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ARTICLE INFO ABSTRACT

Keywords: Salt stress poses a significant challenge in contemporary agricultural practices. In response, using plant growth-
Plant growth-promoting bacteria (PGPB) promoting bacteria (PGPB) in conjunction with biochar coatings has emerged as an innovative biological strategy
Biochar

to mitigate salt stress in crops. Through a dual screening process based on gradient salt concentration and plant
growth-promoting performance, a highly salt-tolerant PGPB, Serratia nematodiphila, was identified in this study.
And a seed-coating formulation incorporating S. nematodiphila was developed using biochar as a carrier. With the
help of potting experiments, this paper investigated the impact of this S. nematodiphila-biochar-based seed
coating on Zea mays under salt stress, while also analyzing functional alterations in the core microbial com-
munity. These findings indicate that the S. nematodiphila-biochar-based seed coating selectively enriched bene-
ficial microbial populations, such as Proteobacteria, Gammaproteobacteria, Verrucomicrobiae, and Bacteroidia,
fostering a symbiotic association with the Z. mays root system. These beneficial consortia facilitated the accu-
mulation of osmotic solutes, including soluble sugars, soluble proteins, and proline, thereby modulating leaf
photosynthetic activity and alleviating salt stress (sodium and potassium homeostasis) in Z. mays. This investi-
gation provides refined technical approaches for alleviating salt stress in Z. mays, contributing to developing
sustainable agricultural practices.

Salt stress

Osmotic regulation

Sodium and potassium homeostasis
Microbial community

1. Introduction the synthesis of osmoprotectants, modulation of endogenous hormone

levels, and preservation of cellular redox equilibrium (Liang et al.,

Ranked as the third most crucial food crop globally, Zea mays is
known for its sensitivity to salt stress, which significantly affects its
production (Liang et al., 2024). Currently, about 20 % of agricultural
land and 33 % of irrigated farmland are afflicted by salt erosion, posing a
significant challenge to global food production (Zhang et al., 2020). In
the face of salinity stress, the deleterious effects of sodium (Na*) toxicity
on plants are profound, culminating in growth inhibition, oxidative
stress, ionic perturbations, and metabolic dysregulation (Bai et al.,
2023). Although conventional approaches, such as water conservation
techniques and organic fertilizers, have been utilized to alleviate crop
salt stress, their adoption is limited by challenges like nutrient leaching,
high costs, and the risk of secondary contamination (Minhas et al.,
2020). Considerable attention has been directed toward developing
more efficient and ecologically sustainable biotechnologies to enhance
crop salt tolerance (Bai et al., 2023). Salt-tolerant plant species have
evolved an array of mechanisms to withstand such stress, encompassing
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2024). While genetic factors predominantly underpin plant salt toler-
ance, the contributory role of plant-associated microorganisms in abiotic
stress responses warrants thorough consideration (Zheng et al., 2024). In
recent years, the 'cry for help’ hypothesis within plant-microbe in-
teractions has garnered widespread recognition, positing that timely
modulation of the plant core microbiota can alleviate abiotic stress
(Wang and Song, 2022). For instance, under salt stress conditions, al-
terations in the rhizosphere microbial composition and structure in
ryegrass have led to a notable enrichment of Rheinheimera and Pseuda-
nabaena, both exhibiting significant pro-phytotic functions (Feng et al.,
2023).

Plant growth-promoting bacteria (PGPB) are indispensable soil mi-
croorganisms crucial for enhancing plant growth and mitigating salt
stress (Jiang et al., 2023). They achieve these goals either directly, by
synthesizing beneficial compounds such as osmotic protectants, side-
rophores, and phytohormones, or indirectly, by inhibiting
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phytopathogens (Navarro-Torre et al., 2023). Various PGPB genera,
including Bacillus atrophaeus, Pantoea alli, Planococcus soli, Pseudomonas
reactans, and Rhizophagus irregularis, have been proven to alleviate the
adverse effects of salt stress on Z. mays growth (Chen et al., 2022; Hou
et al., 2022; Moreira et al., 2020). Recent investigations have further
demonstrated that inter-root inoculation of plants with PGPB can recruit
beneficial microorganisms, optimize the community structure of the
rhizosphere microbiota through cross-feeding interactions, enhance the
abundance of microbes conducive to salt tolerance, and exhibit signifi-
cant potential for improving crop salt tolerance (Sun et al.,, 2022).
However, the efficacy of PGPB alone is often compromised by indige-
nous soil microorganisms and protozoa (Jiang et al., 2023). To address
these challenges, microbiological research has shifted its focus to
developing salt-tolerant PGPB coating agents capable of functioning
effectively in saline-alkali agricultural ecosystems (Jiang et al., 2023).
Unlike conventional inoculation methods, microbial coating facilitates
bacterial colonization under specific conditions and timelines, promot-
ing stable and consistent plant growth (Vejan et al., 2019).

Mudrock and vermiculite are commonly used carriers for PGPB
(Mayo-Prieto et al., 2020). However, the use of peat and vermiculite is
constrained by the high cost of extraction and the scarcity of these
materials in regions where they do not naturally occur. Therefore, there
is a need for sustainable, widely available materials as alternative car-
riers for inocula (Ippolito et al., 2020). Biocarbon, a carbon-rich residue,
serves as a metabolizable carbon energy source and offers the potential
for sustainable production (Han et al., 2023; Ippolito et al., 2020).
Recent studies increasingly demonstrate that applying biochar to saline
soil mitigates salinity stress by reducing Na™ uptake and promoting
plant growth (He et al., 2020; Liang et al., 2021). Biochar, functioning as
a carrier material, exhibits the capability to encapsulate strains from
indigenous microbes, thereby enhancing the viability and efficacy of
exogenous strains (Hill et al., 2019). Concurrently, biochar’s porous
structure and adsorption characteristics afford an advantageous habitat
for microbes, fostering symbiotic relationships between microbes and
crop roots. This augmentation bolsters the plant’s resilience against salt
stress, showcasing considerable potential in alleviating salt stress in
crops (Hill et al., 2019; Ippolito et al., 2020; Vejan et al., 2019). How-
ever, research on improving crop salt tolerance using PGPB-biochar
coating agents remains exploratory and developmental. Mature formu-
lations have not been established, and biomarkers responsive to
PGPB-biochar coating agents in saline soil environments have not been
identified. A comprehensive examination of soil microflora is imperative
to effectively mitigate salt stress in Z. mays. This includes a thorough
consideration of the synergistic benefits conferred by biochar and PGPB
in seed coatings, as well as an understanding of the physiological
response mechanisms (e.g., osmoregulation and photosynthesis) of
crops to microbial alterations (Liang et al., 2023).

