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Abstract

Salinity stress is a major environmental factor that poses a significant constraint to plant growth, threatening agricultural
productivity and sustainability. This study investigated the potential of halotolerant bacteria, isolated from the rhizosphere
of wild halotolerant plants in Turkey’s Salt Lake basin, to enhance salt stress tolerance in maize (Zea mays L.). The rhizo-
spheres of 17 different wild halotolerant plants were selected for bacterial isolation, resulting in the identification of 22
halotolerant bacteria using 16S rRNA sequence analysis. Among these, 19 isolates were found to possess positive activity
for 1-aminocyclopropane-1-carboxylate (ACC) deaminase and nitrogen fixation. When the maize seeds inoculated with
these 19 isolates were grown under normal conditions, four isolates—TG-4 (Halomonas arcis), TG-8 (Marinococcus tari-
gensis), TG-12 (Halobacillus dabanensis), and TG-20 (Halomonas eurihalina)-significantly stimulated seedling growth
and development. To evaluate the effect of these four isolates on salt tolerance, inoculated seeds were grown under various
salt conditions (0.0, 75, 150, and 250 mM NaCl). The responses of plants to salt stress were analyzed by evaluating growth
parameters, membrane damage, photosynthetic pigment and proline content, reactive oxygen species and lipid peroxidation
levels, and antioxidant enzyme activities. According to the parameters, the results indicated that TG-4, TG-8, and TG-12, in
particular, have the potential to function as plant growth-promoting rhizobacteria and effectively enhance salt stress tolerance
in the maize seedlings. Overall, this research highlights the potential of halotolerant bacteria to improve salt stress tolerance in
maize plants through multifaceted mechanisms, offering valuable insights for sustainable agriculture in saline environments.

Keywords Maize - Rhizosphere - Antioxidant enzyme - Halotolerant bacteria - Halophyte - Salt stress

Introduction

Agricultural production is increasingly failing to meet the
nutritional needs of the growing global population, and
this gap is expected to widen in the future (Shabaan et al.
2022). Soil salinity, a significant abiotic stress factor limit-
ing crop growth and productivity, results from factors such
as rising temperatures, decreasing rainfall, high evaporation
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rates, deforestation, improper irrigation, and certain agri-
cultural practices (Jha et al. 2019; Corwin 2021; Kaleh
et al. 2022). Approximately 833 million hectares (Mha) of
soil worldwide are affected by salinity, representing about
8.7% of the Earth’s surface. Additionally, 20-50% of irri-
gated lands globally are salt-affected, significantly impact-
ing agricultural productivity (Ullah et al. 2021). The con-
tinuous increase in salt accumulation expands the extent
of salt-affected soils, negatively impacting plant growth,
yield, and the agricultural economy (Mukhopadhyay et al.
2020; Hernandez 2019). High salt levels reduce plant tur-
gor, causing osmotic stress and increased production of reac-
tive oxygen species (ROS). This leads to DNA mutations,
protein degradation, membrane damage, and cell death (EI
Ghazali 2020). Key ROS types include hydrogen peroxide
(H,0,), singlet oxygen (102), superoxide anion (O,”), and
hydroxyl radical (OH") (Nadarajah 2020). Plants possess
both non-enzymatic (glutathione, ascorbate, a-tocopherol,
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carotenoids) and enzymatic (peroxidase, catalase, superox-
ide dismutase, glutathione reductase) antioxidants to scav-
enge ROS under stress (Gill and Tuteja 2010; Nadarajah
2020).

Organisms living in symbiosis with plants, especially
certain bacteria, play a crucial role in the enhancement of
plant tolerance to biotic and abiotic stresses. Plant growth-
promoting rhizobacteria (PGPR) reside around plant roots
and support plant growth either directly or indirectly by
releasing various chemicals (Belbahri et al. 2017; Aslam
and Ali 2018; Kaleh et al. 2022). PGPR enhance tolerance
to abiotic stress by increasing phosphorus solubility, synthe-
sizing plant hormones (abscisic acid and indole acetic acid),
fixing nitrogen, and inducing the secretion of siderophores
(Slama et al. 2019; Kerbab et al. 2021). Halotolerant bac-
teria, which thrive in high-salt environments, are especially
effective in mitigating this stress (Castiglione et al. 2021).
For instance, studies have shown that PGPR, such as Entero-
bacter asburiae, Bacillus aquimaris, Bacillus thuringiensis,
Pseudomonas stutzeri, Enterobacter cloacae, and Ochrobac-
trum anthropi, significantly improve plant yield under saline
conditions (Raheem and Ali 2015; Bhise et al. 2017; Li et al.
2019). Additionally, many PGPRs possess nitrogen-fixing
capabilities and produce the enzyme 1 aminocyclopropane-
1-carboxylate (ACC) deaminase, which suppresses ethylene
hormone synthesis by degrading ACC, the precursor of eth-
ylene (Nadeem et al. 2007; Zahir et al. 2009; Shahzad et al.
2013; Zhou et al. 2017). PGPR from the rhizospheric soil of
halophytes have been shown to enhance growth parameters
of maize under salinity conditions, as well as improve pho-
tosynthetic parameters, stress-responsive gene expression,
and antioxidant defense systems (Ullah and Bano 2015; El-
Esawi et al. 2018).

Plant groups particularly susceptible to salinity stress
include glycophytes, such as most cereal crops, legumes,
and vegetables, while halophytes, adapted to saline envi-
ronments, exhibit higher tolerance. Maize (Zea mays L.) is
the third most widely cultivated cereal crop in the world,
following wheat and rice (Ullah and Bano 2015; Li et al.
2019; Riffat and Ahmed 2020). However, maize is highly
sensitive to stress factors such as salinity, drought, and high
temperatures (Crafts-Brandner and Salvucci 2002; Riffat and
Ahmed 2020). Therefore, it is important to develop biotech-
nologies that increase crop yields and improve salinity prob-
lems in saline areas in agriculture (Etesami and Maheshwari
2018). This study proposed that halotolerant rhizobacteria
isolated from wild halophytic plants in the Salt Lake basin
(Turkey), could enhance salt tolerance in commonly salt-
sensitive cultivated plants. For this purpose, halophilic bac-
teria were isolated from the rhizosphere of some halophytic
plants in Salt Lake, and the isolated bacteria were identified
through 16S rRNA sequence analysis. Subsequently, these
bacteria were applied as maize seed inoculants and their
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effects on salt stress tolerance of the maize seedlings were
evaluated by assessing growth, physiological, and biochemi-
cal parameters.

Materials and methods
Collection of halophyte plants

In the Salt Lake basin (38° 32’ 45.2760" and 44° 11’
8.1348"), 17 halotolerant plant specimens were collected at 6
different stations during the vegetation period. Root samples
(3 replicates, each approximately 5 cm in length) contain-
ing rhizosphere soil from each specimen were transferred
in sterile tubes (15 mL) containing 10 mL of sterile physi-
ological water (0.9% NaCl) (Tindall 1991). The tubes were
transported to the laboratory under refrigerated conditions
at+4 °C within 24 h. After the herbarium of the collected
plant specimens, they were transported to the laboratory and
their species identification was conducted by a plant system-
atics expert.

Isolation and purification from root rhizosphere

The plant root samples were gently shaken for 8 h at 4 °C
and 90 rpm to facilitate the transition of rhizospheric bac-
teria into the physiological solution. A 2 mL aliquot of the
solution was inoculated onto sterile solid halophilic agar
plates using the spread plate method in Petri dishes. They
were then incubated at 25 °C for 7 days. The halophilic
agar (1 L, pH 7.2) contained 200 g NaCl, 2 g KCl, 1.5 g
CaCl,, 20 g MgSO,-7H,0, 3 g tri-sodium citrate, 10 g
yeast extract, 7.5 g casein hydrolysate, 36 mg FeCl,-4H,0,
0.36 mg MnCl,-4H,0, and 20 g nutrient agar (Tindall 1991).
The resulting bacterial cultures were purified and stored as
pure isolates in horizontal agar tubes containing halophilic
medium at 4 °C.

