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Abstract
Background  Soil salinity is a global issue threatening crop growth and yield. Salt-tolerant plant growth-promoting 
rhizobacteria (PGPB) can survive in high-salinity environments and help plants adapt to stress, thus serving as an 
effective measure to mitigate salt stress.

Results  In this study, a salt-tolerant plant growth-promoting bacterium, Halomonas alkaliantarcticae M23 (M23), was 
isolated from the rhizosphere soil of the salt-tolerant plant Suaeda salsa. This study characterized the effects of M23 
on maize growth, salt stress response, and the composition and structure of rhizosphere soil microorganisms, and 
preliminary explained the mechanism by which M23 enhances maize salt tolerance. M23 can tolerate up to 14% NaCl, 
produce auxin, and exhibit the ability to absorb Na+ and accumulate K+ under salt stress. This study also measured 
amino acid production by M23 under different salinity conditions and found that M23 could mainly produce glutamic 
acid (Glu), glutamine, proline, and lysine, with their contents significantly increasing as salinity rises. Inoculating maize 
with M23 enhances the salt tolerance by increasing the K+/Na+ ratio, improving the antioxidant levels, and regulating 
its ABA levels in maize. Additionally, inoculating with strain M23 not only increases soil diversity but also alters the 
composition of bacterial communities in the maize rhizosphere soil. Most species were significantly enriched in saline 
soil treated with M23 at the phylum level. At the genus level, some salt-tolerant plant growth-promoting bacteria 
such as Bryobacter, Nocardioides, and Micromonosporaceae were also significantly enriched.
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Background
According to the survey data of the Food and Agriculture 
Organization of the United Nations, at present, more 
than 1 billion hectares of salinized soil in the world can-
not be effectively utilized due to the high salinity level. 
Moreover, under the joint action of climate change, fre-
quent extreme climate, irrational farming system and 
other factors, the salinization of soil has become a world-
wide problem [1]. Due to the increasingly serious impact 
of salt stress on land and crops, it is urgent to develop an 
efficient and feasible coping strategy to solve the global 
food security problem. The traditional method is to cul-
tivate new salt-tolerant varieties or develop transgenic 
salt-tolerant plants [2], but due to its poor effect and 
certain limitations in the application process, it is urgent 
to find an effective and feasible alternative strategy. In 
recent years, it has become an effective means to improve 
saline-alkali soil and plant stress resistance through plant 
rhizosphere growth-promoting bacteria, and it is also an 
efficient and sustainable development strategy.

Soils with high salinity (i.e., conductivity EC > 4dS/M) 
are classified as saline soils [3, 4]. Due to various rea-
sons such as low precipitation, high surface evaporation 
rate, weathering of native rocks, saline irrigation and 
poor cultural practices, salinization areas have increased 
dramatically. The damage caused by salt stress to plants 
is mainly ion toxicity, osmotic disorder and accumula-
tion of toxic substances (reactive oxygen species). When 
plants are subjected to salt stress, high salinity reduces 
the water potential around the plant roots, which inhibits 
the absorption of water and nutrients, leading to osmotic 
stress. Secondly, high salt will lead to the accumulation of 
Na+ and Cl− in plants, resulting in ionic toxicity, damage 
the homeostasis of Na+ and K+, and hinder the absorp-
tion of Ca2+ [5]. Osmotic stress and ion stress caused by 
high salt can also lead to excessive accumulation of ROS, 
resulting in oxidative stress, while excessive accumula-
tion of ROS in chloroplasts and mitochondria can affect 
photosynthesis and respiration of plants [6, 7]. ROS accu-
mulation can also damage plant tissues, alter DNA, dam-
age cell membranes, and degrade lipids, proteins, and 
other biomolecules [8, 9].

Salt stress has a serious impact on the growth of plants 
and caused huge losses to agricultural production, so 
in order to sustainable development of agriculture, it is 
necessary to formulate a series of mitigation strategies to 
deal with soil salinization. In order to reduce the adverse 

effects of salt stress on plants, scientists have adopted 
a series of measures, among which salt-tolerant crop 
breeding (conventional breeding and genetic engineer-
ing, etc.) is one of the commonly used technical means 
[2]. For example, overexpression of ion transporters 
(NHX1, SOS1, HKT1, etc.) significantly improved the 
salt tolerance of transgenic plants [10–12]. Although salt-
tolerant crop breeding shows great application potential, 
its wide application is limited by its long breeding time, 
high cost and low success rate. At the same time, finding 
effective new salt tolerance genes that can balance crop 
yield and salt tolerance is also a huge challenge. In recent 
years, plant growth promoting bacteria (PGPB) have also 
been used to protect plants from salt stress in soil [13]. 
PGPB improves plant growth and enhances its tolerance 
to salt stress through direct effects, including nitrogen 
fixation, phosphorus enrichment, NH3, indole acetic 
acid (IAA) and iron carrier production, as well as indirect 
effects, including antioxidant defense, production of vol-
atile organic compounds (VOC), extracellular polysac-
charide (EPS) and osmotic balance mechanism [13–16]. 
Microorganisms with plant growth promotion function 
are natural tools to combat soil salt stress [8]. Moreover, 
the application of plant promoting rhizogenic bacteria 
(PGPB) is an ecologically friendly method to solve the 
base osmotic stress in agroecology. It has been reported 
that many native PGPB inhabit plant rhizosphere and 
promote plant growth through biofilm formation, che-
motactic mechanism, phosphate (P) solubilization, nitro-
gen fixation (N2), and production of exopolysaccharides, 
growth hormones, and deaminase [17, 18]. So far, many 
bacteria, including Pseudomonas, Bacillus, Burkholderia, 
Panthenia and rhizobia, have been reported to improve 
crop tolerance under different abiotic stress conditions 
[19]. In addition, the improper application of some fertil-
izer to increase production will lead to a gradual increase 
in soil salinity, and in the long run, the soil will become 
unfertile, while PGPB can reduce fertilizer input, reduce 
production costs, and increase soil fertility.