Hence, this research hypothesizes that under salt stress conditions,
plants coated with PGPB and biochar selectively recruit specific micro-
organisms, fostering symbiotic interactions with the root system to
enhance crop salt tolerance. To test this hypothesis, this research will
focus on i) developing a seed coating formulation with Serratia nem-
atodiphila and biochar; ii) assessing the efficacy of this S. nematodiphila-
biochar-based seed coating in mitigating salt stress in Z. mays; iii)
examining its impact on the composition of the soil bacterial commu-
nity; and iv) determining whether changes in the soil bacterial com-
munity composition affect salt stress tolerance in Z. mays.

2. Materials and methods
2.1. Isolation and screening of salt-tolerant PGPB
2.1.1. Isolation and screening of salt-tolerant strains
Salt-tolerant strains were isolated from common crops (e.g., [pomoea

batatas, Arachis hypogaea, and Z. mays) and farmland soils in two loca-
tions: Huangguang Village (Xikuangshan) and Yangjiaba, Shifeng

Industrial Crops & Products 223 (2025) 120164

District, Lengshuijiang City, Hunan Province, China. To initiate the
isolation process, an initial screening was conducted using LB culture
medium with 3 % NaCl. Subsequently, this study intensified the
screening process by elevating the NaCl concentration in the isolation
medium to 9 %, 12 %, and 15 % (Li et al., 2020).

2.1.2. Determination of plant growth-promoting traits of the salt-tolerant
strains

To assess the strain’s auxins production capability, this study fol-
lowed the method outlined by Li et al. (2020), involving the addition of
Salkowski’s reagent to observe color changes and measure the ODsgg
value. The strain’s capacity to produce 1-aminocyclopropane-1-carbox-
ylate (ACC) deaminase was evaluated using Dworkin and Foster mini-
mal salt media supplemented with 5 mM ACC (Gupta et al., 2022).
Concurrently, the strain’s siderophore production ability was detected
using a Chrome Azurol Sulfonate (CAS) culture medium (Penrose and
Glick, 2003).

2.1.3. Germination assay of candidate salt-tolerant strains

Preparation of bacterial suspension involved inoculating 1 % of the
bacterial solution into 250 mL conical flasks containing 100 mL of LB
medium. The flasks were then incubated in a shaker at 180 rpm and 30
°C for 12 h, achieving an approximate concentration of 108 CFU-mL ™,
Afterward, the cultures underwent centrifugation at 8000 rpm and 4 °C
for 10 min. The bacterial cells were harvested, washed twice with sterile
phosphate buffer, and suspended in 100 mL of sterile phosphate buffer at
a concentration of 10® CFU-mL™!. This suspension was subsequently
used for seed inoculation (Bai et al., 2023).

Candidate salt-tolerant strains were selected for Z. mays germination
experiments to validate their practical PGP effects under normal and salt
stress conditions. Z. mays seeds were immersed and disinfected with
10 % H505 for 30 minutes, then rinsed 2-3 times with sterile water.
Subsequently, the cleaned Z. mays seeds were soaked in sterile water for
2 hours, continuously stirring throughout this duration. The seeds were
then submerged in a bacterial suspension of selected strains for one hour
and subsequently incubated in a flat petri dish at 28 °C for 7 days, with
each process performed in triplicate. The germination rate was observed
and critical indicators such as seed vitality and root length were
measured (Li et al., 2020).

2.2. Study on biochar coating ratio and coating effect of target strain

2.2.1. Coating material characteristics

The maize straw biochar used has a moisture content of 10.26 %. It
possesses an organic C content of 510.90 g-kg™!, a total nitrogen (N)
content of 8.51 g~kg_1, a total phosphorus (P) content of 2.34 g-kg_l,
and a total potassium (K) content of 15.76 g-kg 1.

2.2.2. Determination of the optimal biochar coating ratio

5 groups of biochar coating ratio schemes were set, T1 (seed weight:
biochar weight = 8 %), T2 (seed weight:biochar weight = 12 %), T3
(seed weight:biochar weight = 16 %), T4 (seed weight:biochar weight =
20 %), T5 (seed weight:biochar weight = 24 %). According to the
preparation scheme outlined below, the Z. mays seeds undergo a coating
process, followed by a germination test aimed at determining the
optimal microbial coating ratio. The seed germination test was referred
to 2.1.

2.2.2.1. Seed coating agent preparation. Create a seed coating agent
mixture by combining bacterial suspension, biochar (subjected to high-
temperature and pressure sterilization), and arabic gum solution in a
2:2:1 (V/W/V) ratio (The bacterial suspension was referred to 2.1.). To
safeguard cell viability during coating, glycerol is introduced into the
bacterial suspension. Follow the seed coating procedure outlined by
Scott et al. (1991), which entails drying and weighing the soaked seeds
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using clean kitchen paper. Place these seeds into a previously sterilized
seed coating machine that has been cleaned with alcohol. Finally, blend
the seeds with the seed coating agent.

2.2.3. Verification of the coating effect of the target strain

Based on the optimal coating ratio, the seed coating agent of the
target strain was prepared, and the germination test was carried out to
verify the coating effect of the target strain. The seed germination test
was referred to 2.1.3.

2.3. 16S rRNA sequencing

The bacterial strain was subsequently sent to BGI for sequencing. 16S
rRNA amplification was performed using universal primers 27 F (5-
AGAGTTTGATCCTGG CTCAG-3) and 1492 R (5-TACGGGCTACCTGT-
TACGATT-3'). The PCR amplification process involved an initial dena-
turation at 94 °C for 5 minutes, followed by 35 cycles comprising
20 seconds of denaturation at 96 °C, 30 seconds of annealing at 55 °C,
and 30 seconds of extension at 72 °C. The final extension was conducted
at 72 °C for 10 minutes, followed by cooling to 4 °C. Subsequently, this
study compared the sequencing results with the NCBI BLAST database
for further analysis (NCBI link: https://www.ncbi.nlm.nih.gov/)
(Mirsam et al., 2022).

