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Soil salinity is a major environmental stress that has been negatively affecting
the growth and productivity of rice. However, various salt-resistant plant
growth-promoting rhizobacteria (PGPR) have been known to promote
plant growth and alleviate the damaging effects of salt stress via mitigating
physio-biochemical and molecular characteristics. This study was conducted
to examine the salt stress potential of Bacillus strains identified from harsh
environments of the Qinghai-Tibetan plateau region of China. The Bacillus
strains NMTD17, GBSW22, and FZB42 were screened for their response under
different salt stress conditions (1, 4, 7, 9, 11, 13, and 16%). The screening
analysis revealed strains NMTD17, GBSW22, and FZB42 to be high-salt tolerant,
moderate-salt tolerant, and salt-sensitive, respectively. The NMTD17 strain
produced a strong biofilm, followed by GBSW22 and FZB42. The expression of
salt stress-related genes in selected strains was also analyzed through gPCR
in various salt concentrations. Further, the Bacillus strains were used in pot
experiments to study their growth-promoting ability and antioxidant activities
at various concentrations (0, 100, 150, and 200mmol). The analysis of growth-
promoting traits in rice exhibited that NMTD17 had a highly significant effect
and GSBW?22 had a moderately significant effect in comparison with FZB42.
The highly resistant strain NMTD17 that stably promoted rice plant growth
was further examined for its function in the composition of rhizobacterial
communities. The inoculation of NMTD17 increased the relative abundance
and richness of rhizobacterial species. These outcomes propose that NMTD17
possesses the potential of PGPR traits, antioxidants enzyme activities, and
reshaping the rhizobacterial community that together mitigate the harmful
effects of salinity in rice plants.
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Introduction

Rice (Oryza sativa L.) is a vital staple food and feed crop that
provides nutrition to billions of people around the world. It is
usually cultivated as a staple crop in tropical regions (Abbas et al.,
2019). Soil salinity is one of the major limiting factors of abiotic
stress that decreases rice production. Due to the rising level of soil
salinization, crop productivity is limited in many regions of the
world (Kumar et al., 2020a). Because of salinity stress, plants can
undergo many metabolic, molecular, and physiological changes
(Wang et al., 2019; Kumar et al., 2020b, 2021). Salt stress triggers
ionic toxicity, osmotic stress, ion imbalance, and decreased water
potential, which severely affects plant physiology and metabolism.
It mainly affects physiological, morphological, and biochemical
processes of plant development and growth (Bistgani et al., 2019).
The level of global soil salinization is increasing year by year, and
it is estimated that 50% of agricultural land will be affected by
salinization by 2050 (Ansari et al., 2019).

Salinity stress affects various aspects of plant development that
eventually results in an overall reduction in crop production. For
example, it affects seed germination, plant growth and
development, spike development, and reproductive growth (Ke
etal., 2020; Korenblum et al., 2020). Plant growth and metabolism
are severely affected by salt stress because of ion (Na* and K*)
accumulation. High salt concentrations in soil accumulate
simultaneously as Cl~ and Na'*; nonetheless, their impact differs
(Abbas etal., 2019; Mengistu, 2020). Increased Na* levels alter soil
qualities, such as aeration, water conductivity, and porosity
(Compant et al,, 2019; Mukherjee et al., 2020). In addition, the cell
walls activate osmotic stress and cause cell death in plants with the
increase of sodium ions. The chlorophyll content in the leaf is
reduced by drought and salinity stresses, which results in reducing
the rate of photosynthesis. Stomatal conductance, leaf area, and
photosynthetic efficacy may possibly be disturbed by high salinity
(Stassen et al., 2020; Hassan et al., 2021; Solangi et al., 2021).

For the sustainable development of agriculture, enhancing the
cadmium and salt stress tolerance of plants is therefore of high
practical importance (Ali et al., 2022). To overcome this problem,
chemical fertilizers and pesticides are widely used in modern
agriculture, gradually altering the supply of nutrients, reducing
microbial activity, diversity, and deteriorating soil health (Etesami
and Glick, 2020; Ali et al., 2021a,b). However, in the natural
environment, many microorganisms, including plant growth-
promoting bacteria (PGPB) inhabit plants. Plants are exposed to
billions of microbes in nature, which form colonies and occupy

Abbreviations: ACC, 1-Aminocyclopropane-1-carboxylate; APX, Ascorbate
peroxidase; CAT, Catalase; DCFH-DA, Sichloro-dihydro-fluorescein diacetate;
DEGs, Differentially expressed genes; LB, Luria Bertani; OD, Optical density;
PBS, Phosphate buffered solution; PCoA, Principal coordinate analysis; PCR,
Polymerase chain reaction; PGP, Plant growth promotion; PGPB, Plant growth-
promoting bacteria; PGPR, Plant growth-promoting rhizobacteria; POD,

Peroxidase; ROS, Reactive oxygen species; SOD, Superoxide dismutase.
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various compartments of plants, such as endosphere, rhizoplane,
rhizosphere, and phyllosphere, which are thus regarded as the
secondary genome of plants (Dubey et al., 2019; Kumar et al., 2019).
In general, the interaction between plants and microorganisms in
the rhizosphere/root zone is essential for plant nutrient acquisition,
resistance to various stresses, and plant development (Hubbard
et al,, 2019; Kong et al., 2021). For in-plant resistance to abiotic
stresses, plant relationship with beneficial microorganisms plays an
important role (Liu et al., 2020; Sun et al,, 2021; Ali et al., 2022).
Several studies have evaluated the potential of microorganisms to
enhance the growth of host plants under salt stress. A number of
studies have reported that beneficial plant bacteria have a complex
regulatory mechanism that promote growth and improve host plant
damage to salt stress. Plant growth-promoting rhizobacteria
(PGPR) increase plant development directly or indirectly by
producing traits,  for
1-aminocyclopropane-1-carboxylate (ACC) deaminase production,
and nitrogen fixation (Sarkar et al., 2018; Kumar et al., 2020a).