In this study, a salt-tolerant auxin producing bacte-
rium was isolated from the rhizosphere soil of halophyte 
Suaeda salsa growing in the soil of saline-alkali soil in 
Shandong Province, and its growth-promoting effect and 
influence on the salt tolerance of plants were studied. It 
was found that the application of the bacterium could 
significantly promote the growth of plants under normal 
soil conditions. Salt stress can also significantly improve 

Conclusions  Halomonas alkaliantarcticae M23 could promotes the salt tolerance of maize by increasing the K+/Na+ 
ratio, antioxidant levels, and ABA levels and changing the rhizosphere bacterial community. This study demonstrates 
that M23 has great potential in promoting plant growth in saline-alkali soils.
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plant salt tolerance. In addition, the bacteria can tolerate 
up to 14% NaCl, so it can be colonized in soil with high 
salinity. Moreover, the bacteria is a natural microorgan-
ism isolated from saline-alkali soil, so it can be made into 
bacterial fertilizer and applied in saline-alkali soil in the 
future, so as to achieve the effect of improving saline-
alkali soil. The results of this study can provide candi-
date strain resources for the development of salt-tolerant 
biologic fertilizer/agent, so it has important application 
value.

Result
Strain M23 is a salt-tolerant auxin-producing bacteria
We isolated a salt-tolerant strain from the rhizosphere 
soil of the halophyte Suaeda salsa (Fig.S1A). PCR ampli-
fication and sequencing of the 16 S rRNA gene obtained 
a 1400  bp 16  S rRNA sequence. NCBI BLAST analy-
sis revealed its closest phylogenetic relationship with 
Halomonas alkaliantarcticae CRSS. The strain was des-
ignated as Halomonas alkaliantarcticae M23 (Supple-
mental document), and its 16 S rDNA sequence has been 
deposited in NCBI (accession number: PP864102.1). 
The bacterium exhibits a rod-shaped morphology, stains 
gram-positive (Fig.S1B), and can be capable of producing 
exopolysaccharides (1.82  mg/g) (Fig.S1C). To determine 
the salt tolerance of strain M23, 100 µL of strain M23 
suspension was inoculated into LB medium containing 
0%, 3%, 5%, 10%, 14%, and 15% NaCl (w/v), and cultured 
in a shaker at 37  °C for 48  h. The OD value of the cul-
ture medium was measured at 12 h, 24 h, 36 h, and 48 h, 
showing that strain M23 can tolerate up to 14% salt con-
centration (Fig.  1A, Fig.S2). And the strain M23 could 
also produce IAA (Fig.  1B). In summary, M23 is a salt-
tolerant auxin-producing bacteria.

Effect of inoculated strain M23 on Na+ and K+ content in 
culture medium
To investigate the effect of strain M23 on the Na+ and K+ 
content in the culture medium, we measured the changes 
in Na+ and K+ concentrations in the LB medium with dif-
ferent NaCl concentrations after inoculating M23. The 
results showed that compared with 0 h, under 1.5% and 
3% NaCl concentrations, the Na+ concentration in the 
culture medium decreased significantly with the increase 
in culture time after inoculating M23, indicating that 
M23 can absorb Na+ from the culture medium (Fig. 2A). 
Compared with 0 h, the K+ concentration in the culture 
medium also increased under 1.5% and 3% salt concen-
trations (Fig.  2B). The above results indicate that under 
salt stress conditions, M23 regulates the ion balance of 
the medium by absorbing Na⁺ and releasing K⁺, thereby 
reducing the environmental Na⁺ concentration.

High salt levels lead to the accumulation of some amino 
acids in strain M23 cells
Under normal conditions, M23 primarily produces glu-
tamic acid (Glu), glutamine, proline, and lysine, with 
their contents significantly increasing with rising salin-
ity. Specifically, compared to the control, proline content 
under 3%, 5%, and 10% NaCl stress increased by 276.38%, 
1571.22%, and 8162.14%, respectively. Glutamic acid 
content also increased by 48.28%, 25.04%, and 264.30% 
under 3%, 5%, and 10% NaCl stress, respectively, when 
compared to the control. Lysine content was also ele-
vated by 532.54% under 10% NaCl stress compared to the 
control. Additionally, amino acids such as serine, glycine, 
threonine, alanine, L-ornithine, tyrosine, methionine, 
valine, isoleucine, leucine, phenylalanine, and tryptophan 
increased with rising salinity. Notably, arginine (Arg) 
accumulated only under salt stress conditions (Table 1).

