR

Gene name Primer Sequence

AcdS Forward 5'-ATGAAYCTSCARCGHTTY-3'
Reverse 5'“TYARCCGTYSCGRAARRT-3'

PqqE Forward 5'-GARCTGACYTAYCGCTGYCC-3'
Reverse 5-TSAGSAKRARSGCCTGR-3'

Seeds were sown in plastic pots and kept in a controlled
environment in the growth chamber at 20-25 °C, 60% rela-
tive humidity, and a light/dark cycle of 14/10 h. Seven seeds
were planted in each pot, with three replicates for each treat-
ment (Table 2). For three weeks, seedlings were subjected to
saline water, every third day. Pots with control plants were
irrigated with normal water.

Germination rate

Following the protocol of Manmathan and Lapitan (2013),
the germination rate was calculated in percentage after 2 mm
emergence of radicals from the seed.

Plant analysis

The chickpea seedlings were collected three weeks after
planting and their root and shoot lengths were measured by
using a measuring tape. The fresh weight of plants in each
treatment was recorded with the help of a weighing balance.
According to Lutts et al. (1996) electrical conductivity meter
was used to measure electrolyte leakage. Leaf tissue was
removed, and cleaned with deionized water. 1 g of fresh
leaves were dried with filter paper, then cut into little pieces,
placed in 20 mL of deionized water, and incubated at 25 °C
and electrical conductivity (EC1) was measured after 24 h.
The tissues in these samples were autoclaved at 120 °C for
20 min. After samples had reached a temperature of 25 °C,
the ultimate electrical conductivity (EC2) was assessed. The
formula used to express the electrolyte leakage (EL) was
REL=EC1/EC2100.

RWC was assessed by following the method of Whether-
ley (1950). Fresh leaf was taken and weighed as fresh weight
(FW). This leaf was positioned in petri plate filled with dis-
tilled water, overnight, in dark. After 24 h, the leaf turgid
weight (TW) was determined by using sensitive weighing
balance. The leaf was placed at 72 °C in an oven for over-
night and the dry weight (DW) was determined. The seedling
leaves were ground in acetone, centrifuged, and absorbance
of supernatant was measured at 480, 663 and 645 nm using

Table 2 Experimental treatments used in pot experiment

Salinity level Treatment No Seed Treatment

Control (0 mM NacCl) Uninoculated seeds

MPP8 inoculated seeds

Uninoculated seeds
MPP8 inoculated seeds

Uninoculated seeds
MPPS inoculated seeds

Uninoculated seeds
MPPS inoculated seeds

Treatment 1 (T1)
Treatment 2 (T2)
Treatment 3 (T3)
Treatment 4 (T4)
Treatment 5 (T5)
Treatment 6 (T6)
Treatment 7 (T7)
Treatment 8 (T8)

Saline (25 mM NaCl)

Saline (50 mM NaCl)

Saline (100 mM NaCl)
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a spectrophotometer to determine chlorophyll (Porra 2002)
and carotenoid contents (Lichtenthaler and Wellburn 1983).

The procedure outlined by Bates et al. (1973) was used
to determine the proline content. With the help of 2 mL
of 40% methanol, proline was isolated from leaf samples
weighing 100 mg FW. 25 mg of ninhydrin and 1 mL of a
combination of glacial acetic acid and orthophosphoric
acid (6 M) (3: 2, v/v) were added to the extract. The reac-
tion was stopped by placing the tubes in an ice bath after
1 h of incubation at 100 °C, and 5 mL of toluene was then
added. At 520 nm, the absorbance of the upper phase was
measured spectrophotometrically. An established standard
curve was used to estimate the proline content.