In addition, rhizosphere bacteria increase plant resistance to

growth-promoting example,

salt stress by controlling the effectiveness of photosynthesis, ion
homeostasis, osmotic regulation, secondary metabolite
accumulation, and plant hormone gene expression signaling
pathways (Hassan et al, 2021; Manghwar et al, 2022).
Furthermore, various plants possess the natural capability to
change soil salinity through metabolism, gene expression, and
signal pathway regulation (Daliakopoulos et al,, 2016). Salt toxicity
is mediated by the formation of antioxidants and the suppression
of the generation of reactive oxygen species (ROS) (Abbas et al.,
2019). In the natural environment, several crops are recurrently
affected by salt stress because it interrupts ecological relations
between plants and microorganisms in the soil and inhibits the
proliferation of microorganisms in the surrounding environment
(Barnawal et al., 2014; Trivedi et al., 2020).

Research has revealed that the bacteria isolated from saline
soil, such as Enterobacter, Pseudomonas, Arthrobacter, Bacillus,
Chryseobacterium, Achromobacter, and Ochrobactrum can
enhance plant growth under saline conditions (Sarkar et al., 2018;
Kumar et al, 2021). PGPR can help crops survive adverse
environments by increasing their development and growth
(Kumar and Verma, 2019; Zubair et al., 2019). PGPR are a unique
set of microbes that settle/colonize the surrounding plant
rhizosphere and promote plant growth in stressful conditions
(Kumar and Verma, 2018; Singh et al., 2020). Plant-microbe
interactions play a vital role in maintaining soil properties,
microbial diversity, and crop productivity under abiotic stresses,
including high salinity (Zubair et al., 2019; Kumar et al., 2020Db).
Several PGPR have been reported worldwide to improve plant
growth and development in salt and natural environments
(Mukherjee et al., 2019).

The current study aimed to conduct genetic screening and
expression analysis to better understand the genetic potential
and physiological characteristics of Bacillus spp., which enable
them to tolerate salt stress. The Bacillus spp. were used in the
present study to evaluate their potential in alleviating the
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unfavorable effects of salt stress in rice plants, which showed
resistance by regulating their metabolic process under salt stress
conditions. The Bacillus strains NMTD17 and GBSW22 were
found to have a significant PGP ability that enhanced growth and
alleviated salt stress on rice plants by regulating salt stress
response and plant growth hormones under stress environment.
Furthermore, the analysis of relative clusters and structural
composition of rhizosphere bacterial clusters through 16S rRNA
gene sequencing revealed that the NMTDI17 inoculation
the of
rhizobacterial species.

increased relative abundance and richness

Materials and methods

Screening of bacterial strains under salt
stress

The Bacillus strains used in this study were isolated in our
laboratory from rhizosphere soil of different plants collected
from the Qinghai-Tibetan Plateau, China (Wu et al., 2019). Four
strains, Bacillus spp. NMTD17, Bacillus safensis GBSW22,
Bacillus pumilus NMSW10, and Bacillus velezensis GBSW11
were tested for their growth promotion and salt resistance
potential along with model biocontrol strain B. velezensis FZB42
as a control on Luria Bertani (LB) agar plates containing various
salt (NaCl) concentrations, i.e., 1, 4, 7, 9, 11, 13, and 16%,
maintained at 37°C for 4 days (d). The selected strains were then
grown in liquid culture to determine their growth pattern via the
spectrophotometer in terms of optical density (ODs) at
different time intervals at 37°C for 4 days. The growth curves at
various time intervals were used to determine the growth
pattern of each strain. The experiment trial was repeated
three times.

Biofilm formation assay under salt stress

The formation of biofilm by microorganisms is an essential
feature from which it is possible to analyze their binding to the
surface of roots for different functions in their community
(Chaves et al,, 2020). The selected strains were grown on LB liquid
culture in order to know the effect of various salt concentrations
on biofilm formation. To achieve an ODgy, = 1.0, 4 pl, the selected
salt-tolerant strains were grown in 20ml flasks at 37°C. Each
bacterial strain was cultured in LB with various salt concentrations,
and the resulting mixture was poured onto cluster plates of costar®
sterile 12-well cell culture. The cluster plates were tightly closed
with parafilm and kept at 37°C for 4days. A confocal laser
scanning microscope (Confocal Microscope Zeiss LSM 780,
Japan) was used to evaluate the influence of various salt
concentrations on the biofilm formation of each strain. Further,
the reactive oxygen species (ROS) were also analyzed under the
same conditions (see details in Supplementary material).
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RNA extraction and qPCR

The RNA isolation kit (OMEGA Bio-tek, Inc. Norcross, GA,
United States) was used to extract the RNA from different
samples as described in (Supplementary material). The sequence
of each gene was taken from NCBI, followed by designing
primers via the primer Quest tool listed in Supplementary Table S1.
The rps] gene was used as a housekeeping gene in Bacillus strains,
as previously used by Zubair et al. (2019). The cDNA of each
sample was used in qPCR to check the gene expression profile.
The expression profile of these genes (Supplementary Table S1)
in salt-tolerant strains was measured through qPCR [Quant
Studio Real-Time Thermocycler (Thermo Fisher Scientific, San
Jose, CA, United States)]. The qPCR was programmed with the
initial temperature of denaturation 95°C for 30s, including
40 cycles of 95°C for 5 and 34 s for 60°C. The relative expression
levels of the genes were calculated by the method of 2744¢T
reported by (Ayaz et al., 2021).

as

Vigor index and root morphology
analysis under salt stress

The effect of salt stress on the germination and growth of rice
seedlings was calculated by measuring the vigor index as the
formula described by Rasul et al. (2019). The seedlings were then
removed from each treatment to measure different root
parameters to study the root morphology. The rhizoscanner
(EPSON Perfection V700 Photo, Epson America, Long Beach,
CA, United States) and WinRHIZO software given by Regent
Instruments Co (Sainte-Foy, Quebec, Canada) were used to
measure root morphological parameters as described by Rasul
etal. (2019). (Detailed description in Supplementary material).