Identification of bacteria

We isolated 22 halotolerant bacteria from 17 different plants,
identifying them through 16S rRNA gene sequencing.
Genomic DNA extraction was carried out using a bacterial
genomic DNA isolation kit. For PCR, 150 ng of bacterial
genomic DNA was used in a 50 pL reaction containing 1X
Taq buffer, 0.2 mM dNTPs, 16S universal primers (27F and
1492R), 1.5 mM MgCl,, and 0.2 U ThermoHot Start Taq
polymerase. PCR conditions included an initial denaturation
at 95 °C for 5 min, followed by 30 cycles of (94 °C for 30 s,
55 °C for 30's, 72 °C for 45 s), with a final extension step at
72 °C for 5 min. DNA sequencing utilized the BigDye Cycle
Sequencing Kit v3.1 and ABI 3100 XL Genetic Analyzer
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(Siddikee et al. 2010). Phylogenetic analysis was performed
using Mega software.

Characteristics of isolated bacteria

We tested the bacteria using the Gram reaction test accord-
ing to Halebian et al. (1981). The presence of ACC deami-
nase in a specific bacterial strain was determined by cul-
turing it on Dworkin and Foster salt medium (DFSM). To
assess the nitrogen fixation abilities of the bacterial isolates,
a nitrogen-free medium was used. Any isolates that grew
on this medium at the end of the incubation period were
considered positive for nitrogen fixation abilities ((Li et al.
2000; Shahzad et al. 2013).

Isolate selection

To determine the most suitable bacterial isolate among the
22 strains for promoting the growth and development of
maize plants, we conducted preliminary experiments during
the germination stage. The isolates were cultured in Tryp-
tic Soy Broth (TSB) medium to create bacterial inoculum
suspensions, which were then applied to maize seeds at a
specific concentration. Based on root-shoot length and dry
weight tests during germination, four isolates (Halomonas
arcis, TG4; Marinococcus tarijensis, TG8; Halobacillus
dabanensis, TG12; Halomonas eurihalina, TG20) showed
a positive impact on maize seedling growth. These selected
isolates were then used in pot experiments.

Selected bacterium inoculation and seedling
growth

Sterilized maize seeds were immersed in suspensions of
four bacterial isolates (H. arcis TG4, M. tarijensis TGS, H.
dabanensis TG12, and H. eurihalina TG20) for 8 h at room
temperature (approximately 25 °C). Sterile distilled water
was used as a control. Both inoculated and non-inoculated
seeds were sown, ten seeds per pot, with five replicates for
each of the four salt media (0.0, 75, 150, and 250 mM NaCl).
The experiments were conducted in sterile plastic pots con-
taining a mixture of sterile sand and perlite (3:1). Seed ger-
mination and seedling development were carried out under
15,000 + 100 Ix fluorescent light with an 8/16 h night/day
cycle at 25+ 2 °C for 15 days. The pots were irrigated daily
with distilled water until the 9th day, and with 50% Hoagland
solution starting on the 10th day. Plant organs (roots and
shoots) were harvested on the 15th day for analysis.

Plant growth parameters and element analysis

The root and shoot lengths of the seedlings were measured,
and their fresh weights were recorded. The same samples

were then dried at 70 °C for 48 h, and their dry weights were
determined. To analyze the Na™ and K* content in the seed-
lings, the method described by Kagar and Inal (2008) was
followed. Electrolyte leakage (EL) was assessed using fresh
leaf discs from randomly selected plants by measuring elec-
trolytic conductivity. These discs were washed with sterile
pure water to remove any surface electrolytes and placed in
tubes containing sterile distilled water. After incubating for
12 h at room temperature, EL (uS/cm) was measured using
an EC meter. The same tubes were then autoclaved, and once
cooled, EL was measured again. The values were converted
to EL% (Bajji et al. 2002).

Determination of proline content

For proline content, 0.5 g of leaf sample was ground in
liquid nitrogen and homogenized with 7.5 mL of 3% sul-
phosalicylic acid. The homogenate was then centrifuged at
6,000xg for 10 min. A 1 mL aliquot of the supernatant was
mixed with 1 mL of glacial acetic acid and 1 mL of acid nin-
hydrin, and the mixture was incubated at 100 °C for 1 h. The
reaction was stopped by placing the tubes in an ice bath, fol-
lowed by the addition of 4 mL of toluene. The mixture was
thoroughly vortexed, and after 15 min, the absorbance of
the pink upper phase was measured at 520 nm. The proline
concentration was quantified using a standard calibration
curve (Bates et al. 1973).

Determination of lipid peroxidation level

Lipid peroxidation (LPO) level was assessed by measuring
malondialdehyde (MDA) content. For this, maize leaves
(0.5 g) were first ground with liquid nitrogen and then mixed
with 5 mL of 0.1% TCA (Trichloroacetic acid) solution in
a mortar until fully homogenized. The homogenates were
centrifuged at 13,000 rpm for 15 min. From the supernatant,
4 mL was taken, and 1 mL of 0.5% TBA (thiobarbituric acid)
solution was added and mixed. The mixture was incubated
in boiling water for 30 min, then cooled quickly in an ice
bath. The solution was centrifuged again at 12,000 rpm for
5 min, and the absorbance of the supernatant was measured
at 532 nm and 600 nm (Demiral and Tiirkan 2005). The
MDA content was calculated in nmol/g tissue using the for-
mula: MDA (nmol/g tissue) =(A532-A600) x 6.45 (Hodges
et al. 1999).

Measurement of ROS content

The H,0, content was determined by homogenizing plant
material (0.5 g) in 10 mL of chilled acetone and centrifuging
at 12,000 x g for 15 min at 4 °C. Subsequently, 1.5 mL of the
supernatant was combined with 0.15 mL of 5% Ti(S04)2
and 0.3 mL of 19% NH,OH. The mixture was then subjected
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to a second centrifugation under identical conditions. The
resulting pellet was dissolved in 3 mL of 2 M H,SO,, and
absorbance was measured at 415 nm. The absorbance val-
ues were converted to ug of H,O, using a standard curve
prepared in accordance with the methodology outlined by
Gezgincioglu and Atici (2023). For O,™ anion content,
plant samples (0.5 g) were homogenized in liquid nitrogen
and mixed with 2 mL of 65 mM phosphate buffer (pH 7.8).
The homogenate was centrifuged at 12,000xg for 10 min at
4 °C. Then, 0.1 mL of 10 mM hydroxylamine hydrochloride
and 0.9 mL of phosphate buffer were added to 1 mL of the
supernatant. Next, 1 mL of 17 mM aminobenzene sulfonic
acid and 1 mL of 17 mM 1-naphthylamine were added to
the mixture. The absorbance of the final solution was meas-
ured at 530 nm, and the O, content was quantified using a
standard curve of HNO, concentrations (Gezgincioglu and
Atici 2023).