2.4. Pot experiment

The Z. mays pot experiment was conducted in June 2022 in the No.1
greenhouse at Southwest University. The potted soil used was purple soil
collected from Xiema, Beibei District, Chongqing, China, situated in the
parallel ridge of eastern Sichuan. The soil has a pH of 5.8, soil organic
matter (SOM) of 9.11 gkg !, alkali-hydrolyzed N of 60 mg-kg !,
available P of 10.51 mgkg™?, and available K of 43.92 mg-kg™'. The
experiment employed a 2 * 4 random block design, with normal soil
serving as the control. It introduced a salt concentration of 300 mM
NaCl. Within each salt level, four treatments were established based on
the application method of the bacterial solution: 1) CK: Control treat-
ment with no additional application, 2) BCK: Sole application of biochar
coating without bacterial inoculation, 3) ZH3_2: Conventional
S. nematodipila inoculation via seed soaking, and 4) BZH3_2:
S. nematodiphila-biochar-based seed coating. Each treatment had a total
of 6 of biological replicates. To address the low SOM content in the
tested soil, organic fertilizer was applied before the experiment
commenced. Each pot was filled with 10 kg of soil, and seedlings were
transplanted when the soil moisture content reached 70 %. After
allowing the seedlings to stabilize for 4-5 days, 300 mM NaCl solution
was applied daily, with 200 mL each time. To prevent salt shock effects,
the initial NaCl solution used a lower concentration, gradually
increasing to the established concentration while maintaining adequate
moisture throughout the period (Liu et al., 2024).

2.5. Determination of growth indicators

Plant height of Z. mays was measured 20 d after transplanting. Leaf
photosynthetic rate was recorded using a photosynthesis meter (3051D,
Zhejiang, China). Root and shoot were separated, washed, and fresh and
dry weights were measured. Additional root samples from Z. mays were
thoroughly rinsed with water, then scanned and imaged using an HP
ScanJet root scanner.

2.6. Determination of plant and soil nutrients, physiological and
biochemical indicators

2.6.1. Plant sodium (Na") and potassium (K) content

Dried root and shoot samples were ground to 0.5 mm using a
stainless steel mill (FZ102, Tianjin, China), digested with a concentrated
HNO;3; and HClO4 mixture (4:1 v/v/v), and analyzed via flame
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photometry (Liu et al., 2024).

2.6.2. Leaf osmotic substances

Fresh plant samples were used to measure physiological indices.
Proline was quantified spectrophotometrically at 520 nm after reaction
with ninhydrin under acidic conditions (Liu et al., 2024). Soluble sugars
were determined colorimetrically at 620 nm using the sulfate-anthrone
method (Huang et al., 2022), and soluble protein was measured color-
imetrically at 595 nm with the Thomas brilliant blue method (Chen
et al., 2023).

2.6.3. Soil nutrients

Fresh soil samples were extracted with 2 M KCl solution (soil:KCl =
1:5), and ammonium N (NHZ-N) and nitrate N (NO3-N) contents were
determined using an elemental analyzer (Thermo-Element Flash EA
1112, USA) (Liu et al., 2024). Physicochemical properties were analyzed
on air-dried, sieved soil samples. Soil alkali-hydrolyzed N content was
determined using the alkaline diffusion method (Cheng et al., 2023),
while soil water-soluble Na (Na™) and potassium contents were deter-
mined via flame photometry (Liu et al., 2024).

2.7. Analysis of soil bacterial community structure

Z. mays roots were gently shaken to collect rhizosphere soils. Total
microbial genomic DNA from 12 samples was extracted using the E.Z.N.
A.® soil DNA Kit (Omega Bio-tek, Norcross, GA, U.S.) according to the
manufacturer’s instructions. The quality and concentration of DNA were
assessed through 1.0 % agarose gel electrophoresis and a Nano-
Drop2000 spectrophotometer (Thermo Scientific, United States). The
hypervariable region V3-V4 of the bacterial 16S rRNA gene was
amplified with primer pairs 515 F (5-GTGYCAGCMGCCGCGGTAA-3))
and 806 R (5- GGACTACNVGGGTWTCTAAT-3') with a T100 Thermal
Cycler PCR thermocycler (BIO-RAD, USA) (Zhou et al., 2024).

This study used Mothur software (http://www.mothur.org/wiki/Ca
lculators, version 1.30.2) for Alpha diversity analysis, and used the
rank sum test (Welch’s (uncorrected) 0.95) for inter-group difference
analysis of Alpha diversity. The similarity among microbial commu-
nities in different samples was assessed through principal component
analysis (PCA) based on Bray-Curtis dissimilarity. The PERMANOVA
test was employed to evaluate the percentage of variation explained by
the treatment and its statistical significance. To identify significantly
abundant taxa (phylum to genera) of bacteria among different groups
(LDAscore > 2, p < 0.05), linear discriminant analysis (LDA) effect size
(LEfSe) was performed. Furthermore, employing redundancy analysis
(RDA) and correlation network diagrams, this study aims to explore the
intricate interplay among environmental factors such as rhizosphere soil
nutrient status, plant biomass, photosynthetic rate, and osmotic regu-
lator substances, shedding light on the underlying mechanisms gov-
erning the phenotypic distinctions observed between samples (Goberna
and Verdu, 2022).