The methodology proposed by Hahm et al. (2017)
was used to calculate the total soluble sugar content. In a
glass tube containing 5 ml of warmed 80% (v/v) ethanol,
0.1 g of leaf tissue was homogenized. The aliquots of the
homogenates were transferred to 2 ml centrifuge tubes and
incubated at 80 °C for 30 min. The homogenates were then
centrifuged for 10 min at 4 °C at 16,200 X g and the super-
natants were transferred in 1.5 ml falcon tubes. A standard
calibration curve ranging from 0 to 10 mg of carbohydrate
sugar was used to quantify the total soluble sugar levels
(ug/g FW) and determine the optical density (OD) at a
wavelength of 620 nm.

In 5 mL of potassium phosphate buffer that had been
thoroughly chilled, 500 mg of fresh leaf was thoroughly
ground (50 mM). Following a vortex, the liquid was cen-
trifuged at 12,000 X g for 15 min. The technique suggested
by Giannopolitis and Ries (1977) was used to separate the
extract and measure SOD activity. SOD activity was evalu-
ated using the inhibition of nitroblue tetrazolium (NBT)
photoreduction. The reaction mixture (1 mL) in cuvettes
was exposed to light for 15 min. It consisted of 400 mL
of distilled water, 250 mL of phosphate buffer (pH 7.8;
50 mM), 100 mL of 13 mM L-methionine, 100 mL of 0.1%
v/v triton-X-100, 50 mL of 50 mM NBT, 50 mL of 1.3 mM
riboflavin. SOD enzyme activity per unit was calculated
using the amount of enzyme that inhibited 50% of NBT
photoreduction and the OD of the irradiated aliquot, which
was measured at 560 nm.

The methodology developed by Chance and Maehly
(1955) was applied to identify POD and CAT activities.
0.1 mL of plant extract, 20 mM guaiacol, 40 mM H,0,,
and phosphate buffer were used in the reaction mixture (pH
5.0). At 470 nm, the variations in the reaction mixture’s OD
were noted every 30 s. One unit of POD activity was deter-
mined as a change in OD of the reaction mixture per min-
ute. The reaction mixture (3.0 mL) contains plant extract,
phosphate buffer, and H,0, (0.1 mL). The plant extract was
mixed to start the reaction for CAT activity, and changes in
the reaction mixture’s optical density (OD) were noted at
240 nm every 20 s. The activities of all the three enzymes
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were measured on the basis of total protein measured as
described by Bradford (1976).

Salt tolerance index (STI) of each seedling was calculated
as the ratio of the value for the NaCl-treated seedlings to the
value of the control seedlings.

The Yasin et al. (2018) methodology was used to assess
the malondialdehyde (MDA) activity, and absorbance meas-
urements were made at 532 and 600 nm. By combining 0.2 g
of leaf sample with 5 ml of cold 0.1% trichloroacetic acid,
the generation of H,O, was measured (Loreto and Velikova
2001). A wavelength of 390 nm was used to measure the
absorbance.

Statistical analysis

With three replicates, the experiments were set up in a com-
pletely randomized design (CRD) factorial. The database
of parameters and results was created in MS Excel. Statistix
8.1 was used to perform an analysis of variance (ANOVA)
on the collected data. The statistical significance of treat-
ment mean values was determined using the HSD value of
p <0.05. Principal component analysis (PCA) correlation
was performed using XL-STAT 2021. RStudio was used to
create scatter plots.

Results
Bacterial flocculation

Bacterial flocculation is the aggregation of dispersed bacte-
rial cells into flocs or flakes. Floc yield at varying concen-
trations of NaCl was recorded in mg/L. It was observed that
floc yield increased with increasing concentration of NaCl
and maximum floc yield was observed at 100 mM concentra-
tion of NaCl (Fig. 1A).

Biofilm formation

B. tequilensis was found to be capable of producing biofilm
under varying salinity levels. Biofilm formation increased at
increasing salinity levels and the greatest biofilm was formed
at 100 mM concentration of NaCl (Fig. 1B).