M23 could promote the growth of maize under both 
normal growth conditions and salt stress conditions
The pot experiment demonstrated that M23 can sig-
nificantly promote maize growth under both normal 
growth conditions and salt stress (Fig.  3A). Under nor-
mal growth conditions, inoculation with M23 notably 
enhances maize growth, evidenced by an increase in the 
fresh weight of the maize leaves (increased 46.55% com-
pared with the control maize). Under salt stress con-
ditions, salt stress significantly inhibits maize growth, 
however, inoculation with M23 alleviates the inhibitory 
effect of salt stress on aboveground compared to the con-
trol maize, the fresh weight of the maize leaves increased 
by 108% (Table 2). The ABA content in the M23-treated 
maize was significantly higher than that in the control 
maize under salt stress (Table 2). Additionally, the activi-
ties of GST, CAT, POD and APX in maize treated with 
M23 were also increased by 88.25%, 24.26%, 74.57% and 
44.35% respectively. We also detected the Na+ and K+ 
content in the leaves of maize under both normal and 
salt condition. The result showed that inoculation with 
M23 could inhibit the absorption of Na+ and promotes 
the absorption of K+ in maize leaves (Fig. 3B-J). Conse-
quently, this leads to a significant increase in the K+/Na+ 
ratio, both under salt stress conditions, thereby enhanc-
ing the salt tolerance of maize. Even under normal con-
ditions, the application of M23 was found to elevate the 
K+/Na+ ratio, primarily due to its ability to facilitate K+ 
absorption and hinder Na+ absorption (Fig. 3B-D).

Ion transport and ABA synthesis and signaling pathways 
related genes in leaves of maize inoculated with M23 were 
significantly up-regulated under salt stress conditions
Since M23 can affect the Na+ and K+ content in maize 
leaves after salt stress, we further examined the expres-
sion of the ion transport-related genes in maize leaves 
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under both normal and salt-stress conditions. The result 
showed that M23 could induces the expression of Na+/
H+ antiporter genes (NHX5, NHX8, NHX9, and NHX14), 
and potassium high-affinity transporter genes (HAK2, 
HAK3, HAK4, HAK7, HAK8, under the salt stress condi-
tions (Fig. 4). And because of that the ABA content in the 
M23-treated maize was significantly higher than that in 

the control maize under salt stress, we also detected the 
expression level of the genes related the ABA synthesis 
and signaling pathways. It indicated that the genes related 
to ABA synthesis (NCED2, NCED8, NCED and NCED9) 
and the ABA signaling pathway (2 genes of PYL, 1 gene 
of SnRK, and 2 genes of ABF) were also up-regulated in 
maize inoculated with M23 under the salt stress. And we 

Fig. 1  Determination of the salt tolerance and auxin-producing ability of M23. A, The cell number (indicated by OD600) in the culture solution at different 
NaCl concentrations inoculated with M23. B, Determination of IAA-producing ability of M23. Each bar represents the mean ± SD (n ≥ 3). Different lower-
case letters above the bars represent significant differences based on one-way ANOVA (Duncan’s multiple range, p < 0.01). Asterisks indicate significant 
differences between treatments according to Student’s t-test (****p < 0.0001)

 



Page 5 of 15Liu et al. BMC Plant Biology          (2025) 25:727 

also found that the genes encoding of peroxidase 72 were 
also up-regulated in maize with M23 treatment (Fig. 4).

M23 could significantly improve the soil environment in 
both normal and salt-stressed soils
The soil enzyme activity is an important indicator 
for monitoring the dynamics and health of the soil 

ecosystem. Since the rhizosphere soil was in close con-
tact with the roots, soil enzyme activity in the rhizo-
sphere soil of the maize under the normal and salt stress 
condition were detected. And the result showed that 
M23 significantly increased the activity of soil alkaline 
phosphatase, urease and soil dehydrogenase (Table  3). 
Compared with uninoculated soil, the activities of urease, 

Fig. 2  The Na+ and K+ concentration in the culture solution at different concentrations of NaCl stress inoculated with strain M23. Values are means ± sd. 
Bars represent means ± sd (n = 3 repeats). Different letters indicate significant difference at P < 0.01
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alkaline phosphatase, and soil dehydrogenase increased 
by 30.68%, 22.50%, and 35.47% respectively under salt 
stress. While under normal conditions, the activities of 
urease, alkaline phosphatase, and soil dehydrogenase 
were also increased by 31.46%, 54.54%, and 28.01%, 
respectively. These results indicated that the application 
of M23 could significantly improve the soil environment 
in both normal and salt-stressed soils.

Inoculation with M23 changed the bacterial community in 
maize rhizosphere under normal and salt stress
To analysis the effect of M23 on the rhizosphere bacterial 
community, high throughput sequencing of 16  S rDNA 
region was used to analyze the effects of M23 on rhizo-
sphere bacterial community diversity and abundance 
under both normal and salt stress condition. The results 
of sparse curve analysis indicate that the curves of the 
4 libraries generate were nearly smooth, indicating that 
the sequencing results adequately reflected the diversity 
contained in the current sample (Fig.  5A). The number 
of taxa showed that salt stress significantly reduced the 
number of bacterial species in soil, but inoculation of 
M23 alleviated the decline (Fig.  5B). The effect of bac-
terial inoculation on microbial community composi-
tion was assessed by PCoA analysis, and the bacterial 