Salt stress alleviation and plant growth
promotion by Bacillus strains

The soil was sterilized at 180°C for 30 min and stored in a
controlled cold room at 4°C for further use. Seven days old rice
seedlings were transplanted into similar-sized pots filled with
sterilized soil and kept in a controlled environment in the
greenhouse. The PGPR cell cultures [NMTD17, GBSW22, and
FZB42 grown overnight to ODg of 1.0 (1x 107 cfu/ml)] were
added into the respective pots. After 1 day, 20 ml salt solutions with
various concentrations (0, 100, 150, and 200 mmol) were applied
to inoculated PGPR strains and un-inoculated only salt in rice
plants. The simple ddH,O was used for plants grown as a control
(CK). Each treatment was performed in triplicate with three rice
seedlings in each pot. After 9days of inoculation, the effect of salt
stress was observed for each treatment. The growth parameters,
i.e., fresh/dry weights were measured, and the root morphological
parameters were analyzed. The data were used as an indication of
growth promotion traits. (See details in Supplementary material).
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Determination of antioxidant enzyme
activity

Various stress response parameters were analyzed for bacterial
inoculated and control plants in the salt stress environments, for
example, catalase (CAT), peroxidase (POD), ascorbate peroxidase
(APX), and superoxide dismutase (SOD) 9 days of post-inoculation
(dpi) followed by the method of Ayaz et al. (2021). Briefly, fresh leaf
samples of 0.3g were ground in a phosphate buffered solution
(PBS) of pH 7.8 and 1 mM EDTA in an ice bath, followed by
centrifugation for 30 min and 12,000 rpm at 4°C. Enzyme extracts
were made from the supernatant using ddH,O as a control. The
absorbance activity was recorded at 240 nm for CAT, 470 nm for
POD, 560 nm for SOD, and 290 nm for APX, and ddH,O was used
asa control. The commercial kit (Nanjing Jiancheng Bioengineering
Institute, China) was used to determine the APX concentrations.

RNA extraction and gene expression
analysis

To find the relative expression of the above salt stress response
parameters, the genes Ossamdc2, Osdreblf, Oserebp2, Oslea3-1,
Oserf104, and Oscyp89¢1, and the actin gene OS03G0836000 were
used. For this, the selected gene sequences were taken from NCBI,
followed by designing primers through the PrimerQuest tool;
primers are listed in Supplementary Table S2. For RNA extraction,
the fresh leaves of plants were harvested from PGPR inoculated
plants grown in a salt environment for 7 days using the TRizole
method. The Applied Biological Materials Inc. (abm®, Beijing,
China) 5x All-In-One RT Master Mix (with AccuRT Genomic
DNA Removal Kit) kit was used for cDNA synthesis. The gPCR was
performed to analyze the expression profile of selected genes in rice
plants through Quant Studio Real-Time Thermocycler (Thermo
Fisher Scientific, San Jose, CA, United States). The PCR machine
was programmed using the following steps: i.e., initial denaturation
at 95°C for 30s, including 40cycles of 95°C for 5s, and 34s at
60°C. Finally, relative quantification was performed according to the
comparative C method of 2744 as described by (Liang et al., 2022).

DNA extraction, 16Sr DNA gene
sequencing, and bioinformatics analyses

Rhizosphere soil samples were collected from PGPR
inoculated and un-inoculated rice plants grown under various
salt treatments (0, 100, 150, and 200 mmol). The genomic DNA
was isolated using the applied protocol TIANamp Soil DNA
Kit [TIANGEN Biotech (Beijing) Co., Ltd.]. The V5-V7
bacterial portions of the 16S rRNA gene were amplified
using  primers  (799F: AACMGGATTAGATACCCKG,
and 1193R: ACGTCATCCCCACCTTCC), as described in
Supplementary material. The refined amplicon was combined in
equimolar amounts and sequenced with an Illumina MiSeq
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platform following paired-end pairing (2x300) according to
Meige Biotechnology Co., Ltd. (Guangzhou, China) standard
protocols (Illumina, San Diego, CA, United States). The fastq-
formatted sequences were processed and analyzed using QIIME2
(ver. 2022.01). Sequence read quality, denoising, and filtering
were examined by following the procedure of Han et al. (2020).
Briefly, fastq-formatted sequences with primers, quality scores
<28, and read length<300bp were removed. The diversity
metrics of within-sample (alpha-diversity; Observed, Shannon,
Chaol, ACE, and Simpson index) and between samples
(B-diversity; Bray-Curtis matrix) were calculated using the R
package vegan (version 2.1). Spearman’s correlation coefficients
were used to find correlations among the bacterial community at
the genus level with growth promotion and plant antioxidant
activity parameters.

