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Soil salinization severely restricts agricultural production and the sustainable use of soil. While plant growth-promoting rhizobacteria (PGPR) and hydrogen-rich water (HRW) have individually been reported to alleviate salt tolerance, their synergistic effects and molecular mechanisms remain largely unexplored. In this study, we investigated the combined application of a salt-tolerant PGPR strain Cytobacillus firmus L71 and HRW in Pennisetum giganteum under NaCl stress. A factorial pot experiment was conducted under three salt levels (0, 250, and 500 mM NaCl) with or without PGPR-HRW treatment. Growth traits, antioxidant activities, osmotic regulators, and transcriptomic responses were measured. The combined treatment significantly promoted growth under severe salinity, with shoot fresh weight increasing by 148% and root length by 54.60% compared with untreated control. Physiological measurements showed elevated activities of Superoxide Dismutase (SOD), Peroxidase (POD), and Catalase (CAT), and reduced accumulation of Malondialdehyde (MDA) and Hydrogen peroxide (H2O2). Transcriptome analysis indicated consistent enrichment in plant hormone signaling, mitogen-activated protein kinase (MAPK) signaling, and plant-pathogen interaction pathways. Negative regulators such as CaM/CML (induces stomatal closure), CDPK (triggers hypersensitive response), WRKY25/33 (inhibits DNA defense genes), and JAZ (accelerates stress-induced senescence) were down-regulated, while positive regulators including A-ARR (enhances cell division and shoot growth) were up-regulated, contributing to sustained stomatal function, delayed senescence, and improved reactive oxygen species (ROS) balance. These results demonstrate that PGPR-HRW synergy enhances salt tolerance through coordinated physiological and transcriptional regulation, highlighting the potential of integrating microbial inoculants with HRW for sustainable saline soil remediation and crop improvement.
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[image: Illustration showing the effect of PGPR-HRW on plants. A plant in a pot labeled “PGPR-HRW” is sprayed with hydrogen-rich water (HRW). The diagram illustrates HRW producing H₂, reducing stress and aging in plants through multiple pathways, including stomatal opening, decreased reactive oxygen species, and enhanced cytokinin. Pathways indicate changes in nitric oxide, hydrogen peroxide, and abscisic acid levels, leading to stress reduction.]





1 Introduction

Among various abiotic stresses, soil salinity significantly constrains crop yields and global sustainable development (Mukhopadhyay et al., 2021; Litalien and Zeeb, 2020). According to the Food and Agriculture Organization (FAO), salt-affected soils cover 424 million hectares of topsoil (0–30 cm) and 833 million hectares of subsoil (30–100 cm), based on 73% of mapped land (Negacz et al., 2022). In China, nearly 97 million hectares of saline soil are primarily distributed in the North China Plain, the Yellow River Hetao Plain, and the northwest inland area (Bian et al., 2021). The area of saline soils is increasing at a rate of 10% per year (Sharif et al., 2019). Soil salinization adversely affects plant growth by causing osmotic imbalance, which hinders the absorption of water and nutrients (Santander et al., 2020). Additionally, salt stress induces ion imbalance and oxidative stress in plants, leading to secondary stress reactions and potentially severe outcomes, including plant death (Li et al., 2017; Balasubramaniam et al., 2023).

Phytoremediation using halophytic or salt-tolerant plants for saline soil remediation is low-cost, sustainable, and ecologically beneficial. It is an effective measure for efficient saline soil utilization (Srivastava, 2020). Pennisetum giganteum Z.X. Lin, a perennial C4 grass species in Poaceae family, was characterized by its rapid growth, extensive root system, and strong tillering ability (Hayat et al., 2022). In recent years, it had been gradually applied in the remediation of heavy metal-contaminated soils (Yankey et al., 2021) and in the improvement of saline soils. Previous research had shown that P. giganteum exhibited good salt tolerance, being able to withstand light to moderate salt stress without affecting its biomass (Hayat et al., 2020).