community in the inoculated samples of strain M23 
was significantly separated from that in the uninocu-
lated samples (Fig.  5C). Analysis of the species compo-
sition showed that Proteobacteria was the main phyla, 
followed by were Actinobacteriota, Gemmatimonadota, 
Chloroflexi, Bacteroidota, Acidobacteriota, Verrucomi-
crobiota, Firmicutes, Patescibacteia and Planctomycetota. 
Although the bacterial community abundance of the soil 
treated with M23 compared with the soil without M23 
treatment changed under normal and salt condition, 
the dominant species were similar (Fig. 5D). Analysis of 
the α diversity showed that in the absence of inocula-
tion with strain M23, soil bacterial α diversity, including 
Shannon, Simpson, and Pielou, was significantly reduced 
under salt stress. Compared with uninoculated soil, the 
applied strain M23 significantly increased the Shannon 
and Simpson and Pielou indices under both normal and 
salt stress conditions (Fig.  5E). Random forest analysis 
in different level showed that the bacterial community 
abundances of the rhizosphere soil with M23 treatment 
were different with the soil without treatment both under 
normal and salt stress condition (Fig.  6). As shown in 
Fig.  6A, at the phylum level, most species were signifi-
cantly enriched in the saline soil with M23 treatment. 
And at genus level, Rubrobacter, Babeliales, Alcaligena-
ceae, Bryobacter, PLTA13, Nocardioides, Mycobacterium, 
Flindersiella, Pedobacter, Rhizocola, Rhodococcus, Can-
didatus_Alysiosphaera, Ensifer, alphaI_cluster and Pedo-
microbium were significantly enriched in M23 treatment 
soil (Fig. 6B).

Discussion
High salinity leads to osmotic stress, ionic toxicity, oxi-
dative damage and nutrient imbalance in plants, thus 
reducing photosynthetic rate, inhibiting plant growth, 
and reducing plant yield and quality. Beneficial rhizo-
sphere bacteria inhabit the roots of plants and can release 
a variety of metabolites to promote plant growth, devel-
opment and resistance to various stresses. Therefore, 
PGPB from natural salt environments can be a real can-
didate to more effectively reduce the effects of salt stress 
on plants [20]. This study evaluated the effects of M23 
inoculation on plant growth and development under nor-
mal growth conditions and salt stress. The results showed 
that inoculation of M23, a plant growth promoting bacte-
rium, could not only promote the growth of maize under 
normal growth conditions, but also reduce the negative 
effects of salt stress on the plant and significantly pro-
mote the growth under salt stress conditions.

M23 can alleviate the ion stress caused by high salinity in 
maize
Na+ homeostasis regulation is the key to maintain nor-
mal plant growth under salt stress [21]. Under normal 

Table 1  Analysis of the production of amino acids by Halomonas 
alkaliantarcticae M23 under different salt concentrations (0%, 3%, 
5%, and 10% NaCl)
sampleCode 0% NaCl 3% NaCl 5% NaCl 10% NaCl
Histidine 0.00 ± 0.00 0.00 ± 0.00 0.00 ± 0.00 1.10 ± 0.10
Arginine 0.00 ± 0.00 5.16 ± 0.18 5.01 ± 0.30 0.00 ± 0.00
Asparagine 0.16 ± 0.02 7.04 ± 0.16 0.95 ± 0.09 0.05 ± 0.01
Glutamine 32.10 ± 0.28 23.31 ± 0.53 23.16 ± 0.38 76.31 ± 0.88
Serine 2.24 ± 0.05 8.09 ± 0.16 1.53 ± 0.01 1.41 ± 0.02
Glycine 2.42 ± 0.03 9.44 ± 0.09 3.46 ± 0.06 3.15 ± 0.06
Aspartic acid 0.81 ± 0.02 3.80 ± 0.12 1.29 ± 0.01 1.81 ± 0.03
L-Citrulline 0.62 ± 0.02 3.17 ± 0.03 13.69 ± 0.12 344.79 ± 0.49
Glutamic acid 30.90 ± 0.69 45.82 ± 0.47 38.64 ± 0.21 112.57 ± 0.67
Threonine 1.03 ± 0.02 9.45 ± 0.11 5.33 ± 0.06 8.10 ± 0.07
Alanine 4.95 ± 0.03 15.70 ± 0.06 6.35 ± 0.07 2.51 ± 0.04
Gamma-
Aminobutyric 
acid

0.17 ± 0.01 0.11 ± 0.01 0.11 ± 0.01 0.33 ± 0.02

Proline 10.46 ± 0.07 39.37 ± 0.11 174.81 ± 1.36 864.22 ± 10.21
L-Ornithine 2.03 ± 0.02 10.45 ± 0.14 4.28 ± 0.21 37.69 ± 0.21
Lysine 22.06 ± 0.47 19.54 ± 0.28 16.41 ± 0.34 139.54 ± 0.38
Cystine 0.00 ± 0.00 0.00 ± 0.00 0.00 ± 0.00 0.00 ± 0.00
Tyrosine 2.11 ± 0.05 12.85 ± 0.14 7.20 ± 0.14 13.00 ± 0.11
Methionine 1.51 ± 0.04 7.46 ± 0.10 5.07 ± 0.02 3.33 ± 0.06
Valine 3.67 ± 0.08 11.74 ± 0.03 5.28 ± 0.12 2.68 ± 0.04
Isoleucine 0.84 ± 0.02 10.46 ± 0.08 2.64 ± 0.01 0.89 ± 0.02
Leucine 3.05 ± 0.07 15.52 ± 0.17 5.29 ± 0.04 3.32 ± 0.02
Phenylalanine 3.92 ± 0.19 13.20 ± 0.13 5.63 ± 0.07 7.13 ± 0.09
Tryptophan 1.97 ± 0.04 3.55 ± 0.03 1.81 ± 0.02 5.52 ± 0.04
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and saline stress conditions, inoculating with M23 can 
restrict the accumulation of Na+ in plants and increase 
K+ content, thereby enhancing the K+/Na+ ratio. This 
indicates that M23 possesses certain mechanisms to limit 

the accumulation of Na+ in plants. Additionally, we found 
that under salt stress, the concentration of Na+ in the liq-
uid medium inoculated with M23 significantly decreased, 
suggesting that this bacterium can consume Na+ from 