Determination of antioxidant enzyme activities

For the enzyme extraction, fresh tissue sample (0.5 g)
was homogenized using liquid nitrogen and then 5 mL of
homogenate buffer (0.15 M KH,PO,, pH 7.0) containing
1% PVP (polyvinylpyrrolidone) and 1 mM EDTA (ethyl-
enediaminetetraacetic acid) was introduced to the homoge-
nate. The resultant extract was centrifuged at 12,000 rpm
(+4 °C) for 15 min. The resulting supernatant was utilized
as a substrate resource for evaluating all the enzyme activi-
ties (Esim et al. 2013). Catalase (CAT; EC.1.11.1.6) activity
was assayed according to Kar and Mishra (1976). For this,
1.450 mL of 103 mM KH,PO, buffer (pH 7) and 1.5 mL of
40 mM H,O0, solution were added to a spectrophotometer
cuvette, followed by the addition of 50 pL of enzyme extract.
The absorbance was read at 0.5-min intervals for 3 min at
240 nm. To calculate activity, average absorbance values
were converted to pmol of H,O, per minute using a standard
curve prepared with pure H,0O,. The amount of enzyme that
reduces 1 pmol of substrate per minute at 25 °C is defined as
1 enzyme unit. Ascorbate peroxidase (APX; EC 1.11.1.11)
activity was determined based on the decrease in absorb-
ance at 290 nm (Nakano and Asada, 1987). The enzyme
activity is measured by using a reaction mixture contain-
ing 50 mM potassium phosphate buffer (pH 7.0), 250 pM
ascorbic acid (ASA), 5 mM H,0,, and 100 pL of enzyme
extract. APX activity is calculated using an epsilon coef-
ficient of 2.8 mM~! cm™! for ASA at 290 nm. For guaiacol
peroxidase (GPX; EC 1.11.1.7), the reaction mixture (3 mL)
contained 100 mL of 0.1 M KH,PO, (pH 5.5), 5 mM guai-
acol, and 10 pL of enzyme extract. The absorbance increase
was recorded at 470 nm for 5 min with 1-min intervals.
One enzyme unit was defined as the amount of enzyme that
increased the absorbance by 0.01 per minute at 25 °C (Esim
et al. 2013). For superoxide dismutase (SOD; EC 1.15.1.1),
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the reaction mixture (3 mL) contained 50 mM KH,PO, (pH
7.8), 13 mM methionine, 75 pM NBT (nitroblue tetrazo-
lium), 2 pM riboflavin, 0.1 mM EDTA, and 100 pL enzyme
extract. The reaction was initiated by adding riboflavin into
the tube and the tube was placed in front of a white light
source for 15 min, and then the reaction was stopped by
turning off the light source. The intensity of NBT reduction
was measured against a blank at 560 nm. One unit of SOD
activity was defined as the amount of enzyme that caused
50% inhibition of NBT reduction observed at 560 nm (Esim
et al. 2013). The enzyme activity results were reported as
enzyme units per mg of protein.

Determination of non-enzymatic antioxidants

Glutathione (GSH) content were determined enzymatically
by using the method of Griffith (1980). Fresh tissue (0.2 g)
was homogenized in 2 mL of 5% meta-phosphoric acid and
centrifuged at 12,000 X g for 20 min. The reaction mixture
consisted of 150 puL of the supernatant and 1850 puL of
KH,PO, (50 mM, pH 7.5) including 2.5 mM EDTA, 1 mM
DTNB (Ellman’s Reagent; 5,5-dithio-bis-(2-nitrobenzoic
acid)), 0.3 U glutathione reductase, and 1 mM NADPH. The
increase in absorbance at 412 nm was monitored for 3 min
at 25 °C. Ascorbic acid (AsA) content were determined as
described by Gezgincioglu and Atici (2023). Briefly,a0.2 g
of powdered sample was extracted in 2 mL of 5% TCA.
The homogenate was centrifuged at 12,000 x g for 20 min
at 4 °C. The reaction mixture consisted of 1 mL of super-
natant and 1.5 mL of KH,PO, (pH 7.4) including 10 mM
dithiothreitol (DTT), 0.014% N-ethylmaleimide, 2.6% TCA,
11.7% H;PO,, 1% 2,2’-dipyridyl, and 0.3% FeCl,.

Determination of total chlorophyll content

The levels of chlorophyll (Chl) in the leaves were
determined using the method from Lichtenthaler and
Buschmann (2001). For this, 0.5 g of fresh aerial tissue
was extracted with 10 mL of 80% cold acetone, centrifuged
at 12,000 rpm for 10 min, and then measured for optical
density (OD) of supernatant at 645 and 663 nm using a
UV-visible spectrophotometer. Total chlorophyll (mg/g)
tissue =[(20.2*¥(0D645) + 8.02(0D663)]* (V/1000*W). In
the equations: OD is the absorbance, V is the final volume,
W is the fresh weight (g) of the extracted tissue.

Statistical analysis

Two-way ANOVA was performed using SPSS 18.0 to deter-
mine the main and interaction effects of bacterial treatments
and salt concentrations on seedling parameters. Post-hoc
tests (Duncan’s) identified group differences at p <0.05.
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ANOVA F(d1, d2) values for each effect (main and interac-
tion) are presented in the tables in the results section.

Results
Bacteria and properties

Table S1 provides information on 17 wild halophytic plants,
including 5 endemic species, and the halotolerant bacteria
isolated from these plants; Figure S1, in turn, illustrates the
kinship relationships among these bacteria. According to
the 16S rRNA sequence analysis, Halobacillus dabanen-
sis was the most common bacterial species with 8 isolates
(Table S1 and Figure S1). Additionally, all the bacterial
isolates except for H. arcis (TG-4), H. elongate (TG-9) and
H. caseinilytica (TG-19) were positive for ACC deaminase
activity (Table S2). When evaluating the bacteria in terms
of nitrogen fixation ability, all the isolates were positive
except for M. tarijensis (TG-8), H. caseinilytica (TG-11),
and H. caseinilytica (TG-19). In our preliminary studies, it
was determined that 4 bacterial isolates (Halomonas arcis,
TG-4; Marinococcus tarijensis, TG-8; Halobacillus daban-
ensis, TG-12; and Halomonas eurihalina, TG-20) stimulated
growth parameters in maize seeds germinated under control
conditions (0.0 M NaCl). Therefore, these 4 isolates were
used in studies planned to increase salt stress tolerance of
maize plants. From these 4 isolates, H. arcis (TG-4) were
isolated from S. europaea (Amaranthaceae), M. tarijensis
(TG-8) from F. falcarioides (Apiaceae), H. dabanensis (TG-
12) from T. compressum (Santalaceae), and H. eurihalina
(TG-20) from P. convolute (Poaceae).

Effect of bacteria application on seedling growth

The TG-4, TG-8, TG-12, and TG-20 bacterial isolates were
evaluated for their ability to mitigate the effects of salt
stress on the maize seedlings. Seeds were inoculated with
these isolates and grown in media containing 0, 75, 150,
and 250 mM NaCl. Salt treatments (S) alone significantly
(p <0.05) reduced seedling growth (16.4%, 22% and 39%
in roots, and 6%, 17% and 30% in shoots, respectively) in a
dose-dependent manner (Table 1). However, bacterial appli-
cations (B) improved seedling growth under salt stress. Spe-
cifically, all the isolates increased shoot length compared to
salt treatment alone, while TG-4, TG-8, and TG-12 were
particularly effective in enhancing root length (Table 1). The
salt stress alone caused a decrease in the dry weight of roots
and shoots in parallel with the increase in dose compared to
the control; this decrease was 31% and 30% at 250 mM salt
in roots and shoots, respectively (Table 2). Nonetheless, all
the bacterial isolates improved shoot dry weights under salt
stress, particularly at 150 mM and 250 mM NaCl. Among
the isolates, TG-4 and TG-8 uniquely enhanced root dry
weight compared to salt-only treatments (Table 2). These
findings suggest that TG isolates, particularly TG-4 and
TG-8, offer potential for mitigating the adverse effects of
salinity on maize growth.