To achieve better plant improvement efficiency, various remediation technologies were applied to saline soil improvement, with PGPR being one of them. PGPRs are soil bacteria that alleviate the adverse effects of ethylene on plants by producing ACC deaminase, which decomposes the ethylene precursor (Gupta et al., 2022). They accelerated phosphate solubilization, produced extracellular polysaccharide, iron-producing carriers, and volatile compounds (Kumawat et al., 2022; Ha-Tran et al., 2021), and synthesized various plant hormones such as auxins (IAA), cytokinins (CTK), and gibberellins (GA) (Saleem et al., 2021; Li et al., 2020). Additionally, they maintained normal plant growth under salt stress through multiple pathways, including increasing the potassium to sodium ion ratio, reducing intracellular electrolyte leakage, and promoting nutrient and water uptake (Bhat et al., 2020).

On the other hand, H2, as a novel gaseous signaling molecule, was shown to have promising applications in enhancing plant salt tolerance. When H2 was supplied to plants as HRW, it acted as a beneficial gaseous molecule in adaptive responses. HRW enhanced plant stress resistance by improving antioxidant system activity and osmotic regulation capacity (Hu et al., 2021). The molecular mechanisms by which H2 promoted plant stress resistance involved the regulation of miRNA, gene expression, hormone levels, and protein modifications, and were possibly related to various gaseous signaling pathways such as Nitric Oxide (NO) and carbon monoxide (CO) (Wang et al., 2022; Chen et al., 2017). Existing studies indicated that HRW showed good effects in alleviating various abiotic stresses such as drought, salinity, heavy metal stress, and extreme temperatures in plants (Wang et al., 2023). Under salt stress, HRW enhanced plant salt tolerance by re-establishing reactive oxygen species homeostasis and ion homeostasis (Su et al., 2021). However, previous studies mainly focused on single remediation methods, the effects and molecular mechanisms of combined PGPR-HRW remediation remained unclear.

In this study, we conducted a factorial experiment in P. giganteum that combined NaCl salinity with a treatment using a salt-tolerant PGPR and HRW. The objectives were to: (1) quantify the effects of the PGPR-HRW treatment on seedling growth and biomass across different NaCl levels; (2) determine changes osmotic adjustment, oxidative status, and antioxidant enzyme activities under PGPR-HRW treatment; and (3) investigate the molecular mechanism for alleviating salt stress under PGPR-HRW treatment. These analyses provide a physiological and molecular basis for the alleviation of salt stress by PGPR-HRW and offer guidance for its application in the remediation of salinized soil.




2 Materials and methods


2.1 Plant materials, growth conditions, and stress treatment

In our previous research, a salt-tolerant growth-promoting bacterium, C.firmus L71, was isolated from saline-alkaline coastal soil (16S rDNA gene sequence registration number in GenBank: OP935756. CGMCC depository number: 26877). Pot experiments with P. giganteum under different salt stress were conducted with varying concentrations of HRW and L71 strain. It was found that combined treatment of L71 strain and 50% HRW had the best growth-promoting effect on P. giganteum (Supplementary Figures S1-S3). Principal component analysis (PCA) results showed that the 50% HRW-L71 combined treatment effectively alleviated the effects of 250 mM and 500 mM salt stress on P. giganteum. The highest overall score at the same concentration was obtained under both salt stress conditions (Supplementary Figure S4). Therefore, the 50% HRW-L71 combined treatment was selected for further experiments as the subsequent PGPR-HRW treatment combination.

The effect of PGPR-HRW was studied through a two-factor pot experiment. Three levels of NaCl stress were applied: 0 mM (A0), 250 mM (A1), and 500 mM (A2). For each salt stress, two treatments were applied: without PGPR-HRW (B0) and with PGPR-HRW (B1). This resulted in six treatment groups (A0B0, A0B1, A1B0, A1B1, A2B0, A2B1), each with ten replicates. Conducted at Shanghai Jiao Tong University (31°11′N, 121°36′E). After 14 days of planting, NaCl treatment and PGPR-HRW treatment were applied. Salt treatment was conducted every 20 days at a volume of 100 ml per pot. L71 was dissolved in hydrogen-rich water as a liquid inoculant and applied via irrigation at 100 ml per pot per application. The detailed procedure involved centrifuging the fermented culture at 4 °C and 12,000 rpm for 10 minutes. After decanting the supernatant, the resulting bacterial pellet was uniformly dissolved in hydrogen-rich water to prepare a liquid inoculum solution with a concentration of 108 CFU/mL. 50% HRW (0.8 ppm H2) was prepared using CA/H-1 hydrogen generator. Control groups received the same volume of water. After 40 days, P. giganteum was harvested for indicator measurements.