Scanning electron microscopic observation

The scanning electron microscopic photographs under
saline and control conditions were compared. B. tequilen-
sis produced EPS under saline conditions. Under control
conditions, cells were scattered, while these were formed
and aggregated under NaCl stress, by the production of EPS
(Fig. 2).
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Fig. 1 The effect of varying levels of salt on the bacterial floccula-
tion yield (a) and biofilm formation (b). Capped bars above means
represent+ SE of three replicates. Means with different letters varied
significantly from each other and were determined using the HSD
value of p<0.05

Fourier transform infrared spectroscopic (FTIR)
analysis

The main functional groups were successfully identified
by FTIR spectroscopy. FTIR spectrum of B. tequilensis-
EPS revealed characteristic absorption peaks of polysac-
charides. Peak at 3245 cm™! indicated the presence of
hydroxyl groups. As each monosaccharide has more than
one hydroxyl, it confirmed the presence of polysaccharides.
The band at around 1400 cm™! showed C-H stretching and
angular vibration, indicating the presence of carbohydrates.
C-N (aliphatic amines), C-Br (alkyl halide), and C=0

Fig. 2 SEM images of B. teg-
uilensis cells cultured in under
control TSB medium (a) and

NaCl amended TSB media (b)

stretching of carboxylate and amide groups (amide I band)
were represented by the peaks at 664 cm™!, 1085 cm™!, and
1630 cm™!, respectively. The flocculating activity could
be attributed to the presence of hydroxyl, carboxylate and
amino functional groups (Fig. 3).

Screening of genes conferring PGP traits

PCR results revealed the presence of acdS and pqqE genes
in the genome of B. tequilensis (Fig. S1). Presence of these
genes indicated ACC deaminase and phosphate solubilizing
ability of B. tequilensis.

Germination rate

The increasing concentration of NaCl reduced germination
rate of chickpea seeds. Treatment of B. tequilensis displayed
a positive effect and improved germination percentage of
chickpea seeds (Fig. 4A).

Plant analysis

Saline conditions negatively affected the lengths of shoots
and roots of chickpea seedlings. Application of B. tequilen-
sis reduced this effect, significantly. Positive influence of
bacterial inoculation was obvious at all NaCl concentra-
tions (Fig. 4B, C). Soil inoculation of B. tequilensis helped
stressed plants to maintain high fresh weight of seedlings
(Fig. 4D). Salinity stress damaged the seedlings of chickpea
and resulted in the higher leakage of electrolytes. Inocula-
tion of B. fequilensis positively played a role to decrease this
leakage (Fig. 4E). Salinity stress also decreased the relative
water content of leaves. Like other physiological parameters,
the soil application of B. tequilensis helped chickpea seed-
lings to maintain higher RWC and grow better (Fig. 4F).
Inoculation of B. tequilensis also helped plants to main-
tain higher contents of chlorophyll and carotenoids (Fig. SA,
B). Deterioration of these pigments indicates plant damage.
Their higher concentration described less damage to chick-
pea and elaborated the positive influence of B. tequilensis.
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Fig. 3 Fourier transform infrared (FTIR) spectrum of B. tequilensis-
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Total soluble sugar and proline are osmolytes that serve
as antioxidants. They are abundantly accumulated in plants
under stressful conditions. Proline and TSS contents were
estimated in control and treated plants subjected to varying
levels of salinity stress. Both of them were observed to be
increased under bacterial inoculated treatments as compared
to control. The plants treated with PGPR accumulated more
osmolytes under saline conditions as compared to the un-
inoculated ones (Fig. 6).

Salt stress conditions triggered the production of all tested
antioxidant enzymes (SOD, POD and CAT). Interestingly,
the application of B. tequilensis further increased their
concentrations at all salinity levels (Fig. 7). The greatest
salinity-induced increase in SOD, POD, and CAT levels of
chickpea seedlings was observed at 100 mM concentration
of NaCl.