Statistical analyses

All the experiments were carried out in a completely
randomized design. The data were expressed in +standard
deviations (SD) of three replicates (n=3). The means were
calculated using Tukey’s HSD test at p<0.05 after
ANOVA. IBM SPSS Statistics 21.0 was used to conduct all
statistical analyses of the data. The graphical illustrations were
made with Origin graphical and analysis software (Version
2022, OriginLab Corporation, MA,
United States).

Northamptom,

Results

Bacterial growth screening under various
salt concentrations

The PGPR strains isolated from harsh environments were
screened for their growth potential under different salt
concentrations (1, 4, 7, 9, 11, 13, and 16%) on LB medium along
with a known salt-sensitive B. venzelisis FZB42 strain. Most of the
strains, including FZB42 and GBSW22 were able to grow on LB
medium containing up to 11% salt concentration. The strain
NMTD17 was able to grow up to 13 and 16%, showing the highest
resistance under salt stress conditions compared to control
(Figure 1). All three strains were then grown in LB liquid medium
containing the same salt concentrations (1-16%) as mentioned
above, and the growth pattern of each strain was evaluated
through ODy, calculation at 600 nm by using a spectrophotometer.
The ODg was calculated at different time intervals, and growth
parameters were noted, which showed that the growth curve for
strain NMTD17 continuously increased in a linear method up to
96h (Figure 1). The salt-tolerant strain NMTD17 exhibited the
highest growth at 16% salt treatment, followed by GBSW22. In
comparison, the growth curve of FZB42 showed a non-significant
growth pattern at 16% post-inoculation up to 96 h.
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FIGURE 1
The Bacillus spp. grown on LB media with salt stress incubated for 96h at 30°C. (A) The growth of strains on solid LB media with different salt
concentrations (a-g represent 1, 4, 7, 9, 11, 13, and 16%, respectively). Each number showing Bacillus strain: (1) CK, (2) FZB42, (3) NMTD17, (4)
GBSW22, (5) NMSW10 and (6) GBSW11. (B) The graphical representation of the optical density of each strain at the same salt concentrations (1 to
16%) at different time intervals measured by spectrophotometer.

Biofilm formation assay under salt stress
and ROS production

The results of the three strains’ biofilm-forming capabilities
under various saline environments (1, 4, 7,9, 11, 13, and 16%) at
37°C with multiple time intervals up to 96h exhibited that all
three strains were able to form the finest biofilm structure up to
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11% salt concentration. However, the potential of FZB42 to make
biofilm at 11% was reduced and finished under high saline
conditions of 13-16% up to 96h (Figure 2A). NMTD17 was
observed to be the strong strain to form biofilm continuously up
to 16% and enclosed the full well surface at 96 h after inoculation,
followed by GBSW22. The strains FZB42 and GBSW22 were
unable to generate appreciable biofilm structure at 16% salt
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concentration at 96h after inoculation. In addition, selected
strains were grown in 16% LB media at 37°C for 4days to
determine their ROS levels. The data showed that salt-tolerant
strains NMTD17 and GBSW22 sustained lower levels of
ROS-stained cells observed under the microscope. Whereas the
strain FZB42 exhibited a considerable rise in the amount of ROS
production when grown in the same conditions (Figure 2B).

Relative expression profiling of predicted
genes through qPCR

The expression profile of important genes involved in salt
resistance was studied in NMTD17, GBSW22 and FZB42 grown
in various salt treatments (1, 7, 11, 13, and 16%) for 4 days. The

10.3389/fpls.2022.994902

results showed a linear up-regulation in the expression of salt-
resistant genes in NMTD17 and GBSW22 as compared with
control. The relative expression of salt-resistant genes in FZB42
was observed up to 11% salt treatment. However, by increasing
saline conditions, i.e., 13 and 16%, FZB42 was unable to exhibit
the expression of salt-resistant genes (Figure 3). The high
expression of selected salt-resistant genes was noticed in
NMTD17 followed by GBSW22 in linear order by increasing salt
treatment from “11% to 13 and 16%. The genes (DegU and DegS)
involved in the signal transduction pathway mitigating stress
response also revealed elevated expression levels for NMTD17
and GBSW22 strains. The responsible superoxide dismutase
genes (SodA and SodB) were noticed to be highly expressed in
respective treatments under saline conditions. The glycine betaine
genes (OpuAC and OpuD) responsible for osmotic stress were

GBSW22 FZB42

NMTD17

N
I
2.
178
Q.
Q|

NMTD17

FIGURE 2

NMTD17 cells produce less ROS (B)

1% 13%

Green Field

The biofilm formation of Bacillus strains grown under different salt conditions (1, 4, 7, 9, 11, 13, and 16%) up to 96h at 37°C. The biofilm formation
ability was observed in selected Bacillus strains (A). The higher amount of green fluorescence in the FZB42 strain cultured for 4days at 37°C
indicates a higher quantity of reactive oxygen species (ROS). When compared to GBSW22 and FZB42, the reduced fluorescence indicates that
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also increased in NMTD17, followed by GBSW22 under salt
conditions. The HPII gene playing an important role in catalase
regulation under saline conditions, was observed to be highly
expressed in NMTD17. The high expression of the ComA gene
involved in quorum-sensing regulation, was also observed in
NMTD17 and GBSW22. The overall results exhibited that all the
selected salt-resistant genes showed a significant relative
expression level in high salt-resistant strains, as shown in

10.3389/fpls.2022.994902

Seedling growth and root morphological
parameters

The inoculation of selected strains promoted seedling
development and root morphological factors under different
saline conditions (0, 100, 150, and 200 mmol). The seedling
growth in vigor index (VI), which is a measure of total
germination (%) and total length of seedlings, which was found

Figure 3. to be highest in rice seedlings treated with NMTD17
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FIGURE 3

to recognize a significant difference at p<0.05 between the treatments.