2.2 Determination of plant morphological and physiological indicators

After 40 days of treatment, phenotypic traits were determined by measuring plant height, root length, fresh and dry weights of shoot and root parts (Hayat et al., 2020). The activities of SOD, POD, and CAT, as well as the contents of H2O2, MDA, proline (Pro), and soluble sugars (SS), were measured using kits provided by the Nanjing Jiancheng Bioengineering Institute.




2.3 Transcriptomic analysis

Plant leaves subjected to different treatments for 40 d were sampled, and their leaves were rinsed thrice with ultrapure water and immediately frozen in liquid nitrogen. Total RNA from P. giganteum leaves was extracted using TRIzol® Reagent. The specific methods and quality requirements for RNA extraction were described in Supplementary Text S1. RNA purification, reverse transcription, library construction, and sequencing were performed at Shanghai Majorbio Bio-pharm Biotechnology Co., Ltd. (Shanghai, China) according to the manufacturer’s instructions. Specific methods, processes, and sequencing platform were described in Supplementary Text S2. RNA-seq was performed on four treatment combinations (A0B0, A0B1, A2B0, A2B1), each with three biological replicates (total n = 12). Sequencing generated 88.64 Gb of clean reads in total (≥5.98 Gb per sample; Q30 ≥95.92%; Supplementary Table S1). Clean reads from all samples were assembled de novo with Trinity, yielding 108308 unigenes and 210290 transcripts (mean length: 955.7 bp; N50: 1689 bp). Reads were mapped back to the assembly with rates of 85.01-86.03% (Supplementary Table S2). Detailed processes for quality control and de novo assembly were described in Supplementary Text S3. The methods and parameter settings for differential expression analysis and Kyoto Encyclopedia of Genes and Genomes (KEGG) functional enrichment analysis were described in Supplementary Text S4. Read counts were normalized with DESeq2 using the median-of-ratios procedure. Differential expression was called at |log2FC| ≥ 1 with FDR < 0.05.




2.4 Quantitative real-time PCR validation

12 candidate DEGs revealed by transcriptome sequencing were randomly selected for further validation of differential expression by qRT-PCR. The DEGs ID, annotation description (NR) and primer pairs used were listed in Supplementary Table S3. Briefly, total RNA was extracted using the RNAprep Pure Plant Kit (TIANGEN, DP432). Total RNA from each sample was then reverse transcribed using reverse transcriptase MMLV (TaKaRa, RR047A) and used as a template. qRT-PCR was performed with TB Green® Premix Ex Taq™ II (TaKaRa, RR820A) on an ABI 7500 System (Applied Biosystems, Foster City, CA) (Gutsch et al., 2019). GAPDH was used as an internal control to normalize gene expression levels. The relative expression of each DEG was evaluated using the 2-ΔΔCt method (Zhao et al., 2021). For each gene and sample, 3 biological replicates and 3 technical replicates were used.




2.5 Statistical analysis

The RNA-Seq assay was performed in triplicate for each treatment. Bar charts were generated using Origin 2024 software. Gene expression heatmaps were created using R 4.3.2. Analysis of variance (ANOVA) was conducted for statistical analysis with SPSS 27 software, followed by multiple pairwise comparisons using Duncan’s test at the p < 0.05 level. Morphological and physiological indices were determined using 4 replicates. The two-way ANOVAs of SAS software (SAS Institute, Cary, NC) was used to indicate the effect of NaCl and PGPR-HRW treatments on the test variables.





3 Results


3.1 PGPR-HRW combined treatment promoted the growth of P. giganteum under high salt stress

The growth of P. giganteum under 40 days of different salt stress was shown in Figure 1. The combined treatment of salt stress and PGPR-HRW significantly affected both shoot fresh weight, the root length and root fresh weight (p < 0.5). As the salt stress increased, tillering of P. giganteum gradually decreased, and the leaves turned yellow. Under treatment A2, the degree of leaf yellowing was lower in treatment B1 compared to treatment B0. The impact of the PGPR-HRW combined treatment on the growth of P. giganteum was further compared under different salt stress. Under no salt stress (A0), the difference between B1 and B0 treatments was minimal. Under 250 mM (A1) salt stress, the root fresh weight in the B1 treatment was significantly higher than in the B0 treatment, increasing by 92.94% (Figure 1e). At a salt stress of 500 mM (A2), the growth advantage under the B1 treatment became more apparent. Plant height, root length, and shoot fresh weight in A2B1 treatment were significantly higher than A2B0 treatment, increasing by 17.13%, 54.60%, and 148%, respectively. The shoot dry weight increased by 81.25% (Figures 1a, b, d). Additionally, it was observed that there was no significant difference in plant height and root length between the A1B0 and A0B0 groups (Figures 1a, d), indicating that P. giganteum has certain level of salt tolerance. The PGPR-HRW combined treatment exhibited better growth-promoting effects under high salt stress.