Electrolyte leakage in leaves

The results of the two-way ANOVA for EL% content are
summarized in Table S3. Significant main effects were
observed for NaCl level (F(4, 60)=259.268, p <0.05)
and group (F(4, 60)=110.580, p=0.05). The interaction

Table 1 Effects of bacterial treatments on the seedling root and shoot lengths under different salt concentrations

Groups 0.0 mM NaCl
Root length (cm.seedling™")

75 mM NaCl

150 mM NaCl 250 mM NaCl

Control 17.73 £0.37%AB 14.83 +0.54%8
TG-4 16.83 +0.54A 15.23+0.15%*
TG-8 16.93 +0.20%AB 15.86+0.3834
TG-12 18.06 +0.26%4 15.60+0.81°>4
TG-20 17.36 +0.63*F 14.10+0.67°B
F & p values F(4, 60)=91.83 p<0.05 F(4, 60)=518.5p<0.05

Shoot length (cm.seedling™!)

Control 26.74+0.79%B 25.16+0.24%BC€

TG-4 30.24 +0.56™* 28.30+0.36>A8

TG-8 29.23+0.28%AB 29.13 +0.09%4

TG-12 28.00+0.50%AB 27.37+0.48%BC

TG-20 27.93+1.26AB 26.26 +0.65%C

F & p values F(4, 60)=31.26 p<0.05 F(4, 60)=175.3 p<0.05

13.82+0.10°8
15.02+0.56>*
14.40+0.720AB
13.26+0.13%B

11.66 +0.38%C

F(4, 60)=33.07 p<0.05

22.15+0.80°*
24.77 +£0.57%4
23.76 £1.01%4
24.70 +0.90™*
23.70+0.56™*
F(4, 60)=3.57 p<0.05

10.81+0.60°B
11.58+0.72¢A
11.53+0.64%A
11.43+0.44%4
8.83+0.38%¢

F(4, 60)=4.9 p<0.05

18.72 +£0.64%C
20.37+0.55%A
19.73 +£2.36"8
20.66+1.77%A
19.30+0.97°8
F(4,60)=1.2p=0.332

Lowercase and uppercase letters indicate significant differences for rows and columns, respectively. F values indicate the ratio of between-group
variance to within-group variance and p values assess the statistical significance (p <0.05) of these differences. + represents standard error
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Table 2 Effects of bacterial treatments on the dry weight of seedlings under different salt conditions

Groups 0.0 mM NaCl 75 mM NaCl 150 mM NaCl 250 mM NaCl
Root dry weight (mg.seedling™)
Control 0.052+0.010*8 0.048 +0.000*¢ 0.042 +0.004>A 0.036+0.011>8
TG-4 0.058 +0.003** 0.057 +0.0038 0.054 +0.006** 0.046 +0.004>*
TG-8 0.063 +0.005%4 0.057 +£0.004*8 0.052 +0.002>4 0.035+0.001¢B
TG-12 0.056+0.007*A 0.044 +0.002"€ 0.039 +0.005">P 0.032 +0.000%8
TG-20 0.063 +0.006™* 0.064+0.012%4 0.040+0.004>A 0.041£0.0125*
F & p values F(4, 60)=251.6 p<0.05 F(4, 60)=175.3 p<0.05 F(4, 60)=13.6 p<0.05 F(4,60)=1.18 p=0.332
Shoot dry weight (mg.seedling™")
Control 0.056 +0.000*4 0.055+0.005>A 0.041£0.010>* 0.039+0.008*
TG-4 0.065 +0.003** 0.054 +0.004%4 0.054 +0.005>* 0.040 +0.0024
TG-8 0.067 +0.008*4 0.063+0.001%4 0.055 +0.002>A 0.046 +0.008**
TG-12 0.063 +0.002** 0.054+0.001>4 0.051 +£0.005> 0.043 +0.0054
TG-20 0.059 +0.004*A 0.052 +0.003*4 0.046+0.001>4 0.042 +0.004>A
F & p values F(4, 60)=308.6 p<0.05 F(4, 60)=294.8 p<0.05 F(4, 60)=31.32 p<0.05 F(4, 60)=9.03 p <0.05

Lowercase and uppercase letters indicate significant differences for rows and columns, respectively. F values indicate the ratio of between-group
variance to within-group variance and p values assess the statistical significance (p <0.05) of these differences. +represents standard error

effect (NaCl Level X Group) was marginally significant
(F(4, 60)=0.094, p <0.05), suggesting that the effect of
NaCl concentration on electrolyte leakage varied depend-
ing on the group applied. For instance, the salt treatments
alone caused an increase in EL% in seedling leaves, and
this increase was proportional to the dose of S applied
(Table 3). The EL% specifically rose by 12%, 27%, and
28% in the 75, 150, and 250 mM S treatments, respectively,
compared to the treatments with salt alone. However, the

application of the TG-8 and TG-12 isolates significantly
(p <0.05) decreased the EL% value in seedlings under salt
conditions, while TG-4 and TG-20 were not successful
enough in lowering EL% compared to the S treatments
alone. For example, TG-8 and TG-12 isolates decreased
EL% value by 12% and 8%, respectively, compared to the
S treatments alone (Table 3). These results indicate that
both NaCl concentration and bacterial groups significantly
influence electrolyte leakage, with group-specific differ-
ences under varying NaCl levels.

Table 3 Effects of bacterial treatments on electrolyte leakage (EL) and proline content in seedlings under different salt conditions

Groups 0.0 mM NaCl 75 mM NaCl

150 mM NaCl 250 mM NaCl

EL% (pS.cm_l)

Control 11.97 1374 13.36+0.63%*
TG-4 09.18+0.53>C 13.19 +0.4654
TG-8 10.76 +0.83%BA 12.02+1.38%8
TG-12 10.28 +1.378 12.25+0.69°8
TG-20 09.12+1.51¢C 13.21+0.38%4
F & p values F(4, 60)=276.7 p<0.05 F(4, 60)=259.3p <0.05

Proline content (pmol.g~! FW)

Control 20.44+2.31¢B 27.14+0.31%4

TG-4 19.72+2.09¢C 25.51+1.88%B

TG-8 24.06+1.73%4 28.59 +2.2204

TG-12 20.08 +0.63%CB 20.99+1.81%C

TG-20 21.71+2.82¢B 27.86 +4.86>4

F & p values F(4, 100)=295.7 p <0.05 F(4, 100)=331.13 p<0.05

15.15 +£0.44%4
14.71 +£0.59PAB
13.31+0.35%C
14.00 + 1508
13.90+0.46¢B

F(4,60)=110.6 p<0.05

29.49 +2.53%C
33.29+1.75%4
28.04 +3.63%PC
21.17 +0.00°E
31.48+2.37%8

1531 +1.7284
1531+ 1.67%4
13.49+0.28%C
14.15 +.68%5C
1533 +0.37%4

F(4, 60)=0.094 p=0.05

30.58+1.61*8
32.93+3.63%4
33.11+£2.35%4
27.68 +0.83%C
32.57+0.83%4

F(4, 100)=368.05 p <0.05 F(4, 60)=0.042 p=0.05

Lowercase and uppercase letters indicate significant differences for rows and columns, respectively. F values indicate the ratio of between-group
variance to within-group variance and p values assess the statistical significance (p <0.05) of these differences. + represents standard error
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Na* and K* contents

Applying S alone led to an increase in Na* content in both
the roots and shoots of seedlings, proportionate to the
salt dose applied, compared to the control (Table 4). At a
250 mM S treatment, for instance, Na* content in both the
roots and shoots of seedlings increased by 47% and 21%,
respectively. However, the B isolates generally had the effect
of reducing Na* content in the seedlings, with TG-4, TG-8,
and TG-12 isolates, showing the most significant reduc-
tion in Na™ content in both root and shoot organs exposed
to the salt doses. Specifically, TG-8 was most effective in
reducing Na™ content in the roots, while TG-20 showed the
highest effectiveness in reducing Na* content in the shoots.
Additionally, compared to the control, the B applications
alone, as well as the S applications alone except at 75 mM,

increased K* content in the roots. However, all the S appli-
cations reduced K* content in the shoots, with the extent of
reduction varying based on the amount of S applied. The
B isolates studied counteracted these effects of S applica-
tions on K* content in both roots and shoots, except in roots
treated with 75 mM NaCl.