2.8. Statistical analysis

IBM SPSS Statistics 25 was employed for data analysis. Single-factor
analysis of variance was employed to analyze the effects of PGPB inoc-
ulation on soil nutrients, plant physiological indices, and plant growth
indices under normal and salt stress conditions, followed by LSD tests (p
< 0.05). After data analysis, a bar chart is created using Origin 2022.
Partial least squares structural equation modeling (PLS-SEM) was
employed to identify pathways through which an exogenous
S. nematodiphila-biochar-based seed-coating agent mediated plant
growth under salt stress conditions. The statistical analyses were con-
ducted in R version 4.0.2 and executed using the PLS-SEM package
(Jiang et al., 2021).
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3. Results
3.1. Isolation and screening of salt-tolerant PGPB

In this study, more than 100 salt-tolerant strains, including both
rhizosphere bacteria and endophytic bacteria, were screened from
farmland soil and crop plants using an initial screening medium with
3 % NaCl. Subsequently, by incrementally increasing the salt concen-
tration to levels such as 6 %, 9 %, 12 %, and 15 %, a total of 27 highly
salt-tolerant strains were identified as potential candidates for further
screening of salt-tolerant PGPB (Table S1). To further identify target
functional strains with PGP properties, we assessed these strains for their
ability to produce auxins and siderophore and utilize ACC deaminase.
Qualitative results indicated that all 27 highly salt-tolerant strains
exhibited certain PGP abilities (Table S2). Quantitative results for auxins
revealed that strains M4 and ZH3_2 displayed the optimum auxins
production capacity, with concentrations of 27.95 pgL™! and
26.19 pg-L1, respectively (Table S3). Considering both the PGP in-
dicators and the respective growth characteristics of these strains, we
selected strains M1, M4, M7, and ZH3_2 as candidates for salt-tolerant
PGPB. These four salt-tolerant PGPB strains were further evaluated for
their actual PGP effects through Z. mays germination experiments
(Fig. S1). The results of the Z. mays germination test revealed that, under
normal conditions, the ZH3_2 strain exerted the most pronounced pro-
moting effect on Z. mays germination, while the PGP effects of strains
M1, M4, and M7 were relatively modest. However, when subjected to
salt stress conditions, the PGP effect of strains M4 and ZH3_2 on root
length and vitality index was significantly higher than that observed in
the control and other strain treatments. These findings underscore the
potential of strains ZH3_2 and M4 as principal candidates for mitigating
salt stress in Z. mays.

The results of germination tests, conducted with different biochar
coating ratios (Fig. S2a), demonstrated a significant improvement in
both root and bud lengths. Notably, there was a 58 % increase in root
length and a 73 % increase in bud length when the seed weight to bio-
char weight ratio was set at 16 %. This ratio was identified as optimal
due to its pronounced promotion of growth. Additionally, germination
tests focused on specific strains provided further confirmation, high-
lighting the substantial capacity of strains BM4 and BZH3_2 to enhance
seed germination and subsequent seedling growth (Fig. S2b).

Following a thorough evaluation of the PGP capacities exhibited by
strains M4 and ZH3_2, this study selected the ZH3_2 strain as the target
strain. Utilizing an NCBI-BLAST comparison, strain ZH3_2 was identified
as S. nematodiphila, with the accession number 0Q561198.

3.2. External S. nematodiphila-biochar-based seed coating agent
alleviates salt stress in Z. mays

3.2.1. Rhizosphere nutrient content

Through an analysis of nutrient content in the Z. mays rhizosphere,
we determined that, under normal (0 mM NacCl) and salt stress (300 mM
NaCl) conditions, there were no significant differences in alkali-
hydrolyzed N and available K contents across treatment groups
(Fig. 1b, c). Notably, BZH3_2 and ZH3_2 significantly reduced Na* levels
in both normal and salt-stressed soils, with reductions ranging from
23.04 % to 35.12 % under normal conditions and 32.51-42.77 % under
salt stress (Fig. 1a). Regarding NH4-N and NO3-N contents under normal
conditions, the NH4-N content in BZH3_2 rhizosphere soil significantly
increased by 11.90 %, while the NO3-N contents in ZH3_2 and BZH3_2
rhizosphere soil showed significant increases of 62.02 % and 15.01 %,
respectively, compared to the control (CK) (Fig. 1d, e). However, under
salt stress, the NH4-N contents of BZH3_2 and ZH3_2 rhizosphere soil
increased by 5.63 % and 29.98 %, respectively, compared to the control,
with only the increase in ZH3_2 reaching statistical significance. The
NO3-N contents in BZH3_2 and ZH3_2 rhizosphere soil significantly
increased by 11.72 % and 16.95 %, respectively, compared to the
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control. These findings collectively affirm that S. nematodiphila serves as
a plant growth-promoting bacterium, regulating nutrient balance in
both normal and saline soils without adversely affecting soil nutrient
availability.

3.2.2. Growth and development status of Z. mays

Observations of Z. mays growth and development revealed that
irrespective of the presence of salt stress, ZH3_2 and BZH3_2’s plants
exhibited increased vigor with more abundant root hairs and plant
height when compared to the control groups (CK, BCK) (Fig. 2a, b).
These enhanced root structures facilitate greater nutrient absorption.
Furthermore, this research into plant photosynthetic rate also affirmed
that, regardless of salt stress conditions, ZH3_2 and BZH3_2’s plant also
exhibited higher photosynthetic rates (Fig. 2c).

As evident from Fig. 2d-g, it was clear that salt stress consistently
impacted both the aboveground (shoot) and underground (root)
biomass of Z. mays. Under normal conditions, BZH3_2’s shoot and root
fresh weight were 19.71 g and 3.26 g, respectively, signifying a signif-
icant increase compared to the control. However, under salt stress,
BZH3_2 exhibited aboveground fresh weight of 16.94 g and under-
ground fresh weight of 2.64 g. These values represented remarkable
increases of 74.46 % and 107.87 % compared to CK. When considering
dry matter accumulation, it became apparent that under salt stress
conditions, the total dry matter mass of BZH3 2 and ZH3 2 was 2.95 g
and 2.01 g, respectively. These values represented remarkable increases
of 130.47 % and 57.03 % compared to CK, showing that the promotion
effect of BZ3_2 on plants was better than that of ZH3_2. These findings
confirmed the PGP effects of S. nematodiphila and its ability to mitigate
salt stress in Z. mays, also validating the superior effectiveness of
biochar-based seed coating over biological soaking.