[image: A set of images and bar graphs depicting the growth and health of plants under different treatments. The top row shows six groups of plants labeled A0B0, A0B1, A1B0, A1B1, A2B0, and A2B1, illustrating varying growth characteristics. Below, bar graphs labeled a through f present measurements of shoot length, shoot fresh weight, shoot dry weight, root length, root fresh weight, and root dry weight, with different treatments indicated by colors B0 and B1. Statistical significance is marked on each graph.]
Figure 1 | Phenotype and Growth characteristics of P. giganteum between all treatments. A0: 0mM NaCl, A1:250mM NaCl, A2:500mM NaCl. B0: no PGPR-HRW treatment, B1: PGPR-HRW treatment. Scale bar = 10 cm. (a-c) Shoot length (a), fresh weight (b) and dry weight (c). (d-f) Root length (d), fresh weight (e) and dry weight (f). Different lowercase letters indicate significant differences between treatments (p<0.05), different capital letters indicate significant differences between the two groups under the same concentration of salt treatment (p<0.05). The results of two-way ANOVA are listed as: A, NaCl effect; B, PGPR-HRW effect; A×B, interaction effect; *p < 0.05; **p < 0.01; ns, not significant.




3.2 PGPR-HRW combined treatment enhanced the physiological activity of P. giganteum under salt stress

Salt stress disrupted the ROS scavenging balance, leading to oxidative stress (Yan et al., 2016). Therefore, physiological measurements of P. giganteum under salt stress were performed. The results indicated that under no salt stress (A0), the B1 treatment increased POD and CAT activities and decreased MDA content in P. giganteum (Figures 2b, c, e). When salt stress increased to 250 mM (A1), SOD activity in the B1 treatment was significantly higher than in the B0 treatment by 26.63%, and soluble sugar content increased by 57.36% (Figures 2a, f). When salt stress continued to increase to 500 mM (A2), POD and CAT activities in the B1 treatment were higher than B0 treatment by 5.99% and 13.48%, respectively (Figures 2b, c). The contents of SS and Pro increased significantly by 63.21% and 114%, respectively (Figures 2f, g), while MDA content decreased significantly by 63.89% and H2O2 content dropped by 48.78% (Figures 2d, e). This indicated that with increasing salt stress, the PGPR-HRW combined treatment enhanced the antioxidant enzyme activity of P. giganteum, maintained osmotic regulation balance, and reduced the production of peroxidation products such as MDA and H2O2. The combined treatment of salt stress and PGPR-HRW had a highly significant effect on both CAT and proline (p < 0.01).

[image: Bar charts labeled a to g compare biochemical activities and contents such as SOD, POD, CAT, H₂O₂, MDA, SS, and Pro under different conditions (A0, A1, A2) with two treatments (B0, B1). Significance levels are indicated, with ns for non-significant and various letters marking statistical differences.]
Figure 2 | Physiological characteristics of P. giganteum between all treatments. A0: 0mM NaCl, A1:250mM NaCl, A2:500mM NaCl. B0: no PGPR-HRW treatment, B1: PGPR-HRW treatment. (a–c) SOD (a), POD (b) and CAT (c) activities. (d–f) H2O2 (d), MDA (e), SS (f) and Pro (g) contents. Different lowercase letters indicate significant differences between treatments (p<0.05), different capital letters indicate significant differences between the two groups under the same concentration of salt treatment (p<0.05). The results of two-way ANOVA are listed as: A, NaCl effect; B, PGPR-HRW effect; A×B, interaction effect; *p < 0.05; **p < 0.01; ns, not significant.