Production of MDA and H,0O, was increased under salin-
ity stress. Increasing salt concentrations resulted in elevated
production of these harmful reactive compounds. Inocula-
tion of soil with B. tequilensis resulted in the decreased
accumulation of both MDA and H,0, at all concentration
of NaCl (Fig. 8). In comparison to the non-inoculated con-
trol, B. tequilensis inoculation significantly increased the salt
tolerance indices of chickpea seedlings (Fig. 9).

Pearson correlation biplot

Positive influence of B. tequilensis inoculation on chickpea
seedlings was confirmed by principal component analysis
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(PCA). Orange dots showed the correlation among dif-
ferent control and treated plants under normal and saline
conditions. Whereas blue dots represented the correlation
among different parameters. The variables that were clus-
tered together in the same quadrant had a positive correla-
tion. Morphological parameters like chlorophyll content and
RWC showed a positive correlation with each other and had
a negative correlation with antioxidant enzymes, osmolytes,
and oxidative compounds (Fig. 10).

Scatter plot

Scatter plot depicted the a correlation among the parameters
under 100 mM of NaCl stress. While a correlation coef-
ficients described the linkage of two variables. The cor-
relation coefficient, larger than zero, indicated a positive
correlation, while a negative correlation was signified by
coefficient values less than zero. The zero value signified
no correlation. In the correlation analysis, we have tried to
disentangle the possible link and relation between different
studied parameters. Correlation coefficients were calculated
for the values of different parameters. Chlorophyll contents,
growth attibutes, RWC, SOD, POD and CAT had a positive
correlation among them but they showed a negative corre-
lation with REL, H,0, and MDA. STI was negatively cor-
related with REL, MDA and H,0, (Fig. S2).

Discussion

Plant growth promoting rhizobacteria (PGPR) play a sig-
nificant role in plant growth, under various stresses (Ullah
et al. 2015). In this study, a PGPR (B. fequilensis) was suc-
cessfully inoculated to mitigate salinity stress of chickpea.
B. tequilensis exhibited bacterial flocculation and biofilm
formation traits. Bacterial flocculation has been directly
related to the production of bacterial exopolysaccharides. It
aids bacterial existence in stressed environments and assists
plants in stress tolerance (Qureshi and Sabri 2012). Exopoly-
saccharides are associated with the formation of a bacterial
biofilm, which facilitates bacterial adhesion on plant roots
(Chen et al. 2013). The mechanism of EPS-mediated ame-
lioration of salt stress in plants has been gradually inves-
tigated in recent years (Abbas et al. 2019). According to
reports, EPS directly affects how well plants tolerate salt
(Liu et al. 2022). Because it may chelate free Na + from the
soil, prevent Na* from entering plants, assist the produc-
tion of biofilms, and improve soil stability, EPS generated
by PGPR under salt stress is essential for plant protection
(Liu et al. 2022). High floc yield protects host plants at
higher salt concentrations (Hong et al. 2017). These find-
ings about enhanced floc yield at different NaCl concen-
trations support a prior study that found that increasing
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the NaCl concentration had an influence on flocculation,
which changed how bacterial strains adhered to one another
(Asmassie et al. 2022). Furthermore, under salt stress con-
ditions, biofilm serves as a barrier between both bacteria
and surroundings and safeguards them, inside the EPS layer.
This study revealed maximum biofilm formation at higher
salt concentrations. Kasim et al. (2016) previously stated
that the increasing concentrations of NaCl enhance the
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formation of biofilms. An essential trait of Bacillus strains
that aids in their resistance to environmental stressors is
biofilm development. The development of bacteria in the
self-secreted matrix for biofilm formation aids their ability
to endure challenging circumstances (Ayaz et al. 2022).
SEM also supported salt-tolerance characteristics of
tested bacteria. Bacterial cells can work together with the
root system of plants to enhance their water retention and
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stress tolerance ability. In the prior study, typical cell struc-
tural alterations and increased aggregation were seen in the
SEM image under stressed conditions, supporting their abil-
ity to adapt to challenging environments (Gunasekaran et al.
2022).