3.2.3. Sodium (Na') and potassium (K) homeostasis and osmotic
regulation in Z. mays

Fig. 3a-f illustrate the effects of various treatments on Na™ and K*
homeostasis in the root and shoot of Z. mays under normal and salt stress
conditions. Overall, inoculation with strain ZH3_2 positively influenced
Na' and K homeostasis. Specifically, both root and shoot systems of
Z. mays inoculated with ZH3_2 and BZH3_2 exhibited higher K levels,
lower Na® levels, and improved Na'/K' ratio under salt stress.
Compared to CK, the ZH3_2 root system showed a 28.42 % reduction in
Na™ level, a 32.93 % increase in K™ level, and a 46.21 % decrease in the
Na/K* ratio. In contrast, the BZH3_2 root system demonstrated a
37.40 % reduction in Na' level, a 49.04 % increase in K' level, and
57.98 % decrease in the Na*/K" ratio, all of which were statistically
significant. These findings indicate that BZH3_2 was more effective than
ZH3_2 in alleviating salt stress in Z. mays. Notably, under normal con-
ditions, the BZH3_2 root and shoot systems also exhibited higher K*
levels and lower Na ™ levels and Na*/K* ratio. Specifically, the Na* level
in the BZH3 2 root system was significantly reduced by 24.30 %
compared with CK, and the Nat/K" ratio was significantly decreased by
28.92 %. In the BZH3_2 shoot, the Na™ level was significantly lower by
18.50 % compared to CK, with the Na'/K" ratio reduced by 30.23 %.
These results suggest that BZH3_2 promoted nutrient absorption and ion
balance in Z. mays, demonstrating strong resistance and growth
potential.

Osmotic regulators (e.g., soluble sugar, soluble protein, and proline)
play a crucial role in adjusting crop osmotic pressure to enhance crop
tolerance to salt stress. Overall, inoculation with strain ZH3_2 positively
influenced the contents of soluble sugar, soluble protein, and proline in
Z. mays leaf, both under salt stress and normal conditions (Fig. 3g-i).
Specifically, compared to CK, the soluble sugar content in ZH3_2 leaves
increased by 18.15 %, soluble protein content by 25.20 %, and proline
content by 53.48 %. In contrast, leaves from BZH3_2 treatment showed a
22.97 % increase in soluble sugar, an 85.17 % increase in soluble pro-
tein, and a 96.09 % in proline. These results indicate that BZH3_2
exhibited a stronger osmotic adjustment capability under salt stress,



Y. Cheng et al. Industrial Crops & Products 223 (2025) 120164

a

—n

8000 0 mM NaCl 300 mM NaCl 0 mM NaCl 300 mM NaCl

7500
w7000
36500
Z 6000
< 5500
£ 5000 - c
£ 4500

9

E 4000

w
()]

(9]

(=]
—

1~

N
(9]
T
&
®
—_—
™
e
&

T T T
——T
e
—_ k. [3°]
< 9] <
T T T T T
i
H&

Sodi
)]

500F a a b "

0 1 " 1 " - 1 " 1 1 1 1 1
CK BCK ZH3 2 BZH3 2 CK BCK ZH3 2 BZH3 2

Content of available potassium (mg-kg™)

=}

(o)
=¥

0 mM NaCl 300 mM NaCl 0 mM NaCl 300 mM NaCl

9]

—
<

<
T

<

T
—
~
&

e
~

~

(S

N W |7 L =
9]
T
He
—
i
B

[ Y
wn < V)]
T T T
—

p—
>
T

(9]
T
Content of ammonium nitrogen (mg-kg™)

S = N W A U1 O 0O
| N |
—
e
=p
_—
1
(Sl
i

=]

Content of alkali-hydrolyzed nitrogen (mg-kg™)

CK BCK ZH3 2 BZH32 CK BCK ZH3 2  BZH32

o

0 mM NaCl 300 mM NaCl

=
9}

S
<
T

W
T
<]
i
—
T

o j— N N W (%)
(=] wn (=] wn <
T T T T T
—
—
]
—
|

]
T

Content of nitrate nitrogen (mg-kg'l)

CK BCK ZH3 2  BZH32

(=}

Fig. 1. Effects of S. nematodiphila inoculation directly and via biochar-based seed coating agent on the content of effective nutrients and sodium in the rhizosphere of
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underscoring the efficacy of biochar seed coat in alleviating crop salt
stress. Interestingly, BZH3_2 also significantly enhanced leaf soluble
sugar content by 27.97 % under normal conditions, further confirming
the beneficial effects of biochar seed coat on Z. mays.

3.2.4. Correlation analysis

The PEARSON correlation analysis results revealed that, under
normal conditions, there was a significant positive correlation between
the fresh weights of shoot and root and the levels of proline and soluble
sugar (Fig. 4a). Additionally, the proline content in leaves exhibited a
noteworthy positive correlation with the photosynthetic rate. Notably,
there was a highly significant positive correlation between plant height
and the contents of proline and soluble sugar. Regarding soil Na™* level,
soil Na™ content exhibited a significant negative correlation with plant
height, plant biomass (fresh weight of shoots and roots, dry weight of
shoots), photosynthetic rate, osmotic substances (soluble sugar, soluble
protein, and proline), while it was positively correlated with plant Na*/
K" ratio. These findings underscore how the S. nematodiphila strain
(ZH3_2, BZH3_2) affects crop C metabolism levels, material accumula-
tion, and promotes crop growth and development.

Under salt stress conditions, a negative correlation was observed
between the Na®/K™ ratios of the plant (shoot + root) and plant height,
biomass (fresh weight of shoot and root, dry weight of shoot), soluble
protein content, and proline content. Plant height and the fresh weights
(shoot + root) of Z. mays demonstrated significant positive correlation
with proline levels (Fig. 4b). Simultaneously, plant height, the dry
weights (shoot + root), and the fresh weights (shoot + root) in Z. mays
also exhibited a noteworthy positive correlation with the soluble protein
content. These results confirm the close relationship between plant
growth status, Na* and K™ homeostasis, and osmoregulatory substances
such as soluble protein and proline under salt stress. The S. nematodiphila
strain alleviated crop salt stress by regulating these osmoregulation
substances within the plant. In terms of soil nutrients, a positive corre-
lation was observed between leaf photosynthetic rate and soil alkali-
hydrolyzed N content. The plant height exhibited a noteworthy posi-
tive correlation with NO3-N content. Soil Na™ content exhibited a pos-
itive correlation with plant height, biomass (fresh weight of shoot and
root, dry weight of shoot), soluble protein content, and proline content.
These indicated that the S. nematodiphila may also regulate the ecolog-
ical function of saline soil, which may be related to the microbial
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community structure. Therefore, it is necessary to analyze the commu-
nity structure of saline soil.