Table 2  Effect of strain M23 on the FW, ABA content and the antioxidant enzymes (GST, CAT, POD and APX) of the maize
NaCl treatment (mM) M23 treatment FW(g/plant) ABA(µg/g) GST(U/g) CAT(U/g) POD(U/g) APX(U/g)
0 No bacteria 2.234 ± 0.143 1.319 ± 0.021 1054.125 ± 56.363 26.940 ± 0.644 17.333 ± 1.955 1.003 ± 0.015
0 M23 3.274 ± 0.304** 2.433 ± 0.067** 2885.995 ± 157.906** 52.840 ± 0.794** 71.200 ± 0.600** 4.240 ± 0.168**
250 No bacteria 0.180 ± 0.083 2.231 ± 0.030 2104.085 ± 18.161 49.680 ± 1.191 38.017 ± 1.557 3.170 ± 0.097
250 M23 0.375 ± 0.107** 2.629 ± 0.018** 3960.955 ± 43.366** 61.733 ± 0.578** 66.367 ± 0.611** 4.576 ± 0.043**

Fig. 3  Phenotypes of maize under normal and salt stress in soil culture condition with and without M23. A, Phenotypes of maize under normal (control) 
and salt stress (final soil salinity was 8.0 dS m− 1) in soil culture condition with and without M23. B-D, Na+ content, K+ content, and K+/Na+ ratio in the 
leaves of maize under normal condition. E-J, Na+ content, K+ content, and K+/Na+ ratio in the leaves of maize under salt stress. Values are means ± sd (n = 3 
repeats). Significant differences are indicated by asterisks (**, P ≤ 0.01)
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Table 3  Effect of strain M23 on the enzymes activity of the urease, alkaline phosphatase, and dehydrogenase in rhizosphere soil of the 
maize under normal and salt condition
NaCl treatment (mM) M23 treatment Urease(U/g) Alkaline phosphatase(U/g) Soil dehydrogenase(U/g)
0 No bacteria 315.306 ± 3.535 854.139 ± 18.264 1607.964 ± 25.015
0 M23 414.516 ± 7.559** 1320.022 ± 27.599** 2058.318 ± 32.579**
250 No bacteria 328.031 ± 2.121 1136.577 ± 22.013 2235.132 ± 38.556
250 M23 428.656 ± 4.261** 1392.282 ± 10.106** 3027.834 ± 26.226**

Fig. 4  Expression of genes related to ion transport and ABA synthesis and signaling pathways in leaves of maize inoculated with or without M23 under 
normal and salt stress conditions. Expression of genes related to ion transport and ABA synthesis and signaling pathways were analyzed by real-time RT-
PCR, fold changes in transcripts were calculated by 2−ΔΔCt method with ZmTub as an internal control. And the heatmaps of these genes were made using 
the value of M23 /CK of the relative expression level
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the medium. Furthermore, the K+ content in the medium 
also increased slightly. Therefore, we speculate that M23 
can absorb environmental Na+ to alleviate ionic toxicity 
in plants under salt stress. M23 is a salt-tolerant strain 
capable of tolerating 14% NaCl. The salt tolerance of the 
M23 strain may also play a crucial role in its interaction 
with plants.

Additionally, we analyzed the expression of ion trans-
porter-related genes in plant leaves. Under salt stress, 

M23 induced the upregulation of several ion homeo-
stasis-related genes, including Na+/H+ antiporter genes 
(NHX5, NHX8, NHX9, and NHX14) and high-affinity 
potassium transporter genes (HAK2, HAK3, HAK4, 
HAK7, HAK8). The increased expression of these genes 
significantly alleviated ionic stress in plants, enhancing 
their salt tolerance. This may represent another mecha-
nism by which M23 mitigates salt-induced ionic stress in 
maize.

Fig. 5  The sparse curve analysis, taxonomic unit count of species, PCoA analysis, the species composition analysis, and the α diversity analysis indices of 
the bacteria in rhizosphere soil of the maize under normal and salt stress in soil culture condition with and without M23. A, The sparse curve analysis. B, 
The species composition analysis (Taxonomic unit count of species). C, The β diversity analysis (PCoA analysis). D, The species composition analysis (The 
relative abundances of bacterial communities at phylum level). E, The α diversity analysis indices
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M23 may enhances maize salt tolerance by secreting 
beneficial amino acids that support osmotic regulation, 
stress signaling, and hormonal balance
Salt-tolerant bacteria adapt to high salt stress through 
various methods. One of the most common strategies 
is the accumulation of compatible solutes, such as sug-
ars, amino acids, and glycine betaine. These molecules 
serve as compatible solutes, protecting cells from dam-
age while maintaining normal cellular functions [22]. 
Under salt stress, amino acids such as Glutamine, Glu-
tamic acid, Proline, tryptophan and L-Citrulline signifi-
cantly increase in strain M23. These amino acids are the 
main compatible substances that the salt-tolerant plant-
promoting bacteria use to alleviate salt stress [22]. These 
amino acids can act as compatible solutes to help M23 
adapt to salt stress. Proline, as an osmoprotectant, can 
be absorbed by plants to help maintain cellular osmotic 
balance, mitigating dehydration caused by salt/drought 
stress [23]. Glutamate not only serves as a proteinogenic 
amino acid but also acts as a signaling molecule, partici-
pating in various physiological processes. Under normal 
conditions, it regulates seed germination and root devel-
opment. Under stress conditions, it contributes to plant 

pathogen resistance and abiotic stress responses (e.g., 
salinity, low/high temperature, and drought) [24]. Thus, 
M23-secreted glutamate may promote root develop-
ment and enhance stress resistance in plants. Trypto-
phan, a precursor of phytohormones (e.g., auxin), can 
be absorbed by plants to stimulate auxin synthesis [25], 
potentially improving plant growth under stress. These 
findings suggest that M23 may enhance maize salt tol-
erance by secreting beneficial amino acids that support 
osmoregulation, stress signaling, and hormonal balance.