Lipid peroxidation level (as MDA)

Significant main effects were observed for salt concen-
tration (F(4, 100)=508.468, p <0.05) and group (F(4,
100) =93.444, p <0.05). Additionally, the interaction
between salt concentration and group was significant (F(4,
100)=3.444, p=0.05), indicating that the effect of salt con-
centration on MDA content varied depending on the group
applied. For example, the salt stress alone increased MDA

Table 4 Effects of bacterial treatments on Na* and K* levels in root and shoot of seedlings under different salt conditions

Groups 0.0 mM NaCl 75 mM NaCl 150 mM NaCl 250 mM NaCl
Root (umol.g™! DW)
Na* Control 72.50 +0.05%B 85.90+0.05%8 98.40+0.05%4 106.30 +£0.05*4
TG-4 70.50+0.014B 74.60+0.05%F 91.20+0.01C 93.10+£0.01%¢
TG-8 71.90+0.014B 78.80+0.01¢C 80.90+0.01*P 76.20+0.01%P
TG-12 78.60+0.014 100.90+0.01% 4 93.90+0.01>B 101.60 +0.00%B
TG-20 69.50+0.014€ 77.20+0.01¢P 98.40+0.01%4 106.40 £0.01*4
F & p values F(4, 60)=11,500.4 F(4, 60)=5280.7 p<0.05 F(4,60)=1176.9 p<0.05 F(4, 60)=0.00 p=0.05
p<0.05
Control 18.60+0.05%P 13.70 +0.05P 31.30+0.05** 28.70 +0.05>4
TG-4 25.50+0.05%A 24.70+0.01%4 9.30+0.014P 12.90+0.01%C
K* TG-8 23.30+£0.017C 13.40+0.01°P 13.10+0.015€ 9.90+0.014F
TG-12 22.90+0.017C 19.00+0.01°B 19.10+0.01>B 13.60+0.01%P
TG-20 24.30+0.01%B 17.70+0.014¢ 21.20+0.01>B 11.70£0.014P
F & p values F(4, 60)=7593.5p<0.05 F(4,60)=8227.6 p<0.05 F(4, 60)=5731.6, F(4, 60)=0.00 p=0.05
p=p<0.05
Shoot (umol.g~! DW)
Na* Control 79.90+0.05%4 82.20+0.1154 94.00+0.05>C 96.40+£0.05%C
TG-4 79.03 +0.05%B 81.05+0.05%8 70.50+0.01¢P 79.20+0.01%E
TG-8 39.60+0.014E 66.50+0.01¢C 97.10+0.01°8 108.80+0.01%4
TG-12 53.50+0.014P 53.70+0.015P 56.60+0.01%E 79.90+0.01%P
TG-20 53.40+0.015€ 50.40+0.01¢P 99.20+0.01%4 98.40+0.01%B
F & p values F(4, 60)=14,891.8 F(4, 60)=15,470.8 F(4, 60)=5573.5 p<0.05 F(4, 60)=0.00 p=0.05
p<0.05 p<0.05
Control 142.00+0.05*P 136.10+£0.05>C 127.60 +0.054€ 132.50£0.05%¢
TG-4 149.80+0.06% € 157.40+0.06%B 175.20+0.01*P 162.60£0.01>P
K* TG-8 190.80+0.01*4 170.70+0.01>4 145.00+0.58%8 159.60 +0.0%P
TG-12 177.37+0.03%B 137.10+0.01°¢ 152.10+£0.01>F 137.20+£0.01°F
TG-20 179.90+0.01>B 166.80+0.01%4 156.80+0.0144 192.60+0.01*4
F & p values F(4, 60)=15,431.7 F(4, 60)=16,122.7 F(4, 60)=1517.6 p<0.05  F(4, 60)=0.00 p=0.05
p<0.05 p<0.05

Lowercase and uppercase letters indicate significant differences for rows and columns, respectively. F values indicate the ratio of between-group
variance to within-group variance and p values assess the statistical significance (p <0.05) of these differences. +represents standard error. DW:

Dry weight

@ Springer



Biologia Futura

content by 9% and 20.6% and 26.8% at 75, 150 and 250 mM
salt, respectively, compared with the control (Fig. 1). In con-
trast, bacterial applications generally reduced MDA levels,
demonstrating their potential to alleviate oxidative damage
induced by salt stress. Furthermore, bacteria + the salt (BS)
applications (75, 150, and 250 mM) significantly decreased
MDA levels compared to S application alone. Under high
salt conditions (250 mM), TG-4, TG-8, TG-12, and TG-20
isolates reduced MDA content by 31%, 15%, 19%, and 37%,
respectively, compared to S application alone.

ROS content

The level of H,0, in the salt-stressed plants was increased
by 30% and 37% at 150 and 250 mM salt, respectively
(Fig. 1). In contrast, in the BS treatments, all the iso-
lates showed a significant (p < 0.05) reduction in H,0,
levels compared to those observed at 150 and 250 mM
salt concentrations. Notably, TG-4 exhibited a 30%

reduction at 250 mM, while TG-12 demonstrated a 27%
decrease at 150 mM salt. The increase in O, levels in
salt-treated plants was similar to the increase in H,0O, lev-
els (Fig. 1). Significant main effects were observed for
salt concentration (F(4, 100)=727.387, p <0.05) and
group (F(4,100)=1160.145, p <0.05). Additionally, the
interaction between salt concentration and group was sig-
nificant (F(4, 100) =28.287, p < 0.05), indicating that the
effect of salt concentration on cellular H,O, levels varied
depending on the group applied (Table S3). Moreover, in
BS treatments, TG-4, TG-8, and TG-20 isolates notably
suppressed O,~ content compared to controls across all
the S concentrations applied. For instance, shoot O, con-
tent was 4.69 ng.g”! at 250 mM S alone, but decreased
by 39% to 3.06 ng.g~! with the TG-20 isolate treatment.
Significant main effects were observed for salt concen-
tration (F(4, 100)=781.341, p <0.05) and group (F(4,
100) =55.264, p <0.05). Additionally, the interaction
between salt concentration and group was significant (F(4,
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100)=2.732, p=0.05), indicating that the effect of salt
concentration on O, levels varied depending on the group
applied (Table S3).

Antioxidant enzyme activities

Significant main effects were observed for salt concentration
and group for all enzymatic activities (p < 0.05), suggesting
that both factors influenced the activity levels (Table S3).
Additionally, the interaction effects (NaCl Level X Group)
were significant (p <0.05) for all enzymes, indicating that
the influence of salt concentration on enzymatic activity lev-
els varied depending on the treatment group. These findings
highlight the complex interplay between salinity and treat-
ment on the antioxidant defense mechanisms in plants. For
instance, SOD activity was higher (p <0.05) in all S appli-
cations compared to the control group. TG-4 and TG-8 iso-
lates exhibited the highest activity rates at 75 and 250 mM S
concentrations, respectively (Fig. 1). At 250 mM salt, TG-12
isolate showed an activity rate of 144.3 EU.mg™!, which was
77% higher than the control, while TG-20 isolate had an
activity rate of 149.6 EU.mg~!, 99% higher than the control

at 150 mM. These findings indicate that SOD activity varies
with different isolates and salt concentrations, with TG-4,
TG-8, TG-12, and TG-20 isolates significantly enhancing
SOD activity under specific conditions.