FTIR spectroscopy revealed the presence of hydroxyl,
amino and carboxyl groups, which bind with Na* ions and
provide tolerance against salinity (Watanabe et al. 2003;
Nunkaew et al. 2015; Sultana et al. 2020). In this study,
the amplification of 1-aminocyclopropane-1-carboxylate
deaminase (acdS) and pyrroloquinoline quinone (pqqE)
genes described the growth promoting ability of B. teq-
uilensis. Gene acdS promotes the formation of ammonia
and alpha ketobutyrate from ACC, leading to lower ethylene

production and promoting plant development and growth
(Kang et al. 2019). Gene pqqE is a key element of the PQQE
operon and is engaged in phosphate solubilization (Hayat
et al. 2010; Alyousif 2022).

Inoculation of B. tequilensis improved the physiological
traits of chickpea seedlings, in this study. PGPR has been
described to improve the germination of different plants
(Nelson 2004; Ureche et al. 2021). During salinity stress,
an increase in RWC has also been described earlier (Rak-
shapal et al. 2013). Under the stress condition, electrolytic
discharge such as potassium ions increases by replacing
calcium ions present in the plasma membrane. As a result,
membrane permeability is compromised, resulting in
increased electrolyte efflux within plant cells/tissues (Garg
and Manchanda 2009). The results of our study depicted that
the plants under the influence of B. tequilensis and salinity
stress had low electrolytic leakage in comparison to con-
trol treatments. The findings of the current study showed
that under the salt stress conditions chlorophyll contents
were decreased. This might be because the chlorophyllase
which is salinity stimulated, degrades pigment proteins that
decreases the synthesis of chlorophyll level in plants (Abd
Allah et al. 2018; Petjukevics and Skute 2022). Under salin-
ity stress, carotenoid synthesis was increased in chickpea.
Carotenoids act as antioxidants to manage stressful condi-
tions (El Esawi et al. 2019).

For the stress management, plant growth promoting
rhizobacteria stimulates the production of ROS scaveng-
ing enzymes. In the present investigation, B. tequilensis
increased the production of SOD, POD and CAT, under
the influence of salinity stress. It has been reported earlier
that under the influence of high salt stress, the antioxidant
enzyme activities are enhanced to subsequently eliminate
harmful free radicals (Abd Allah et al. 2018; Rasool et al.
2013). Over the course of their long evolutionary history,
plants have evolved a variety of defence mechanisms to
adapt to various stressful situations, one of which is the
scavenging of ROS by antioxidant enzyme systems, which
is a key strategy to maintain normal plant growth under salt
stress (Wang et al. 2022).

Oxidative damage under stress is indicated by lipid per-
oxidation that is dignified by MDA production in plants. In
the current investigation, it was observed that B. tequilensis
inoculation decreased the production of MDA, even under
varying levels of salinity. The production of H,O, was high
in chickpea seedlings under saline conditions but the inocu-
lation of B. tequilensis stimulated defense mechanism and
lowered its production (Gupta et al. 2017). This study has
linked the bacterial production of exopolysaccharides with
the increased STI of chickpea seedlings. Exopolysaccharides
may alter chickpea rhizosphere by forming a biofilm on the
root surface, resulting in improved water and nutrient avail-
ability (Hussain et al. 2014).
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Conclusion

The goal of this study was to investigate the positive effects
of locally isolated, salt-tolerant PGPR B. fequilensis on the
development of chickpea plants under salinity stress. Hence
it is concluded that, B. tequilensis is a halotolerant PGPR
and its inoculation in soil can promote the growth and devel-
opment of chickpea plant. This bacterium helps plants to
tolerate salinity stress conditions by enhancing the produc-
tion of total soluble sugar, proline and antioxidant enzymes.
Bacillus tequilensis can be used as an excellent biofertilizer
to mitigate salinity stress.
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