3.3. Recruitment of beneficial bacterial communities using exogenous
S. nematodiphila-biochar-based seed-coating agent under salt stress

The results of ace, chao, coverage, shannon, simpson, and sobs
indices showed that inoculation S. nematodiphila strain (ZH3_2, BZH3_2)
did not significantly alter the Alpha diversity of the rhizosphere bacteria
of Z. mays under salt stress conditions (Table S4). As for Beta diversity of
rhizosphere samples, we used for principal component analysis (PCA)
based on Bray_curtis distance (Fig. 5a). The results showed that
S. nematodiphila-biochar-based seed coating agent caused changes in
rhizosphere bacterial community structure, compared with the control
group (R = 0.4660, p = 0.002).

For a more comprehensive understanding of bacterial community
structure changes, we conducted an analysis of the network properties
using Gephi (Fig. 5b). The outcomes revealed that among the top 100
species at the genus level, there were 364 positive and 263 negative
correlations. The entire microbial network could be categorized into
four modules (average degree = 11.98, network density = 0.121,
modularity coefficient = 0.419). The results from the pie chart and
Circos chart depicting community composition indicated that, at the
phylum level, the top four microbial species were consistent across
different samples, all being comprised of Proteobacteria, Actino-
bacteriota, Chloroflexi, and Firmicutes (Fig. 5c, e). Nevertheless, the
relative abundance of these microbiota varied among the samples. In
CK, the top four microbial species had the relative abundance of
20.56 %, 20.65 %, 10.11 %, and 7.68 %, respectively (Fig. S3a). In the
case of BCK, the relative abundance of the top four microbial species was
20.98 %, 19.91 %, 9.84 %, and 9.20 %, respectively (Fig. S3b). For
ZH3-2, the relative abundance of the top four microbial species was
24.76 %, 20.77 %, 10.27 %, and 8.55 %, respectively (Fig. S3c). Lastly,
in the BZH3_2 treatment group, the relative abundance of the top four
microbial species in BZH3_2 was 24.77 %, 16.71 %, 11.29 %, and
7.76 %, respectively (Fig. S3d).

The composition of bacterial communities at the class level mirrors
the trends observed at the phylum level, with the top four microbial
species encompassing Gammaproteobacteria, Alphaproteobacteria,
Actinobacteria, and Bacilli (Fig. 5d, f). Nonetheless, there were varia-
tions in the relative abundance of these microbiota across different
samples. In CK, the top microbial species exhibited relative abundances
of 10.02 %, 10.53 %, 9.96 %, and 7.09 %, respectively (Fig. S4a). For
the BCK group, the relative abundance of the top four microbial species
stood at 9.98 %, 10.96 %, 10.09 %, and 8.23 % (Fig. S4b). In the ZH3_2
treatment group, the relative abundance of the top four microbial spe-
cies was 14.35 %, 10.38 %, 11.35 %, and 7.69 % (Fig. S4c). Lastly, for
the BZH3_2 treatment group, the relative abundance of the top four
microbial species was 13.79 %, 10.94 %, 9.93 %, and 6.76 % (Fig. S4d).

3.4. Correlation analysis of environmental factors and rhizosphere
bacterial communities

We employed redundancy (RDA) analysis (Fig. 6) and correlation
network diagram (Fig. 7) to investigate the relationship between envi-
ronmental factors (e.g., Na© and K" homeostasis, plant biomass,
photosynthetic rate, osmotic regulator substances and rhizosphere soil
nutrient status) and the structure of rhizosphere bacterial community.
This analysis provides further insights into the mechanism underlying
the formation of phenotypic differences among samples.

The correlation analysis between Na® and K" homeostasis and bac-
terial communities revealed that soil Na* exhibited the strongest cor-
relation with rhizosphere bacterial communities, followed by root Na™
and K' content, while the Na®™ and K contents in shoots showed the
weakest correlation with rhizosphere bacterial communities (Fig. 6a). In
addition, soil and plant Na™ content and Na*/ K" ratio were negatively
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correlated with the composition of the BZH3_2 bacterial community at
the phylum level. Network diagram results indicated that soil and plant
Na™ content negatively correlated with Gammaproteobacteria, whereas
K content in plant positively correlated with Gammaproteobacteria
(Fig. 7a).

The correlations between plant biomass and bacterial communities
revealed that the strongest correlation existed between shoot dry weight
and bacterial community, followed by root dry weight and shoot fresh
weight (Fig. 6b). Notably, the correlation between root fresh weight and
bacterial communities was comparatively weaker. Furthermore, the
bacterial communities of BZH3_2 exhibited a positively correlation with
plant biomass (fresh + dry). Specifically, fresh root weight demon-
strated a positive correlation with Saccharimonadia and Bacteroidia at
the class level (Fig. 7b). Additionally, Polyangia displayed positive
correlations with dry root weight and fresh shoot weight.

Simultaneously, we conducted an analysis of the correlations be-
tween photosynthetic rate, osmotic regulatory substances and microbial
communities (Fig. 6¢). The findings indicated that proline content
exhibited the strongest correlation with bacterial communities, followed
by photosynthetic rate and soluble protein content. Conversely, the
correlation between soluble sugar content and bacterial communities
was the lest pronounced. Among the environmental factors, photosyn-
thetic rate demonstrated a close relationship with soluble protein con-
tent, while proline content was closely associated with the soluble sugar
content. In addition, the microbial communities of BZH3_2 displayed a
positive correlation with both photosynthetic rate and soluble protein
content. Furthermore, photosynthetic rate and proline content showed
positive correlations with Gammaproteobacteria, while Verrucomicro-
biae exhibited a positive correlation with photosynthetic rate, and
Kapabacteria showed a positive correlation with soluble sugar content
(Fig. 7¢).

The correlations between rhizosphere soil nutrient contents and
bacterial communities revealed that alkali-hydrolyzed N and available K
contents exhibited the strongest correlation with the rhizosphere bac-
terial communities, followed by NO3-N and NH4-N contents (Fig. 6d).
Additionally, a positive correlation was identified between the N content
in the rhizosphere soils and the bacterial community composition of
BZH3_2 at the phylum level. The network diagram results illustrated
that the alkali-hydrolyzed N content was positively correlated with
Verrucomicrobiae, NH4-N content was positively correlated with
¢_S0134_terrestrial_group, and NO3-N was positively correlated with
Gammaproteobacteria (Fig. 7d).