Relative expression levels of various Bacillus strains grown under salt and normal conditions for 96h. (A) OpuAC, (B) SodB, (C) Degs, (D) DegU,
(E) HPII, (F) OpuD, (G) ComA, and (H) SodA. Vertical bars on graphs indicate the standard deviation of the mean (n=3). Tuckey’'s HSD test was used
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(VI=1,210) under high saline conditions (200 mmol) that was
significantly greater than control, as well as GBSW22 and
FZB42 treatments as shown in Supplementary Figure SI.
Seedlings inoculated with GBSW22 showed moderate VI
(VI=1,157) growth under 200 mmol saline conditions. At
normal condition (0 mmol), the rice seedlings inoculated with
all selected Bacillus strains NMTD17, GBSW22, and FZB42
demonstrated the significant VI (VI=1,211, 1,157, and 1,153
respectively) as compared to control (Supplementary Figure S1).

Furthermore, root morphological analysis revealed that the
root morphological parameters were significantly improved under
control and salt stress treatments when inoculated with selected
strains. However, NMTD17 exhibited the highest impact on
seedling root morphology, such as root volume, area, length,
diameter, and number of root tips under high salt stress
(200 mmol) compared to control seedlings grown under the same
condition. When compared to the control under normal
conditions (0 mmol), seedlings treated with all three bacterial
strains significantly improved root morphological factors
(Supplementary Figure S2).

Furthermore, the seedling and plant root morphology,
including total root length, root tips, volume, diameter, and
surface area were analyzed. PGPR strain NMTD17 increased plant
root morphological parameters by 2-3-fold as compared to
controls plants. Root diameter, surface area, and tips were
increased significantly in the case of NMTD17-inoculated plants,
followed by the plants inoculated with GBSW22 and FZB42
(Supplementary Figure S3). Thus, the strain NMTD17 was found
to be more effective at reducing the risk of high salt stress
treatment (200 mmol) compared to GBSW22 and FZB42.

The growth of rice plants under salt
stress

The plant growth promotion characteristics showed significant
improvements under both normal and salt stress conditions when
inoculated with PGPR strains. As mentioned in above findings,
the strain NMTD17 exerted the highest impact on plant growth
parameters, i.e., plant shoot length and fresh and dry weight were
significantly increased by NMTD17 under salt stress compared to
control plants (Supplementary Figure S4). Plants inoculated with
GBSW22 showed substantial growth improvement as well,
whereas FZB42-inoculated plants were unable to tolerate high salt
stress (200 mmol). In normal conditions, i.e., 0 mmol, the selected
strains significantly enhanced shoot length and fresh and dry
weight of rice plants in comparison to the control. Whereas no
significant difference was found among the selected strains for
different growth-promoting factors. Moreover, the increase in salt
stress condition, i.e., 100—200mmol negatively affected the
growth of un-inoculated rice plants. The NMTD17 presented the
most beneficial effect on rice seedlings by alleviating the negative
effect of increased saline condition. The overall data showed that
the loss caused by salt toxicity in rice plants was observed to
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be alleviated in the presence of selected strains NMTD17 and
GBSW?22 (Supplementary Figure S4).

Antioxidant enzymes activity under salt
stress in rice plants

The increased soil salinity effectively modulates the microbial
community, plant enzyme activity, and soil health. Thus, the
antioxidant activity of different enzymes (POD, CAT, SOD, and
APX) was examined in rice plants grown under different salt
concentrations. The bacterial-inoculated rice plants had higher
POD activity than the control plants under salt treatment. The
POD activity increased by 20.22, 45.35, and 50.45% with FZB42,
GBSW22, and NMTD17, respectively, in salt-stressed plants. It
increased 10.45, 15.39, and 20.85% with FZB42, GBSW22, and
NMTDI17, respectively, in the control plants, as shown in
Supplementary Figure S5a. The inoculated plants exhibited higher
SOD activity as compared to control plants. Compared to control,
the SOD activity was increased by 25.75, 45.46, and 52.68% in
inoculated plants under salt stress, followed by 12.25, 20.65, and
35.34% with FZB42, GBSW22, and NMTD17, respectively, in
control plants without salt stress (Supplementary Figure S5¢). The
activity of CAT was increased due to salt stress in rice plants, and
it was greater under the salt condition as compared to the control.
The plants inoculated with FZB42, GBSW22, and NMTD17
showed higher CAT activity 25.36, 35.75, and 55.57%, respectively,
as compared to control plants followed by 15.65, 18.36, 20.45%,
respectively, compared to control plants as shown in
Supplementary Figure S5b. Similarly, the activity of APX increased
due to salt stress in rice plants, where the inoculated plants showed
higher APX activity as compared to control plants under salt
stress. The APX activity was increased by 45.25, 50.63, and 58.35%
in inoculated plants and 13.36, 15.45, and 19.68% in control plants
FZB42, GBSW22, and NMTD17,
(Supplementary Figure S5d). In general, the results revealed that

for respectively
as the salt concertation was increased in rice plants, the antioxidant
activity was significantly enhanced with bacterial inoculation as
compared to control conditions (Supplementary Figure S5).