3.3 Global analysis of differentially expressed genes

Biological replicates showed high pairwise correlation (R2 between 0.8 and 1), supporting data reliability (Figure 3a). PCA analysis showed distinct gene cluster expression patterns across the different treatments (Figure 3b). The differences in DEGs among three comparison groups were analyzed: A2B1 vs A2B0, A0B1 vs A0B0, and A2B0 vs A0B0. In the comparison of A2B1 vs A2B0, a total of 375 DEGs were identified, with 25 genes upregulated and 350 genes downregulated (Figure 3d). For A0B1 vs A0B0, 813 DEGs were identified, with 49 genes upregulated and 764 genes downregulated (Figure 3e). In the comparison of A2B0 vs A0B0, 1356 DEGs were identified, with 393 genes upregulated and 963 genes downregulated (Figure 3f). The unique DEGs for A2B1 vs A2B0, A0B1 vs A0B0, and A2B0 vs A0B0 were 153, 349, and 969 respectively. There were 168 common DEGs between A2B1 vs A2B0 and A0B1 vs A0B0; 91 common DEGs between A2B1 vs A2B0 and A2B0 vs A0B0; and 33 common DEGs between A0B1 vs A0B0 and A2B0 vs A0B0. Among these, 37 DEGs were common across all three comparisons (Figure 3c).

[image: Six-part scientific visualization includes: a) Clustered heatmap showing correlation relationships among samples. b) Principal Component Analysis (PCA) plot displaying sample distributions. c) Venn diagram depicting overlaps between groups A0B1, A2B1, A2B0. d-f) Volcano plots illustrating differential expression analysis between groups A2B1 vs A2B0, A0B1 vs A0B0, and A2B0 vs A0B0, with significant up and downregulated genes marked.]
Figure 3 | Overview analysis of up-regulated and down-regulated genes (DEGs) in different comparison groups. (a) Correlation studies among all treatments, including A0B0, A0B1, A2B0 and A2B1. (b) PCA analysis. (c) Venn diagram representing the unique and common DEGs. (d–f) Numbers of up and down-regulated genes in all comparison groups: A2B1 vs A2B0, A0B1 vs A0B0, A2B0 vs A0B0.

KEGG pathway analysis was conducted to explore the biological pathways represented by DEGs in the three comparison groups. There were 10, 14 and 20 enriched pathways in the comparisons: A2B1 vs A2B0, A0B1 vs A0B0, A2B0 vs A0B0 (p < 0.05). The “MAPK signaling pathway – plant”, “plant-pathogen interaction”, and “plant hormone signal transduction” pathways were significantly enriched and contained the highest number of differentially expressed genes (DEGs) across all three comparison groups (Figure 4). These three pathways were thus identified as the primary common pathways. In addition, the “Indole alkaloid biosynthesis”, “Betalain biosynthesis”, “Phenylalanine metabolism”, and “Arginine and proline metabolism” pathways were consistently enriched in all three comparison groups. Specifically, the “Biosynthesis of various plant secondary metabolites” and “Pyrimidine metabolism” pathways were enriched only in the A2B1 vs A2B0 comparison. The “Exopolysaccharide biosynthesis”, “Fatty acid elongation”, and “Fatty acid biosynthesis” pathways were specific to A0B1 vs A0B0. Meanwhile, the “Phenylpropanoid biosynthesis”, “Tyrosine metabolism”, and “Tryptophan metabolism” pathways were uniquely enriched in A2B0 vs A0B0. This suggested that the B1 (PGPR-HRW) treatment may have a considerable overlap with the inherent salt tolerance mechanisms of P. giganteum, and B1 treatment could enhance certain inherent salt tolerance pathways of P. giganteum.

[image: Dot plot depicting metabolic pathways with p-values and DEG numbers for comparisons: AOB1vsAOB0, A2B0vsA0B0, and A2BvsA2B0. Circle size indicates DEG number; color indicates p-value, with blue as high and red as low.]
Figure 4 | The significantly (p<0.05) enriched pathways for DEGs of A2B1 vs A2B0, A0B1 vs A0B0, A2B0 vs A0B0 in KEGG analysis.




3.4 Analysis of “plant hormone signal transduction pathway”, “plant-pathogen interaction” and “MAPK signaling pathway – plant”


3.4.1 Plant hormone signal transduction pathway

KEGG analysis showed significant enrichment of “Plant hormone signal transduction pathway”, “Plant-pathogen interaction and “MAPK signaling pathway – plant” in all three comparison groups (Figure 4). Key regulatory nodes and expression patterns within these pathways were further examined.