CAT activity significantly (p <0.05) decreased in S appli-
cations alone compared to the control group. For instance,
CAT activity in the control was 1.55 EU.mg~!, which
dropped by 35% to 1.04 EU.mg™! at 250 mM S concentra-
tion. B applications generally reduced CAT activity at 75
and 150 mM salt concentrations but increased it at 250 mM
S application. Under 250 mM salt, TG-4, TG-8, and TG-12
isolates increased CAT activity by 29%, 20%, and 15%,
respectively, while TG-20 showed a 14% decrease (Fig. 2).
These findings suggest that S concentration significantly
impacts CAT activity, with higher S levels tending to reduce
it. Furthermore, the effect of B applications on CAT activ-
ity varies depending on the B isolate and S concentration.”

While POX activity was 357.25 EU.mg~! in the con-
trol, it decreased by 10% to 20% with increasing salt
concentrations. BS applications generally reduced POX
activity, with the highest decrease (19%) observed in the
250 mM + TG-20 isolate (Fig. 2). At 75 mM NaCl, a slight
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increase in POX activity was observed in TG-8, TG-12,
and TG-20 isolates. However, it was observed that this
increase was statistically significant (p <0.05) only in
TG-8, whereas the increases in TG-12 and TG-20 did not
reach statistical significance. These findings suggest that
higher salt concentrations negatively impact POX activ-
ity. However, at 75 mM salt, B isolates TG-8, TG-12, and
TG-20 showed minor increases in POX activity, though
not statistically significant. Overall, the addition of B in
the presence of S generally led to reduced POX activ-
ity, with TG-20 being the most affected at 250 mM salt
concentration.

BS applications generally reduced APX activity. For
example, TG-4, TG-8, TG-12, and TG-20 exhibited reduc-
tions of 21%, 44%, 31%, and 26%, respectively, at 75 mM S
compared to controls. At 150 mM S, TG-8 isolate decreased
APX activity by 29%, while TG-12 isolate showed a 25%
reduction (Fig. 2). These findings indicate that differ-
ent isolates respond variably to treatments, resulting in
differing extents of APX activity reduction at various S
concentrations.

While B and S applications alone generally increased GR
activity compared to the control, BS applications exhibited
varied effects across different groups. Notably, TG-4 and
TG-8 isolates increased GR activity at all S concentrations.
TG-4 showed the highest GR activity, with a 29% increase
at 75 mM S compared to the control group. Conversely,
the lowest GR activity was observed in TG-12 isolate at

150 mM S, with a 16% decrease compared to the control
group (Fig. 2).

Non-enzymatic antioxidant levels

Significant main effects were observed for salt concentra-
tion and group for all four parameters (p <0.05), indicating
that both factors influenced their levels (Table S3). Addi-
tionally, the interaction effects (NaCl Level X Group) were
significant for all parameters (p < 0.05), highlighting that
the influence of salt concentration on AsA, DHA, GSH, and
GSSG levels was group-dependent. The salt and the bacteria
applications alone increased GSH content compared to the
control (Fig. 3). The GSH content in the control group was
275.02 ng.g~!, which increased to 285.25 ng.g~! at 75 mM,
410.61 ng.g~! at 150 mM, and 465.61 ng.g~! at 250 mM
S. In the BS groups, all isolates increased GSH content at
75 mM S, but no consistent increase was observed at other
concentrations. For example, while TG-8 showed increases
at all concentrations, TG-4 led to a decrease at 150 mM and
TG-12 at 250 mM S compared to the control group. S appli-
cations alone significantly increased AsA content compared
to the control, especially at 150 and 250 mM NaCl. The
AsA content in the control group was 746.01 g.g™!, which
increased by 10% to 820.96 ng.g~! at 250 mM NaCl. While
B applications alone did not significantly increase AsA lev-
els, BS applications generally caused a notable increase at
all concentrations compared to S alone. The most significant
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increase was observed in TG-20 isolate at 250 mM NaCl
(Fig. 3). The highest increase in AsA content was at 250 mM
S, with increases of 8.4%, 7%, 8%, and 9.6% in TG-4, TG-8,
TG-12, and TG-20 isolates, respectively. These findings
underscore the complex regulatory mechanisms plants
employ to manage oxidative stress under saline conditions,
with variations in antioxidant capacity observed across dif-
ferent treatments and salt levels.

Nitrate reductase activity

Significant main effects were observed for salt concen-
tration (F(4, 100)=520.954, p <0.05) and group (F(4,
100)=97.186, p <0.05). Additionally, the interaction effect
(NaCl Level X Group) was significant (F(4, 100) =20.658,
p <0.05), indicating that the effect of salt concentration
on nitrate reductase (NR) activity varied depending on the
group applied (Table S3). NR activity in the leaves of the
control plant was 7.50 EU, which increased by 9% to 8.16
EU at 250 mM S concentration (Fig. 3). In the roots, NR
activity was 8.86 EU in the control plant and increased by
6% to 9.53 EU.g~! with 250 mM S application. BS appli-
cations generally increased NR activity in the leaves but
caused insignificant (p <0.05) decreases in the roots. For
instance, under 150 mM S conditions, TG-4, TG-12, and
TG-20 isolates increased NR activity by 24%, 29%, and
27%, respectively, compared to the control plant, while TG-8
isolate showed a 2% decrease. Under 250 mM S conditions,
TG-12 and TG-20 isolates increased NR activity, whereas
TG-4 and TG-8 isolates decreased it. These findings suggest
that both salt concentration and bacterial treatments influ-
ence NR activity, with distinct variations between treatment
groups under saline conditions.

Total chlorophyll content

Significant main effects were observed for salt concentra-
tion (F(4, 100)=518.672, p <0.05) and group (F=36.159,
p <0.05). Additionally, the interaction effect (NaCl
Level X Group) was significant (F(4, 100)=4.323, p <0.05),
indicating that the effect of salt concentration on total chlo-
rophyll content varied depending on the group applied
(Table S3). For instance, salt applications alone resulted in
decreased total chlorophyll levels compared to the control
group (Fig. 3). However, B applications alone increased total
chlorophyll levels. In addition, BS applications also gener-
ally increased total chlorophyll levels compared to the con-
trol group. Specifically, TG-12 isolate increased total chlo-
rophyll by 21%, 30%, and 22% with 75, 150, and 250 mM S
applications, respectively. These findings demonstrate that
both salt stress and bacterial treatments significantly influ-
ence chlorophyll levels, highlighting group-specific differ-
ences under varying salt concentrations.