Relative gene expression analysis

The relative expression profiling of various differentially
expressed genes (DEGs) related to salt stress, including Ossamdc2,
Osdreblf, Oserebp2, Oslea3-1, Oserfl04, and Oscyp89¢l was
observed to be highly stimulated in inoculated rice plants under
salt stress. We observed that DEG expression levels under various
salt circumstances were not the same as that of the control rice
plants. After salt treatment, the plants treated with the highly
halophilic strain NMTD17 showed the highest up-regulation of
all the six salt stress-responsive genes, followed by GBSW22 and
FZB42 compared to control plants (Figure 4). The 4-5-fold
up-regulation of these genes was found in rice plants inoculated
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with NMTD17 grown under high salt stress conditions as
compared to control plants. In addition, GBSW22 exhibited the
higher expression of these genes, followed by FZB42. It was
observed that the rice plants inoculated with halophilic strains
NMTD17 and GBSW22 showed higher expression of salt stress-
related DEGs under saline conditions, which might play important
roles in rice tolerance to high salinity.

Microbial community associated with
rice rhizosphere

The relative abundance of the dominant bacterial community
in inoculated and non-inoculated rice rhizosphere was determined
using Illumina sequencing and the 16S ribosomal-RNA (rRNA)
sequencing method. At the phylum level, the classification of the
high-quality fragments revealed changes in bacterial communities
among the selected treatments (Figure 5). A total of 28 bacterial
phyla were found across all samples: the twelve with a relative
abundance >1.0%, as shown in Figure 5A. Proteobacteria was the
most prevalent phylum in all treatments, with a relative abundance
of 78.26%, Actinobacteriota 25.94%, Bacteroidetes 7.65%,
Firmicutes 30.22%, and Armatimonadetes 2.33%. Both the
inoculated and un-inoculated rice rhizosphere soils showed that
Proteobacteria was the dominant phylum among all bacterial
communities. In addition, the heatmap was constructed, which
revealed significant differences in relative abundances of taxa
among rice rhizosphere soil samples (Figure 5B). The analysis at
the genus level exhibited that the genera Enhydrobacter, Bacillus,
Hydrocarboniphaga, Brenneria, Macrococcus, Sorangium, and
Caldicellulosiruptor were highly abundant in control. Whereas the
genera Burkholderia, Luteibacter, Bosea, Shimia, Pseudoclavibacter,
Nocardiopsis, Mesorhizobium, Cryocola, Rhodococcus, and
Actintobacter had a high abundance in inoculated followed by
Niastella,
Propionispora in un-inoculated soil. The data revealed that a high

Streptococcus,  Paenibacillus,  Emiticicia, and
abundance of genera was found in inoculated and un-inoculated

rice rhizosphere soil under salt stress as compared to control.

Diversity matrix of bacterial community

The evaluation of the a-diversity of rhizosphere bacterial
community among each treatment showed significant differences
in microbial diversity. The alpha-diversity and beta-diversity, such
as Observed index, Shannon index, Simpson index, Chaol index,
and ACE diversity of the microbial community in rhizosphere soil
isolated from inoculated and un-inoculated treatments were
observed. The outcomes revealed a significant difference in the
microbial community in inoculated, un-inoculated, and control
rhizosphere soils (Figures 6A-E). Significant variances were also
observed for the rhizobacterial community from rice rhizosphere
soil treated with different salt concentrations. These findings
suggested that the rhizospheric bacterial community diversity and
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relative abundance of the bacterial microbiomes within the
rhizosphere might be influenced by salt stress. Besides, in
inoculated rhizosphere soil, the bacterial community increased
due to Bacillus strain NMTD17, which is highly resistant to salt
stress. To validate these outcomes, the Venn diagram was used to
compare and contrast the bacterial communities of all treatments
based on operational taxonomic units (OUTs; Figure 6F). The
overall number of common OTUs was 276, accounting for 48.25%
of all OTUs detected (i.e., 1,375). The shared OTUs indicated that
microbial community existed in all respective treatments.

Principal coordinate analysis (PCoA) and
correlation of bacterial communities
with plant growth promotion

To understand more details, we conducted the Bray—Curtis
distance metrics using principal coordinate analysis (PCoA),
which indicated the differences in microbial communities of
inoculated and un-inoculated rice rhizosphere soil (Figure 7A).
The inoculated and un-inoculated rhizosphere soil in rice showed
a similar microbial community structure. However, the inoculated
rhizosphere soil was separated according to salt concentration
level. The results demonstrated that the samples with an inoculated
and un-inoculated rhizosphere soil were separated as compared
to control due to salt stress, indicating that microbial communities
and structural sequence were different in inoculated and
un-inoculated rhizosphere soil.

The relative abundances of dominating bacteria at the genus
levels were calculated using Spearman’s correlation coefficients,
and growth promotion parameters were identified at the jointing
stage. The dominating bacteria, rice growth and antioxidant
activity displayed a general positive or negative correlation. In
inoculated and un-inoculated rice rhizosphere soil, relative
abundances of Streptococcus, Paenibacillus, Propionispora,
Rhizobium Couchioplanes, and Niastella at the genus level were
positively correlated (p <0.05) with rice growth promotion and
enzymatic activity (Figure 7B).

Discussion

Salinity stress is one of the important abiotic factors affecting
growth and production of crops, including rice, which necessitates
appropriate sustainable agricultural management (Akram et al.,
2019; Kumar et al, 2021). Many plant growth-promoting
rhizosphere bacteria are known to mitigate the hazardous effects
of abiotic stresses, including salinity and heavy metals through a
variety of direct and indirect processes and eventually enhance
crop development and yield (Choudhary, 2012; Hussain et al.,
2019). However, the effectiveness of PGPR in reducing plant salt
stress in plants has yet to be completely investigated. Therefore, in
the present study, the Bacillus strains were screened for salt
tolerance in vitro and the prospective salt-tolerant PGPR strains
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treatments.

with desired traits were then employed in soil-plant systems
under salt stress conditions. The growth curves at different time
intervals up to 96 h of growth indicate the high potential of these
strains against salt stress (Figure 1). Among these, the NMTD17
strain exhibited a higher potential to grow at a high salt
concentration (16%) as compared to GBSW22 and FZB42.
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Previously reported PGPR strain FZB42 was also used that could
effectively grow up to 11% at salt stress conditions but failed to
grow as the concentration was increased from 13 to 16% (Wu
etal., 2019).