In the plant hormone signal transduction pathway, DEGs were enriched in pathways mediated by CTK, abscisic acid (ABA), and jasmonic acid (JA). In the CTK pathway, CTK bound to the receptor CRE1, inducing phosphorylation of AHP, which translocated to the nucleus and phosphorylated B-ARR, regulating A-ARR to control cell division and bud sprouting (Figure 5a). High expression of 3 ARR-A DEGs was observed in all comparison groups, with significant differences in A0B1 vs A0B0 and A2B0 vs A0B0 (Figure 5a). These results suggested that B1 treatment enhanced cell division and bud sprouting in P. giganteum under salt stress.

[image: Diagrams illustrating signaling pathways of cytokinin, abscisic acid, and jasmonic acid in plant cells. Each pathway is depicted with associated genes and proteins. (a) Cytokinin involves CRE1, AHP, B-ARR, A-ARR, leading to cell division and shoot initiation. (b) Abscisic acid includes PYR/PYL, PP2C, SnRK2, ABF, affecting stomatal closure and seed dormancy. (c) Jasmonic acid involves JAR1, COI1, JAZ, MYC2, linked to senescence and stress response. Heat maps show gene expression levels with color-coded data for comparison.]
Figure 5 | Different contrast groups activated ‘hormone signal transduction’ pathway. (a) CTK pathway; (b) ABA signaling pathway; (c) JA signaling pathway. 2.Heat maps showing the log2 expression values of DEGs in each treatment. 3.The color ‘[image: ]’ indicates a positive regulator of the final expression function, and the color ‘[image: ]’ indicates a negative regulator of the final expression function. 4.Three different marks indicate that the difference in the expression of DEGs in the corresponding comparison groups reached a significant level. Notes 2–4 below.

In the ABA signaling pathway, the intracellular receptor PYR/PYL inhibited PP2C (protein phosphatase 2C), releasing SnRK2 (serine/threonine-protein kinase SRK2). Activated SnRK2 regulated downstream pathways controlling stomatal closure and seed dormancy (Figure 5b). A total of 1, 5, and 3 DEGs were identified for PYR/PYL, PP2C, and SnRK2, respectively (Figure 5b). In the A2B0 vs A0B0 group, 5 PP2C DEGs were significantly up-regulated, whereas 3 SnRK2 DEGs were down-regulated in A0B1 vs A0B0. Elevated PP2C and reduced SnRK2 expression suppressed stomatal closure, cooperating with the CaM/CML pathway to maintain normal stomatal opening in P. giganteum.

In JA signaling pathway, JA was catalyzed by jasmonate amino acid synthase JAR1 to form JA-lle (jasmonoyl-isoleucine). JA-lle acted on COI1, entered nucleus and inhibited the dissociation of JAZ from MYC2 after ubiquitination, thereby regulating senescence and stress responses (Figure 5c). 5 JAZ DEGs were differentially expressed and consistently down-regulated across all comparison groups, with four showing significant down-regulation in A2B1 vs A2B0 (Figure 5c). This indicated that under A2 salt stress, the B1 treatment could inhibit plant senescence and stress responses, supporting normal plant growth.




3.4.2 Plant-pathogen interaction pathway

In the Plant-pathogen interaction pathway, cytoplasmic RPM1/2-type resistance proteins (RIN4, RPM1, RPS2) mediated hypersensitive response (HR). The RIN4 protein dissociated from RPS2 and associated with RPM1, indirectly inducing the expression of RAR1, suppressor SGT1, and heat shock protein HSP90, thereby triggering intracellular HR (Figure 6). 1 RIN4 DEG, 2 RPM1 DEGs, and 1 RPS2 DEG were down-regulated in A0B1 vs A0B0 and A2B0 vs A0B0. In A2B1 vs A2B0, except for 1 DEG of RPM1 (TRINITY_DN9710_c0_g1) was up-regulated, the other 3 DEGs also showed down-regulated expression trend (Figure 6). The down-regulation of these genes could indirectly inhibit the HR response, reducing browning and senescence of plant leaves.