Moreover, M23 can produce auxin IAA, which is essen-
tial for cell division and elongation in plants respond-
ing to salt stress [26]. Auxin (IAA), an essential plant 
hormone, is produced by numerous endophytic bac-
teria colonizing halophytes. IAA exerts its functions by 
enhancing plant seed germination, root proliferation, and 
cellular permeability to water, as well as by reducing cell 
wall pressure [27].

M23 may alleviate oxidative damage induced by salt stress
Plants under salt stress often produce excessive reactive 
oxygen species (ROS), which can be harmful to proteins, 
DNA, and lipids, leading to membrane damage, enzyme 

Fig. 6  The heatmap of the top 30 phylum (A), Genus (B) in the rhizosphere soil of bacteria in rhizosphere soil of maize
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inhibition, and chlorophyll degradation. Therefore, ROS 
scavenging is crucial for the survival and growth of plants 
under salt stress [28]. Excessive ROS are scavenged by 
antioxidants in plants, such as antioxidant enzymes 
(superoxide dismutase (SOD), catalase (CAT), peroxi-
dase (POD), glutathione peroxidase (GPX), ascorbate 
peroxidase (APX), etc.) [29]. Under salt stress, M23 strain 
increases the activity of antioxidant enzymes such as 
POD, CAT, GST, and APX. These enzymes can effectively 
scavenge ROS produced by plants to mitigate the oxida-
tive damage under salt stress, thereby enhancing the salt 
tolerance of plants. The observed changes in the activity 
of antioxidant enzymes suggest that M23 may help allevi-
ate oxidative stress, and we will further investigate how 
M23 enhances plant salt tolerance by alleviating oxidative 
stress, by determining the levels of reactive oxygen spe-
cies (ROS) and oxidative status in different parts of plants 
under salt stress in the future.

M23 may enhance salt tolerance in plant by promoting 
ABA synthesis
Physiological and biochemical assays further confirmed 
a significant increase in ABA content in maize leaves 
after M23 treatment. ABA, as a stress-resistant hormone, 
can significantly enhance many stresses tolerance in 
plants [30]. Furthermore, we analyzed the gene expres-
sion related to ABA synthesis, and signaling pathways in 
maize leaves treated with M23 under both normal and 
salt stress conditions and found that M23 treatment sig-
nificantly induced the expression of the genes involved 
in ABA biosynthesis and ABA signaling pathways. These 
results demonstrate that M23 may enhance the salt toler-
ance in plant, at least in part, by promoting ABA synthe-
sis. And in the future, we will use the ABA synthesis and 
ABA signaling pathway defective mutants to further ver-
ify whether M23 enhances plant salt tolerance through 
ABA synthesis and the ABA signaling pathway.

M23 may enhance salt tolerance in maize by changing the 
rhizosphere bacterial community
To investigate the mechanism of M23 in improving plant 
salt tolerance, we also assessed its impact on soil micro-
bial communities. Long-term salt stress affects the struc-
ture of soil microbial communities. Our research also 
showed that the abundance of soil microorganisms sig-
nificantly decreased after salt stress. However, inoculat-
ing with M23 altered the composition of microorganisms 
in rhizosphere soil. Under salt stress, most species were 
significantly enriched in saline soil treated with M23 at 
the phylum level. At the genus level, Rubrobacter, Babe-
liales, Alcaligenaceae, Bryobacter, PLTA13, Nocardioi-
des, Mycobacterium, Flindersiella, Pedobacter, Rhizocola, 
Rhodococcus, Candidatus_Alysiosphaera, Ensifer, alphaI_
cluster, and Pedomicrobium were enriched. Among 

them, Rubrobacter has a close positive correlation with 
soil organic carbon, pH, available phosphorus, ammonia 
nitrogen (N), and nitrate nitrogen under drought condi-
tions [31], and it is significantly enriched under salt stress 
[32]. Bryobacter is also a plant growth-promoting bac-
terium that can recruit many beneficial microorganisms 
associated with organic matter decomposition, plant 
growth promotion, and pathogen suppression, thereby 
promoting plant growth [33]. Bryobacter [34], Nocardi-
oides [35], Micromonosporaceae [36] also belong to plant 
growth-promoting bacteria. We will conduct additional 
experiments to quantify the specific contributions of the 
altered bacterial community to maize salt tolerance and 
to compare the effectiveness of different bacterial strains. 
In the future, we would isolate these key salt-tolerant 
bacteria and investigate the potential synergistic interac-
tions between M23 and the key microbial taxa.

All experimental results presented in this paper were 
obtained under laboratory conditions. In the next phase, 
we will apply for patent protection for this bacterium and 
seek permission to conduct field experiments to further 
confirm the growth-promoting effects of M23 on plants 
under saline-alkali conditions.