The role of PGPR in biofilm formation in rhizosphere soil and
root surface colonization is being increasingly recognized as a key
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feature for successful survival mechanisms (Ansari and Ahmad,
2018; Abbas et al., 2019). Biofilm is a collection of bacteria in a
self-secreted environment that allows bacterial colonies to exist
and produce secondary metabolites in extreme environments
(Marsden et al,, 2017). After 4days’ inoculation in LB media, the
maximum biofilm formation was found in NMTD17 under salt
stress, whereas GBSW22 and FZB42 developed biofilm structures
up to 11% saline condition, and it lost biofilm ability as the salt
concentration was raised from 13 to 16% (Figure 2A). Research
has reported that bacterial biofilm structures are distorted under
stress (Feldman et al., 2016), but there is very little evidence of
biofilm development under severe salt stress conditions. The
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halophilic PGPR strains employed in the present study exhibited
a unique biofilm-forming ability that allows them to persist and
generate the essential metabolites under salt stress. This
characteristic is related to the bacterial ability to colonize plant
roots and help them cope with salt stress. In addition, ROS are
dominant free oxy-radicals that can be generated in response to
biotic and abiotic stresses (Ramu et al., 2016; Ayaz et al., 2021).
The selected bacterial strains were cultured under salt conditions
for 96 h. The salt-sensitive strain FZB42 produced the high ROS,
as demonstrated by green fluorescence emitted by the bacterial
cells, showing a higher level of cellular disruption (Figure 2). In
contrast, the NMTD17 and GBSW22 strains produced the least
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ROS labeled cells, showing that these strains can withstand salt
stress agreeing to (Zubair et al., 2019).

Furthermore, important genes involved in membrane
transport, lipid metabolism, fatty acid regulation, and cell
signaling, as well as those involved in combating salt stress
were analyzed to compare their expression in FZB42,
GBSW22, and NMTD17. The following genetic characteristics
have a significant influence on abiotic stress tolerance in
bacteria that have already been examined (Allen et al., 2009;
Zubair et al,, 2019). Under salt treatments, the expression level
of genes associated with salt stress tolerance in all three
Bacillus strains revealed an up-regulation of selected genes in
PGPR strain NMTD17 and GBSW22, which might be a key
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cause of growth capacity to survive in high salinity conditions.
The expression of all these genes decreased in FZB42 as salt
concentration was increased, which might be the reason for its
inability to survive in high salt concentrations. The expression
level of the quorum-sensing regulator gene ComA, which acts
as a transcriptional activator for several significant
physiological responses in bacteria, also helps salt-tolerant
strains survive under salt stress conditions (Dogsa et al.,
2014). The signal transduction pathway genes (DesS and
DegU) had higher expression levels in NMTD17 and GBSW22,
suggesting that these genes can change the response to abiotic
stress or a changing environment. This is consistent with the

previous finding that these genes play a significant role in the
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Bacillus Pumilus 7P strain under salt stress (Helmann et al.,
2003). When these genes are overexpressed in NMTD17 and
GBSW22, the strains are better able to perceive and detect the
salt stress signal, but FZB42 only minimally increases the
expression of these genes growing under high salt stress
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conditions. Glycine betaine encoding genes (OpuD and
OpuAC) are key osmo-protectants and are involved in osmotic
stress management. In NMTD17, the OpuAC gene revealed
the greatest expression level (4-fold), followed by GBSW22
(Figure 3). Our results are agreeing by the fact that these
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transcription features are active in response to abiotic stress
(Helmann et al., 2003).

We also analyzed different plant growth attributes, such as
root length, dry weight, fresh weight, height, antioxidant enzymes,
and microbial quantity. In general, plant growth characteristics
reduced as the salt concentration in control plants was increased.
However, compared with the control, the plant growth attributes
of the
(Supplementary Figure S4), as supported by (Zhang et al., 2018;

inoculated plants were significantly enhanced
Ansari et al., 2019). Salt stress has been linked to an imbalance in
plant nutrition and osmosis, resulting in lower growth and
photosynthesis (Khan et al., 2019). The application of the Bacillus
NMTD17 strain proved that it could restore normal physiological
characteristics more effectively, followed by GBSW22 and FZB42
as compared to control in rice plants under salt stress. Similarly,
Zhang et al. (2018) described the restoration of plant physiological
functions through bacterial inoculation.

The use of PGPR to enhance plant development has received
much attention because PGPR can help plants grow better under
stress conditions (Etesami and Maheshwari, 2018; Li et al., 2020).
Inoculating Pseudomonas sp. into pea plants under drought stress
has been observed to promote the development of pea plants
(Sarkar et al., 2018). Similarly, in the present study, the PGPR
Bacillus strains NMTD17 and GBSW22 improved rice plant
development under salt stress via increasing seed vigor index
(Supplementary Figures S1, S2). Under normal conditions, the
selected PGPR strains showed the highest results for all seedling
growth promotion factors, but this is the first report of the FZB42
strain having no significant effect on plant development when
exposed to high salt (200 mmol). However, it is well proven that
Pseudomonas and Bacillus strains have a favorable influence on
seedling and young plant vigor index and root morphological
characteristics (Rasul et al., 2019; Kumar et al., 2021). However,
we found a significant difference in the root morphological and
vigor index factors of rice seedlings and rice plants under salt
stress after inoculation with highly halophilic Bacillus strains
NMTD17 and GBSW22. The fresh and dry weight of root and
shoot length of inoculated plants increased significantly under salt
stress when compared to control plants (Supplementary Figure S3),
which is in accordance with (Ansari and Ahmad, 2018; Abbas
etal., 2019).