The PLS-SEM analysis identified pathways mediating plant growth
by the exogenous S. nematodiphila-biochar-based seed-coating agent
under salt stress (Fig. 8). The results revealed that the S. nematodiphila-
biochar-based seed-coating agent had indirect positive effects on plant
growth under salt stress. On one hand, S. nematodiphila-biochar-based
seed-coating agent promoted plant growth under salt stress by recruiting
beneficial bacterial communities that regulate plant osmotic balance.
On the other hand, it assisted plants in coping with salt stress by
enhancing Na™ and K™ homeostasis through the recruitment of benefi-
cial bacterial communities. Notably, our findings also demonstrate that
the S. nematodiphila-biochar-based seed-coating agent primarily exerted
an indirect positive effect on the nutrient status of saline soil by fostering
beneficial bacterial communities.

4. Discussion

4.1. External S. nematodiphila-biochar-based seed coating agent
alleviated salt stress in Z. mays

Salt stress, an abiotic stress, severely inhibits plant growth and soil
microbiology (Navarro-Torre et al., 2023). This study identified
S. nematodiphila, a highly salt-tolerant and growth promoting bacterium,
which demonstrated exceptional performance through dual screening
based on gradient salt concentrations and growth promotion capacities.
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correlations.

Previous research has highlighted the PGP effects of S. nematodiphila and
its ability to remediate soil stress induced by pollutants such as lead,
nickel, and cadmium (Zulfiqar et al., 2022). However, there are no re-
ports on its role in mitigating salt stress in Z. mays. In the present study,
we confirmed the potential of S. nematodiphila to alleviate salt stress in
Z. mays through germination and potting experiments. The results
demonstrated that S. nematodiphila consistently promoted the germi-
nation and growth of Z. mays under salt stress (Fig. S1, S2b, Fig. 2).
Furthermore, Z. mays plants inoculated with S. nematodiphila (ZH3_2
and BZH3_2) exhibited increased plant height, more robust root systems,
and greater biomass accumulation (Fig. 2). These positive effects can be
attributed to the various PGP properties of S. nematodiphila, including
auxins and siderophore production, and ACC deaminase activity, all of

11

which contribute to increased crop yields (Jagtap et al., 2023; Dastager
et al., 2011).

This study highlights the growth-promoting effects of
S. nematodiphila-biochar-based seed coating on Z. mays growth in saline
soil. It is the first report demonstrating that this seed coating can alle-
viate salt stress in Z. mays by modulating plant physiological and
biochemical processes, enhancing saline soil microbiology, and regu-
lating Na™ and K* homeostasis (Fig. 8). Salt stress often leads to
excessive Na' accumulation and K deficiency in plants, resulting in
ionic imbalance and osmotic stress, which ultimately limits plant pro-
ductivity (Navarro-Torre et al., 2023). Interestingly, in this study, the
inoculation of S. nematodiphila under salt stress significantly reduced
Na™ content in both root and shoot, while increasing K* content and
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indicating negative correlation. The thickness of the line indicates the size of the correlation coefficient, and the thickness of the line indicates the higher the
correlation between species. The more lines there are, the tighter the connections between nodes.

lowering the Na™ /K™ ratio. This reduction in Na*/K" ratio indicates the
alleviation of salt stress in Z. mays (Liu et al., 2024). Similar findings
were reported by Liu et al. (2024), who demonstrated that the poly--
y-glutamic acid-producing bacterium Bacillus amyloliquefaciens W25
regulated ionic homeostasis and alleviated salt stress by lowering the
Na™/K' ratio of lettuce. Furthermore, our study revealed that the
S. nematodiphila-biochar-based seed coating agent (BZH3_2) had a more
pronounced effect compared to the inoculation of S. nematodiphila
(ZH3_2) (Figs. 2, 3). This difference was attributed to the fact that bio-
char, as a carrier material, enhanced the colonization efficiency of the
strains in the plants, thereby maximizing their PGP performance.
Additionally, the porous structure and high specific surface area of
biochar allowed for effective adsorption of Na® from saline soils,
significantly reducing Na* uptake by the root system and mitigating the
detrimental effects of salinity on the plants (Song et al., 2022).
Osmotic substances, characterized by their low molecular weight,
play a crucial role in reducing cell osmotic potential, enabling plants to
survive adverse conditions such as salt and drought stress (Kumar et al.,
2020). Research has demonstrated that salt-tolerant PGPB stimulate the
production of osmotic substances (e.g., soluble protein, soluble sugar
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and proline) in plants to counteract cell dehydration (Kumar et al.,
2020). In this study, the inoculation of S. nematodiphila strain (ZH3_2
and BZH3_2) significantly increased proline content in leaves under salt
stress, thereby harmonizing the water potential of vacuoles and cyto-
plasm (Fig. 3) (Liang et al., 2024). This enhancement leads to improved
plant phenotypes and increased biomass, thus bolstering salt stress
tolerance in Z. mays (Fig. 4b) (Liang et al., 2024). Similarly, Sanchez
et al. (2023) observed the salt-tolerance and growth-promoting effect of
PGPB on Solanum lycopersicum. Under salt stress, plants regulate Na and
K uptake by accumulating osmotic substances (Liu et al., 2024).
Elevated levels of osmotic substances can aid plants in controlling Na™
uptake while promoting Kt accumulation (Liu et al., 2024). Correlation
analysis in this study further confirmed that the Na*/K" ratio in Z. mays
was significantly and negatively correlated with soluble protein and
proline content (Fig. 4b). This effect may be attributed to the promotion
of photosynthesis by S. nematodiphila. A robust photosynthetic rate fa-
cilitates the accumulation of assimilates such as amino acids and pro-
teins (Zahra et al., 2022). Notably, it has been reported that the
inhibition of photosynthesis under salt stress may result from
non-stomatal limitations, such as RuBP carboxylase activity and
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chlorophyll degradation (Zahra et al., 2022). Bai et al. (2024) also
validated that PGPB can influence the biosynthesis of plant photosyn-
thetic enzymes and pigments. However, some studies suggest that PGPB
promote photosynthesis and alleviate the adverse effects of salt stress by
enhancing the activity of electron transport proteins involved in
photosynthesis (Rossi et al., 2021). In summary, this study confirms that
S. nematodiphila-biochar-based seed coating enhances Z. mays tolerance
to salt stress by increasing photosynthetic rate, regulating osmopro-
tectants, and influencing ionic homeostasis. Nonetheless, the detailed
molecular mechanisms underlying salt tolerance mediated by this strain
require further exploration.