[image: Diagram showing gene expression data and signaling pathways involved in a hypersensitive response (HR). Heatmaps display variations in gene expression for TRINITY_DN5396, TRINITY_DN9710, TRINITY_DN9340, and TRINITY_DN19668 across conditions A2B1, A2B0, A0B1, and A0B0. Color gradient ranges from red to green, representing high to low expression. Pathway components include RIN4, RPM1, RPS2, RAR1, SGT1, and HSP90, connected by lines indicating interaction. Color-coded circles highlight specific condition comparisons, with legends denoting condition pairs.]
Figure 6 | Different contrast groups activated ‘Plant-pathogen interaction pathway’ pathway. RPM1/2 disease resistance proteins initiate HR signaling pathway.




3.4.3 Plant-pathogen and MAPK signaling-plant interactions pathway

In the Ca2+-CaM4 dependent signaling pathway of the MAPK signaling pathway - plant, Ca2+ signals were transduced by CaM4, which suppressed the expression of OXI1, a serine/threonine kinase transcription factor maintaining ROS balance. Separate comparisons revealed that 1 CaM4 DEGs was significantly down-regulated between B0 and B1 at A2, 3 CaM4 DEGs were down-regulated between B0 and B1 at A1, and 2 CaM4 DEGs were down-regulated between A0 and A2 at B0. TRINITY_DN13030_c0_g1 was commonly down-regulated in all these comparisons (Figure 7a). CaM4 activated MPK8, negatively regulating RbohD to maintain ROS homeostasis. This indicated that under salt stress, P. giganteum down-regulated CaM4 to balance ROS, and B1 treatment enhanced this effect. Notably, 3 DEGs (TRINITY_DN13030_c0_g1, TRINITY_DN11419_c0_g1, and TRINITY_DN11419_c0_g2) also participated in the Ca2+-dependent signaling pathway of plant-pathogen interactions, functioning in CaM/CML (calmodulin/calcium-binding proteins). Here, Ca2+ signals were transduced by CaM/CML or CDPK, activating stomatal closure and ROS-dependent hypersensitive response (HR). CaM/CML regulated NOS (nitric oxide synthase) activity, influencing NO production and inducing stomatal closure and HR. Among 13 CaM/CML DEGs, all were significantly down-regulated under B1 treatment compared to B0, and down-regulated in A2B0 vs A0B0 (Figure 7b). This repression likely helped maintain stomatal opening under salt stress, an effect intensified by B1. Similarly, in the expression of CDPK calcium-dependent protein kinases, with the exception ofTRINITY_DN22981_c0_g1 was up-regulated in A2B0 vs A0B0, the other 8 DEGs were significantly repressed in A0B1 vs A0B0 or A2B0 vs A0B0 (Figure 7b). CDPK promoted the phosphorylation of Rboh (respiratory burst oxidase), activating the ROS-dependent HR in plants. The down-regulation of CDPK related gene expression inhibited this process.
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Figure 7 | Different contrast groups activated “Plant-pathogen interaction pathway” and “MAPK signaling pathway – plant”. (a) “MAPK signaling pathway – plant” Ca2+-CaM4 dependent signal pathway, (b) “Plant-pathogen interaction” Ca2+-dependent signal pathway, (c) “Plant-pathogen interaction” LRR receptor-like serine/threonine protein kinase (FLS2) initiated mitogen-activated protein kinase signaling pathway, (d) “MAPK signaling pathway – plant” MPK3/6 signal pathway.

Another Plant-pathogen interaction pathway was initiated by the LRR receptor-like serine/threonine kinase FLS2, activating MAPK signaling. This defense response was mediated by MEKK1-MKK1/2-MPK4-WRKY25/33 or MEKK1-MKK4/5-MPK3/6-WRKY22/29 cascades. In these pathways, 4 WRKY25/33 DEGs were specifically expressed across three comparison groups (Figure 7c). Both B1 and A2 treatments significantly suppressed WRKY25/33 expression. As negative transcriptional regulators, WRKY25/33 inhibited defense-related genes like NHO1 and PR1. Their down-regulation enhanced defense gene expression via a double-negative mechanism, promoting salt stress defense in P. giganteum. Additionally, MPK3/6, involved in both pathways, acted as ethylene (ETH) synthesis inducers, regulating H2O2 production and cell death. MPK3/6 showed down-regulation in all comparison groups (Figure 7d), suggesting that B1 treatment delayed leaf senescence by suppressing ETH synthesis.