The outcomes of this investigation clearly reveal that plants
treated with Bacillus strains have significantly increased the
activity of antioxidant enzymes (Supplementary Figure S5). Under
salinity stress, the studies have discovered that bacterially
inoculated plants have higher antioxidant enzyme activity (CAT,
SOD, POD, and APX) than control plants (Narayanasamy et al.,
2020; Kumar et al,, 2021). The findings of this study demonstrate
that as the concentration of NaCl in rice plants increased,
antioxidative enzyme activities like CAT and SOD were also
increased (Numan et al., 2018; Mubeen et al., 2022). Increased
NaCl content was closely associated with higher antioxidant
enzyme activity in rice (Khan et al., 2017; Numan et al., 2018).
Plants have evolved an enzymatic defense mechanism to alleviate
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the effects of salt stress. The findings imply that at greater NaCl
doses, increased antioxidant activity is necessary to protect plants
from oxidative stress caused by salt stress (Li et al., 2020).

Furthermore, stress-related genes were also studied to explain
the improved resistance to salt stress. Using qRT-PCR,
we confirmed the expression levels of six genes, including
Ossamdc2, Osdreblf, Oserebp2, Oslea3-1, Oserf104, and Oscyp89¢1
(Figure 4). The NMTD17 and GSW22 strains upregulated the
expression levels of Oscyp89¢I and Oserfl104 genes, which are
members of the CPY and ERF families and may be crucial in
stress-related responses (Yao et al., 2018; Yu et al., 2018; Zhang
et al., 2020). Through binding to the DRE/CRT element (G/
ACCGAQ), the transcription factor gene OsdrebIfhas been found
to increase rice salt tolerance by promoting the expression of
many stress-related genes (Wang et al., 2008). A transcription
factor that regulates a receptor-like kinase gene Oserebp2, which
is a negative regulator of the NaCl stress response, was found to
be involved in rice NaCl tolerance (Serra et al, 2013).
S-adenosylmethionine decarboxylase and stress-induced protein
kinase genes were encoded by Ossamdc2. The ROS scavenging
pathway of these genes was postulated to be implicated in rice salt
tolerance (Ouyang et al., 2010; Shah et al., 2021). The relative
expression level further supports our findings that Bacillus strains
have the ability to regulate the genes mentioned above under salt
stress. We confirm that the Bacillus strains NMTD17 and GSW22
can alleviate salt toxicity in rice by owning genes that also improve
growth and regulate the expression level of stress-responsive genes
and improve plant development under salt stress.

Numerous studies have shown that the PGPR application can
strongly impact the bacterial community (Song et al., 2021). In
the
Bacteroidetes, Firmicutes, Armatimonadetes, Chloroflexi, and

the current study, Proteobacteria, Actinobacteriota,
Acidobacteriia were the dominant microbial communities in the
rice rhizosphere soil (Figure 5), which is consistent with earlier
findings (Chen et al., 2021a,b). Our findings revealed that PGPR
inoculation could change the rhizobacterial communities
(Figure 6), which agree with the previous study (Hu et al., 2020).
The rhizobacterial populations were changed after the inoculation
of PGPR. The differences in rhizobacterial communities between
the inoculated and non-inoculated treatments as well as control,
were correlated to growth promotion in a linear method
(Figure 7). As a result, the PGPR effect on rhizobacterial
populations was typically beneficial to plants, as demonstrated by
earlier investigations (Li et al., 2021; Taye et al., 2022). At the
genus level, Streptococcus, Paenibacillus, Propionispora Rhizobium
Couchioplanes, and Niastella showed higher abundance following
PGPR inoculation. According to previous research, these taxa
were favorably correlated with growth traits and antioxidant
activities (Chen et al., 2021b). These bacterial communities are
common in plant rhizosphere soil and have the ability to improve
plant growth (Kielak et al., 2016; Gu et al., 2020; Chen et al.,
2021a). Bacillus is the most common member of the Bacilli class
that has long been employed in microbial fertilizers to boost crop
growth and disease resistance (Ali et al., 2021c). Plants have been
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shown to be protected from abiotic conditions (including cold,
salt, and drought) and to have improved nutrition, vigor, and
yield when inoculated with Arthrobacter and Bacillus (Krishnan
etal, 2016; Zubair et al., 2019). These findings imply that PGPR
inoculation can lead to rhizosphere communities with other
beneficial microorganisms (Li et al., 2021).

Conclusion

The current study discovered that biofilm-forming Bacillus
strains are resistant to salt stress and have a variety of biological
and physiological features that help them cope with salt stress. In
comparison to control plants, those treated with bacteria (Bacillus
strains NMTD17 and GBSW22) demonstrated higher rice plant
growth and antioxidant enzyme activity. Biochemical and
physiological characteristics were also discovered to play a
significant role as a marker of salt stress and can be utilized to
determine the efficacy of new bacterial inoculants. Furthermore,
inoculation of PGPR strain NMTD17 improved species richness
and rhizobacterial abundance, as well as enriched the relative
abundances of beneficial bacteria in rice rhizosphere soil.
Furthermore, the beneficial effects of Bacillus strains in saline
environments must be tested in large-scale field trials before they
can be used in sustainable agriculture.
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