Discussion

Twenty-two halotolerant bacterial strains were identified
from the rhizosphere of 17 halotolerant wild plants in the
Salt Lake basin (Turkey) (Table S1 and Figure S1). The
most commonly found species was Halobacillus daban-
ensis, with 8 isolates. When evaluated for ACC deaminase
activity and nitrogen fixation capacity, the majority of the
isolates were positive for both of these properties. How-
ever, there were also some isolates that were negative for
ACC deaminase (H. arcis, H. elongate, and H. caseinilyt-
ica) and nitrogen fixation ability (M. tarijensis, H. caseini-
lytica, H. caseinilytica) (Table S2). These properties have
been suggested to enhance the ability of these bacteria
to alleviate the symptoms of salt stress in crop plants
(Nadeem et al. 2007; Siddikee et al. 2010). For example,
the inoculation of bacterial isolates with ACC deaminase
activity to maize (Nadeem et al. 2006 and 2007) and wheat
(Zahir et al. 2009) resulted in increased growth compared
to uninoculated ones. However, it is worth mentioning that
there were also some isolates that were negative for ACC
deaminase and nitrogen fixation ability indicating that not
all the isolates found in this study may have the same level
of PGPR potential. This suggests that different bacterial
isolates employ distinct mechanisms to confer salt toler-
ance, and the absence of these traits does not preclude
their efficacy as PGPR. For example, some isolates may
enhance stress tolerance through the production of osmo-
protectants, phytohormones, or other metabolites that were
not evaluated in this study. El-Esawi et al. (2018) and Li
et al. (2020) have shown that maize seeds inoculated with
halotolerant strains of Serratia liquefaciens and Kocuria
rhizophila, respectively, resulted in increased seed germi-
nation rate and growth performance as well as biomass
production in developing seedlings. In these studies, the
researchers isolated halotolerant bacteria from agricultural
soils where maize was cultivated. However, the bacterial
isolates examined in this study were isolated from the
rhizosphere of different wild halophyte plants belonging
to various plant families (Table S2). This suggests that
halotolerant bacteria isolated from different wild halophyte
plant roots may be useful in ameliorating seedling growth
in cultivated plants under saline conditions.

The four bacterial isolates (Halomonas arcis TG-4,
Marinococcus tarigensis TG-8, Halobacillus dabanensis
TG-12, and Halomonas eurihalina TG-20) were selected
among all the bacteria studied for their ameliorative effect
on germination and seedling growth in maize (Zea mays
L., cv. Hido) under non-saline conditions. These four iso-
lates were then used to increase the salt stress tolerance of
maize seedlings. Of these, TG-12 and TG-20 were posi-
tive for both ACC deaminase activity and nitrogen fixation
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ability, while TG-4 and TG-8 were positive for at least one
of these properties (Table S2). This property may allow
these isolates to partially offset the nutritional deficien-
cies that occur under salt stress. This suggests that PGPR
bacteria may use different mechanisms and pathways to
tolerate salt stress, and that ACC deaminase activity or
nitrogen fixation ability may not always be necessary for
salt tolerance (Zhou et al. 2017). The effects of seed inocu-
lation with these four isolates were evaluated on growth
and development, cell membrane damage (as electrolyte
leakage), and Nat and K* content in maize seedlings
grown for 15 days under 0.0, 75, 150, and 250 mM NaCl
salt conditions. These salt doses caused approximately
25%, 50%, and 75% inhibition of germination and seedling
growth, respectively. Similar to the findings, Menezes-
Benavente et al. (2004) determined that a salt level higher
than 250 mM NaCl severely damaged seedling growth
in maize plants. The salt applications alone significantly
decreased seedling growth and plant biomass compared
to the control, and these decreases were proportional to
the increase in salt doses (Tables 1 and 2). Certain studies
report that salt stress reduces growth and development in
crop plants (Menezes-Benavente et al. 2004; Hassen et al.
2014). When the effects of the four bacterial isolates were
studied on the same parameters, the bacterial inoculation
alone did not generally affect the length and biomass yield
of the roots while increasing those of the shoots, com-
pared to the control. Under salt conditions, however, all
the isolates except for TG-20 stimulated seedling growth
in almost all the S treatments compared to the S appli-
cation alone (Table 3). The improved growth observed
in inoculated plants could be attributed to the reduction
of stress-induced ethylene via ACC deaminase activ-
ity, which may have allowed better allocation of energy
to growth processes. All the isolates also increased the
shoot dry weight of seedlings, especially under 150- and
250 mM salt conditions compared to the S applications
alone (Table 4). These findings indicate that the seed inoc-
ulations by TG-4, TG-8, and TG-12 isolates can improve
the seedling growth in maize exposed to salt conditions.
Certain studies have shown that maize plants can benefit
from inoculation with plant growth-promoting rhizobac-
teria (PGPR) (Nadeem et al. 2006 and 2007; Shahzad
et al. 2013). The growth increase observed in the maize
seedlings treated with these isolates may be a result of
ACC deaminase activity and nitrogen fixation. Similarly,
PGPR obtained from wheat rhizosphere were found to be
more effective on shoot growth than root growth in wheat
seedlings (Majeed et al. 2015). These studies have isolated
halotolerant bacteria from agricultural soils where maize
is cultivated. However, the bacterial isolates examined in
this study were isolated from the rhizosphere of different
wild halophyte plants belonging to various plant families
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(Table S2). This suggests that halotolerant bacteria iso-
lated from different wild halophyte plant roots may be use-
ful in ameliorating seedling growth in cultivated plants
under saline conditions.

The EL in maize seedlings under salt stress conditions
was measured as an indicator of cell membrane damage.
Salt stress increased the EL in seedlings compared to the
control, and these increases were proportional to the salt
levels applied. The bacterial inoculations reduced EL under
all salt treatments compared to the S application alone
(Table 3). Among the four isolates, TG-12 and TG-8 were
the most effective in reducing EL under 150 and 250 mM
NaCl conditions, while TG-4 and TG-20 showed relatively
lower effects. The decrease in EL by bacterial inoculations
indicates that bacterial isolates may help maintain cell mem-
brane integrity in maize seedlings under salt conditions. The
reduction in membrane damage may be linked to bacterial-
mediated synthesis of antioxidants or compatible solutes
that protect against oxidative stress induced by high salt
concentrations. This is consistent with previous studies that
have shown the beneficial effects of plant growth-promoting
bacteria on plants grown in saline conditions. Researches
indicate that exposure to salt stress can lead to a signifi-
cant increase in the EL in maize seedlings, with an approxi-
mate 100% increase compared to control (Kaya et al. 2010
and 2013). However, Hasanuzzaman et al. (2022) showed
that the application of Bacillus subtilis decreased EL and
increased the activity of antioxidant enzymes in soybean
seedlings grown in saline soil.

The accumulation of Na* and C1~ in different plant tissues
elevates linearly with salinity levels, resulting in ion imbal-
ances in plant cells. Plant cells are generally more sensitive
to Na* accumulation than that Cl1~ accumulation (Farooq
et al. 2015). The results of this study indicate that the appli-
cation of S alone led to an increase in the Na* content in
both the roots and shoots of seedlings in proportion to the
salt dose applied, as previously reported in literature (Farooq
et al. 2015; Hu et al. 2022). For example, at a S treatment
of 250 mM, the Na™ content in the roots and shoots of the
seedlings increased by 47% and 21%, respectively (Table 4).
However, the four bacterial isolates studied generally had
the effect of reducing the Na* content in the seedlings, with
the TG-4, TG-8, and TG-12 isolates showing the greatest
success in reducing Na*t content in both the root and shoot
organs exposed to the salt doses. Specifically, the isolate
TG-8 was found to be most effective in reducing Na* content
in the roots, while TG-20 was most effective in reducing Na™
content in the shoots. This is in line with previous researches
(Nadeem et al. 2006; Chahal et al. 2022) which have shown
that certain bacterial isolates can play a role in reducing the
negative effects of salt stress on the plants including maize.
Additionally, the results showed that the application of salt
alone, with the exception of 75 mM NaCl, led to an increase
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in K* content in the roots compared to the control. In con-
trast, all of the S applications resulted in a reduction in K*
content in the shoots, with the extent of reduction varying
depending on the amount of S applied. This is consistent
with previous findings (El-Esawi et al. 2018) that salt stress
can lead to changes in the uptake and distribution of mineral
nutrients in plants. For example, 2 tolerant hybrids among
10 hybrids of maize under high salt levels exhibited high
K*/Na*, maintaining high K* content in roots (Akram et al.
2010). The bacterial isolates studied were found to reverse
these effects of S applications on K* content in both the
roots and shoots, with the exception of roots at a salt dose of
75 mM NaCl. Based on the results, it can be suggested that
the inoculation of bacterial isolates to maize seeds increases
salt tolerance by improving the K*/Na™ ratio. As a result,
it was evaluated that the isolates studied here contributed
significantly to the improvement in root and shoot length
and biomass of seedlings under salt stress by regulating the
K*/Na* balance in the seedlings. This suggests that these
bacterial isolates may have the potential to improve the salt
tolerance of plants by regulating the uptake and distribution
of mineral nutrients.