Conclusion
A salt-tolerant plant growth-promoting bacterium, 
Halomonas alkaliantarcticae M23 (M23), was iso-
lated from the rhizosphere soil of the salt-tolerant plant 
Suaeda salsa. M23 can tolerate up to 14% NaCl, produce 
auxin, and exhibit the ability to absorb Na+ and accumu-
late K+ under salt stress. This study also measured amino 
acid production by M23 under different salinity condi-
tions and found that M23 could mainly produce glutamic 
acid (Glu), glutamine, proline, and lysine, with their con-
tents significantly increasing as salinity rises. And M23 
inoculation may improve the salt tolerance of maize by 
coordinately increasing the K+/Na+ ratio, improving 
the antioxidant levels, and regulating its ABA levels in 
maize. Additionally, inoculating with strain M23 not only 
increases soil diversity but also alters the composition 
of bacterial communities in the maize rhizosphere soil. 
Some salt-tolerant plant growth-promoting bacteria such 
as Bryobacter, Nocardioides, and Micromonosporaceae 
were significantly enriched in the maize rhizosphere soil 
inoculating with strain M23 which could also increase 
the salt resistance of plants. This study demonstrates that 
M23 has great potential in promoting plant growth in 
saline-alkali soils (Fig. 7).

Materials and methods
Bacteria and soil
Halomonas alkaliantarcticae M23 (NCBI accession num-
ber: PP864102) was isolated from the rhizosphere soil of 
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halophyte salineponde growing in the soil of saline-alkali 
soil in Shandong Province of China.

The basic properties of the soil are: pH 7.05; organic 
matter, 20.7  g/kg; CEC, 18.4 cmol/kg; available P, 
80.8 mg/kg; available K, 271 mg/kg; NH4

+-N, 7.1 mg/kg; 
NO3

−-N, 60.4 mg/kg.

Isolation and identification of salt-tolerant microorganisms
Soil samples were collected from the rhizosphere soil 
of Suaeda salsa from Dongying, Shandong Province 
(37.46 N, 118.49 E, North China) and stored at 4°C. The 
2.0 g rhizosphere soil sample was weighed and placed in 
a conical bottle filled with 100mL double steam water, 
sealed with a sealing film, and shaken in a 200 rpm shak-
ing table at 30℃ for 24 h to obtain soil suspension. The 
soil suspension was diluted with 1 × 106 and coated on 
a plate containing a Luria Bertani (LB) medium with 
10% NaCl, and the single colony with good growth was 
selected to obtain salt-tolerant strains. Different strains 
were selected from each plate and purified by a streaking 
method on a LB medium with 10% NaCl. After purifica-
tion, the strains were stored at 4°C using glycerol pres-
ervation. For molecular identification, the 16S rRNA 
gene was amplified by the universal primers 338F (5’-​A​
C​T​C​C​T​A​C​G​G​G​A​G​G​C​A​G​C​A-3’) and 806R (5’-GGAC-
TACHVGGGTWTCTAAT-3’). The final volume of the 
amplification reaction solution was 25 µL containing 
10×buffer (2.5 µL), dNTP (2 µL), of primers (each 0.5 µL), 
Taq polymerase (0.15 µL), ddH2O (18.35 µL) and a tem-
plate solution (1 µL). The conditions of the PCR were as 
follows: the first step of 95  °C for 5 min followed by 40 
cycles of 95 °C for 10 s, 58 °C for 40 s, and 72 °C for 90 s, 

and the final extension at 72 °C for 10 min. The obtained 
sequences of the 16  S rRNA gene were compared with 
sequences of the NCBI database (​h​t​t​p​​s​:​/​​/​w​w​w​​.​n​​c​b​i​.​n​l​
m​.​n​i​h​.​g​o​v​/) using BLAST. And a ​p​h​y​l​o​g​e​n​e​t​i​c tree was 
constructed by multiple alignments using the MEGA 
(Molecular Evolutionary Genetics Analysis) software 
(version 7.0) and the neighbor-joining method.

Determination of auxin production capacity of salt-
tolerant bacteria
IAA production of the isolates was quantitatively deter-
mined based on the method of Gordon and Weber [37]. 
The isolate was cultured in 10 mL nutrient broth supple-
mented with different concentrations of 0, 1, 2, 3, 4, and 
5% NaCl and 100 mg/l tryptophan, and then incubated in 
a constant temperature (30℃) shaker. After 48  h, 4 mL 
of bacteria supernatants was mixed with 4 mL Salkowski 
reagent, and kept in the dark for 30 min. The optical den-
sity was then measured at the absorbance of 530 nm, and 
the IAA production of strain M23 was calculated by IAA 
standard curve.

Determination of K+ and Na+ in M23 supernatant
The activated bacteria were inoculated into LB medium 
containing 0, 1.5, and 3% NaCl, and cultured at 28℃ for 
48  h, and centrifuged at 4℃ for 12,000  g for 15  min to 
collect the supernatant. The content of Na+ and K+ ions 
in supernatant was determined by flame photometer.