4.2. Recruitment of beneficial microbial communities using exogenous
S. nematodiphila-biochar-based seed coating agent

Rhizosphere microorganisms play a crucial role in the subterranean
environment of plants, fostering plant growth and bolstering tolerance
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against salt stresses (Li et al., 2021). In a study by Wang et al. (2022), the
inoculation with Providencia vermicola BR68 and Sarocladium kiliense
FS18 significantly influenced the abundance of specific microbial flora.
The correlation trends of these microorganisms with soil properties and
Z. mays physiology under salt stress mirrored those observed for the
inoculated strains. Hence, the mechanism of plant growth promotion by
PGPB under salt stress includes the stress-induced recruitment of specific
root-associated bacteria (Wang et al., 2022). This investigation noted a
significant divergence in the community structure of the
S. nematodiphila-biochar-based seed coating agent compared to other
treatments (CK, BCK, ZH3_2) (Fig. 5a). Inoculation with the
S. nematodiphila-biochar-based seed coating agent increased the relative
abundance of Proteobacteria while reducing the relative abundance of
Actinobacteriota (Fig. 5c, e, Fig. S3). This finding aligns with research by
Trabelsi et al. (2011), demonstrating that inoculation with S. meliloti and
Rhizobium gallicum increased overall bacterial community richness in
the soil, particularly in the abundance of a- and y-Proteobacteria.
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Proteobacteria and Actinobacteriota collectively dominate the microbial
niche in the rhizosphere (Shi et al., 2020). Previous studies have indi-
cated that various members of Proteobacteria and Actinobacteriota
respond to soil salinization, with their mechanism of action attributed to
ecological strategies (Shi et al., 2020). These microbial groups interact
with plant roots, altering root configuration to adapt to saline soils, as
confirmed in this study (Figs. 6b, 7b). It has also been proposed that
PGPR utilize biofilm to share metabolic substances with recruited
beneficial bacteria, influencing soil metabolic function and mitigating
crop salt stress (Cacho et al., 2021; Lee et al., 2023).

This study identified key microbial species at the class level,
including Gammaproteobacteria, Verrucomicrobiae, Bacteroidia, Sac-
charimonadia, Kapabacteria, which responded significantly to the
S. nematodiphila-biochar-based seed coating agent under salt stress
(Figs. 6, 7). These microbial communities have been recognized for their
pivotal role in promoting plant growth and their close association with
soil nutrient status and plant biomass (Biinger et al., 2020; Huang et al.,
2023; Li et al., 2022). This is likely due to these beneficial microor-
ganisms, recruited by PGPB, being major producers of auxins, abscisic
acid, cytokinin, carotenoids, and rhodopsin, all of which contribute to
plant growth (Biinger et al., 2020). Notably, Gammaproteobacteria and
Bacteroidia are typical halophiles with a preference for high-salinity
niches, making them potential biomarkers for high-salinity-tolerant
communities (Li et al., 2021; Liu et al., 2023). These microorganisms
employ two strategies to maintain osmotic equilibrium: 1) aggregation
of inorganic salt ions, such as KCIl, and 2) accumulation of organic
’compatible’ solutes, including glycine betaine, amino acid derivatives,
sugars and sugar alcohols (Minhas et al., 2020). These substances also
contribute to maintaining the ecological balance of the soil. This study
also found that, compared with ZH3_2, BZH3_2 enriched a large number
of Bacteroidia (LDA = 3.85), Cyanobacteriia (LDA = 3.56), Gemmati-
monadetes (LDA = 3.39), Sericytochromatia (LDA = 3.29), Nitrospiria
(LDA = 2.94), c_unclassified_p_Chloroflexi (LDA = 2.85), Acidobacteriae
(LDA 2.71), Berkelbacteria (LDA=2.57), Thermoplasmata
(LDA=2.28) at class level (Fig. S5). This may explain the enhanced
effectiveness of the S. nematodiphila-biochar-based seed coating agent
compared to ZH3_2 (Han et al., 2023; Ippolito et al., 2020).

In nature, microorganisms predominantly exist within complex
communities rather than in isolation, a fact recognized since the time of
van Leeuwenhoek (Gest, 2004). While most previous studies have
concentrated on the ability of individual microorganisms to alleviate
plant salt stress, the present study reveals more positive correlations
among microbial communities associated with S. nematodiphila at the
inter-root level, implying that this flora exhibits a more cooperative than
competitive behavior (Li et al., 2021). Synergistic interactions among
microbes have been identified as a crucial mechanism for their adap-
tation to challenging environment, such as drought and salt stress (Li
et al., 2021; Liang et al., 2024). Notably, the study by Li et al. (2021)
found that salt-induced interactions among root-derived flora provide
lasting resistance to salt stress. Furthermore, this study indicates that the
microbial flora is closely linked to plant physiological processes (os-
motic adjustment, Na* and K™ homeostasis, and photosynthesis) as well
as soil quality, confirming that exogenous PGPB promote nutrient
turnover and improve salt tolerance in Z. mays by recruiting specific soil
microbiota (Fig. 8) (Liu et al., 2023; Romano et al., 2021; Wang et al.,
2023). This suggests that the strategic recruitment of beneficial and
functional bacterial communities tailored to specific species enables
plants to effectively cope with salt stress.

5. Concusion

To summarize, post-inoculation, the S. nematodiphila-biochar-based
seed coating triggered structural alterations in rhizosphere bacterial
communities within saline soils. It positively impacted the abundance of
beneficial microbial groups, such as Proteobacteria, Gammaproteobac-
teria, Verrucomicrobiae, and Bacteroidia, thereby enhancing the resilience
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of Z. mays in saline soil conditions. This enhancement was evidenced by
elevated photosynthetic rates, balanced osmotic pressure, greater
biomass, and a reduced Na®/K™ ratio. This method emerges as the
optimal strategy for enhancing crop yields in saline soils and holds
significant potential for broader improvements in saline soil conditions.
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