The remarked effects of bacterial isolates on corn plants
under salt stress were not limited to physical growth param-
eters. Additionally, the study also investigated the effect
on the levels of ROS and antioxidant enzymes in plants
exposed to salt stress. LPO, as MDA level, is an indicator
used to determine the tolerance of plants to stress. ROS can
cause lipid peroxidation in cells, leading to cellular dam-
age. Lipid peroxidation negatively affects cell metabolism
by disrupting cellular membranes and dysfunction of bio-
logical membranes (Khan et al. 2019). The present study
recorded an increase in MDA content at three different salt
concentrations, but bacterial isolates decreased MDA lev-
els in BS applications (Fig. 1). Similar results have been
reported in wheat plants treated with PGPR under salt stress
and in plants inoculated and grown under saline conditions.
A significant decrease in MDA content was noted in wheat
plants inoculated with PGPR (BRS5, OR15, and RB13) under
unstressed and salt-stressed conditions when comparing
inoculated control groups (Kerbab et al. 2021). An increase
in ROS levels, which causes harmful effects on plant cells
due to salt stress, was detected, similar to the findings of
previous research (Aslam and Ali 2018; Nozari et al. 2022).
In addition, the treated bacterial isolates reduced this harm-
ful effect, causing a significant decrease in O, and H,0,
levels compared to controls at high salt concentrations.
These results show that the applied bacterial isolates affect
the reduction of oxidative stress in plants under salt stress.

Antioxidant enzyme activities in treated corn plants show
different reactions. CAT, POX, and APX activities exhibited
a consistent decrease with increasing salt concentrations.
In contrast to these enzymes, SOD activity was generally

higher in the presence of salt; this suggests a potential
adaptive response to salt-induced stress. Some bacterial
isolates caused a decrease in CAT, POX, and APX activi-
ties under sure salt concentrations. Remarkable increases
in SOD activity were observed. Besides these, GR activity
showed an interesting dilemma. While B and S treatments
alone generally increased GR activity, the combined effect
varied among isolates. Isolates TG-4 and TG-8 consistently
increased GR activity at salt concentrations. Against this,
TG-12 exhibited a concentration-dependent decrease in GR
activity. These observations highlight the complex interplay
between salt stress and microbial interactions in determining
the oxidative stress response in plants. Moreover, it shows
that S application alone increases GSH concentration in a
dose-dependent manner. However, the effect of adding bac-
teria on GSH content varied depending on the isolate and
salt concentration. According to the findings, it appears to
have a positive result on ASA content, especially at higher
concentrations such as 150 mM and 250 mM. Although B
treatments alone did not have a notable result on ASA con-
tent, when combined with salt, they generally increased ASA
content compared to the control group. TG-20 was deter-
mined to have the highest result on increasing ASA levels
at a salt concentration of 250 mM. These findings suggest
that the combination of S and B could potentially increase
ASA production in the study. Previous studies have found
that the induction of CAT, POX, and APX enzyme activities
under salt stress increases with increasing salt concentration
(Upadhyay et al. 2012; Siddiqui et al. 2017; Nozari et al.
2021). Activation of antioxidant enzymes by rhizobacteria
has frequently been reported in plants exposed to abiotic
stress, including elevated salt content. This is indicated as
one of the mechanisms responsible for salinity tolerance
mediated by microorganisms (Gong et al. 2020; Ali et al.
2022). Our findings were consistent with studies showing
antioxidant enzymatic activities after inoculation with PGPR
against salt stress in plants such as corn and wheat (Kerbab
et al. 2021; Nozari et al. 2022). Increases and decreases in
antioxidant activities indicate that each PGPR isolate has a
specific enzymatic potential under stressful or non-stressful
environmental conditions. In addition, the interactions of
plant-associated microbial communities are complex and
can respond differently (Etesami and Maheshwari 2018).
Our findings shed light on the complex interplay between
S, B, and chlorophyll dynamics in maize plants. S applica-
tions alone caused a significant decrease in total chlorophyll
levels. It is consistent with the findings of previous stud-
ies highlighting the denial effects on chlorophyll content in
various plants exposed to salt stress (Rabhi et al. 2018). In
contrast to the negative result of salt alone, B treatments
increased chlorophyll levels compared to the control group,
indicating a potential protective role against salinity-induced
chlorophyll loss. Our findings coincide with previous studies
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designate the positive effect of PGPRs on chlorophyll con-
tent under abiotic stress conditions (Kang et al. 2014;
Kerbab et al. 2021). The most absorbing aspect of our find-
ing lies in the synergistic effects of bacterial isolates and salt
on chlorophyll content. In the BS-treated groups, an overall
increase in chlorophyll was observed at all salt concentra-
tions compared to S alone. Isolate TG-12 especially stood
out, causing a significant increase in total chlorophyll levels
at various salt concentrations. Similar to our results, Kumar
et al. (2017) observed high chlorophyll levels in inocu-
lated plants under salt stress and noted the role of PGPB
in minimizing the effect of salinity on chlorophyll content.
Moreover, our study reflects similar results to the findings
of studies reporting that an increase in chlorophyll content
leads to increased photosynthetic rates, thereby facilitating
plant growth under salinity (Kaushal and Wani 2016; Kumar
et al. 2017).

Conclusions for future biology

This study demonstrates the potential of halotolerant PGPR
isolated from the rhizospheres of certain wild halophytes in
the Salt Lake region to alleviate salt stress in the maize seed-
lings. Notably, certain isolates including TG-4 (Halomonas
arcis), TG-8 (Marinococcus tarigensis), TG-12 (Halobacil-
lus dabanensis), and TG-20 (Halomonas eurihalina) exhib-
ited significant efficacy in enhancing maize tolerance to
salinity. These isolates achieved this by optimizing physio-
logical processes, reducing oxidative damage, and maintain-
ing ionic balance. As such, they represent promising tools
for improving crop performance in saline environments. To
fully realize the potential of these findings, long-term field
studies are essential to assess the performance of these bac-
terial isolates across different soil types and environmental
conditions. Further research should also explore their effects
on other crops under both controlled and field conditions,
testing the isolates individually and in combination. Addi-
tionally, it is crucial to investigate the underlying molecular
mechanisms through which these bacteria confer salt tol-
erance, including their influence on stress-responsive gene
expression and signaling pathways. Scaling these results to
field trials across diverse agro-climatic regions is vital for
validating the applicability of these PGPR-based solutions in
agricultural settings. This approach contributes to a broader
understanding of microbial adaptations in extreme environ-
ments and their role in promoting sustainable agriculture.
Extending the application of such microbial solutions to
other economically significant crops could further address
challenges associated with climate change and soil degrada-
tion, offering a sustainable path toward resilient agricultural
systems.
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