Determination of free amino acids in M23 supernatant
The activated bacteria were inoculated in LB medium 
with 0, 3, 5 and 10% NaCl concentration for 48 h, and 50 

Fig. 7  Proposed model for the role of M23 on maize under salt stress
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mL of cell fluid of the bacteria treated with different NaCl 
was collected by centrifugation. 50 mL of cell bacteria 
solution was pre-cooled in ice bath, and then centrifuged 
at 6000  rpm at 4℃ for 15  min to collect bacteria. The 
precipitated bacteria were washed twice with isotonic 
NaCl solution (with sterile NaCl solution of 0, 3, 5, 10%), 
centrifuged and collected again, then dissolved with 5 mL 
pre-cooled 0.25 mol /L perchloric acid, and then left for 
10  min after mixing evenly. Then the supernatant was 
refrigerated and centrifuged for 15 min to determine the 
content of free amino acids using LC-MS.

The promotion test on plant salt tolerance
The 3-leaves seedlings were watered using the solution 
with M23 and NaCl. And the control group was only 
watered with NaCl solution.

Maize inbred line KN5585 (KN5585, a maize inbred 
line cultivated by the Institute of Crop Sciences, Chinese 
Academy of Agricultural Sciences (CAAS), boasts out-
standing agronomic traits and robust combining ability, 
rendering it ideal as parental material for hybrid breed-
ing programs.) was seeded into the pots(diameter:10 cm, 
height:10  cm). M23 was grown in a sterilized liquid LB 
medium, until OD600 reached 0.8. Afterwards, M23 
fluid was collected and resuspended in sterile deionized 
water. The absorbance was adjusted to an optical density 
of 0.8 at 600  nm. When the maize reached the stage of 
three leaves, furrows (1–2  cm deep) were made around 
the roots of the maize, and bacterial suspension (100 mL 
per pot) was added to the furrows, while non-bacterial 
inoculation was used as the control. After inoculation 
for 7 days, some of the pots were grown under normal 
conditions, and some pots were used for salt stress treat-
ment. The treatment group was irrigated with water 
solution containing 250 mM NaCl + M23 suspension 
(OD600 = 0.8), and the control group was irrigated with 
water solution containing 250 mM NaCl every 2 d for 3 
times, the experiment lasted for 20 days and the maize 
plants were grown in the greenhouse (temperature 25 ± 3° 
C, relative humidity 70%, 16 h light, 8 h dark). The bio-
mass of the maize was measured after 20 days (the final 
soil salinity was 8.0 dS/m).

Determination of ABA, enzyme activity in maize tissue and 
rhizosphere soil
The ABA content was measured following the reported 
method [38]. The total peroxidase (POD) activity was 
determined spectrophotometrically by measuring the 
oxidation of guaiacol at 470 nm, using the kit (ADS-W-
KY003, Jiangsu Jingmei Biological Technology Co.,Ltd). 
The activity of catalase (CAT) was assayed by measur-
ing the disappearance of H2O2 [39]. The activity of glu-
tathione S-transferase (GST) and ascorbic peroxidase 
(APX) was detected using the kits (ADS-W-G005 and 

ADS-W-VC005, Jiangsu Jingmei Biological Technology 
Co.,Ltd). The activities of the alkaline phosphatase, dehy-
drogenase, urease and catalase in rhizosphere soils were 
detected according to the reported methods [40, 41]. 
Three biological replicates were performed.

The measurement of K+ /Na+ ratio of maize leaves
After 20 days of culture, maize leaves and roots were 
washed and dried, and the contents of nutrients and ions 
were determined. Maize leaves were ground to a fine 
powder, 0.2 g FW of the sample was weighed and added 
to a digestive tube of 1 mL distilled water. 5 mL H2SO4 
was added to the mixture and 2 mL hydrogen peroxide 
was added twice. After intense reaction, the mixture 
was dissolved in a digestion furnace, and the heating 
was stopped when the solution turns brown. After cool-
ing slightly, added 10 drops of H2O2 and continue heat-
ing until the solution was colorless or clear. Continue 
heating for 5  min and removing the excess H2O2. K+ 
and Na+ were determined by flame photometry (FP640, 
China) according to the protocol described by Wolf [42]. 
The K+ /Na+ ratio was calculated based on K+ and Na+ 
concentrations.

Bacterial community analysis of maize rhizosphere soil
The soils tightly bound to the roots (served as rhizo-
sphere soils) were collected and analyzed for the compo-
sition of microbial community. Total bacterial genomic 
DNA samples were extracted using OMEGA Soil DNA 
Kit (D5625-01, USA) This experiment was performed in 
triplicate. Amplification and high-throughput sequenc-
ing of 16s rDNA of soil bacteria in maize rhizosphere 
were performed as described by Wang et al. [43]. PCR 
amplification of the bacterial 16S rRNA genes V3–V4 
region was conducted using the forward primer (5’-​A​C​
T​C​C​T​A​C​G​G​G​A​G​G​C​A​G​C​A-3’) and the reverse primer 
(5’-GGACTACHVGGGTWTCTAAT-3’). High-through-
put sequencing was performed using Illlumina MiSeq 
platform with MiSeq Reagent Kit v3 at Shanghai Personal 
Biotechnology Co., Ltd (Shanghai, China). The presence 
of differences at different taxa, including phylum, class, 
order, family and genus, between groups were analyzed 
using Metastats. Nonmetric multidimensional scaling 
(NMDS) was performed on distance matrices. The 2D 
graphical outputs were then drawn using the coordinates.

Statistical analysis
All data have at least three biological replicates. The data 
were presented as the mean ± standard deviation (SD). 
The statistical analysis was performed using T-test and 
Duncan’s tests of one-way ANOVAs in SPSS (version 
22.0.0.0). Significant differences were indicated by aster-
isks, *p < 0.05; **p < 0.01.
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