3.5 Validation of the DEGs results by qRT-PCR analysis

To validate the reliability of RNA-Seq data, 12 DEGs associated with ethylene activation signaling, NAC domain-containing proteins, and glutathione transferase activity were selected and tested by qRT-PCR (Supplementary Table S3). The relative expression trends of selected DEGs were similar to those observed in RNA-Seq data and were consistent with Illumina sequencing results (Figure 8), demonstrating the reliability of RNA-Seq data.
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Figure 8 | Validation of DEGs expression by qRT-PCR analysis of randomly selected genes.





4 Discussion


4.1 Effects of PGPR-HRW combined treatment on the growth and physiology of P. giganteum under salt stress

The combined application of PGPR and HRW markedly improved the growth and salt tolerance of P. giganteum. The results showed that the plant height, root length, and shoot fresh weight of P. giganteum treated with PGPR-HRW were significantly higher than those of the control. Moreover, the differences became more pronounced with increasing salt stress (Figure 1).

The physiological basis for enhanced plant growth was supported by the combined effects of the PGPR-HRW treatment on the antioxidant system and osmotic homeostasis of plant. The PGPR-HRW treatment increased activities of antioxidant enzymes (POD and CAT), and contents of Pro and soluble sugars, while reducing levels of peroxidation products (MDA and H2O2) (Figure 2). This finding was consistent with previous studies. The addition of NaCl was found by Wu to significantly inhibit the elongation of barley roots and cause a loss of cell viability, however, these adverse effects were significantly reversed by HRW treatment (Wu et al., 2020). Kumar isolated Bacillus pumilus strain JPVS11 from saline soil and inoculated it into salt-stressed rice, finding significant increases in plant height, root length, fresh and dry weight, and the activities of CAT and SOD after treatment (Kumar et al., 2021). Patani used 5 PGPR Bacillus strains to inoculate salt-stressed tomatoes, finding significant improvements in phenotype, antioxidant enzyme activity, and nutrient contents (magnesium, calcium, and potassium) (Patani et al., 2023). Our findings extend these reports by demonstrating that combining HRW with PGPR enhances growth in P. giganteum more effectively than either treatment alone, suggesting a synergistic rather than merely additive effect.




4.2 PGPR-HRW treatment might alleviate salt stress effects in P. giganteum by inhibiting negative regulatory factors

Transcriptomic analysis provided more effective means to further reveal the salt tolerance mechanisms in plants. In DEG analysis, it was found that both PGPR-HRW treatment and 500 mM salt stress treatment resulted in more down-regulated genes than up-regulated genes in P. giganteum (Figures 3d–f). The down-regulation of gene expression was observed in A2B0 vs A0B0, which is similar to the general trend of gene suppression in olive roots treated with NaCl as reported by Skodra (Skodra et al., 2023). This suggests that P. giganteum alleviated salt stress effects not primarily through massive activation of stress-responsive genes, but via a targeted suppression of negative regulatory factors.

KEGG pathway enrichment analysis confirmed that this repression strategy operates within key signaling pathways known to mediate stress responses, including “MAPK signaling pathway – plant”, “plant hormone signal transduction”, and “plant-pathogen interaction”. The enrichment of these pathways is a common hallmark of plant salt stress (Ma et al., 2022; Kumar et al., 2020). Mohamed’s transcriptomic analysis of rapeseed during germination under salt stress found significant enrichment in pathways related to Plant hormone signal transduction, MAPK signaling pathway-plant, and Glycolysis/gluconeogenesis (Mohamed et al., 2022). When plants under salt stress were inoculated with PGPR, they produced large amounts of IAA, ABA, or other growth factors. These regulated gene expression and metabolism, accumulated osmolytes (Pro and betaine), and increased antioxidant enzymes and their activities to enhance stress tolerance (Zahra et al., 2023; Çam et al., 2023). The Plant-pathogen interaction pathway is particularly important in the interaction between PGPR and plants and is often observed to be enriched in this pathway (Zarattini et al., 2021; Khoso et al., 2024). Li through KEGG enrichment analysis found that DEGs of Nitraria sibirica Pall under salt stress mainly included Plant-pathogen interaction, Plant hormone signal transduction, and β-alanine metabolism (Li et al., 2021). Our KEGG pathway enrichment analysis results were highly consistent with previous studies. Importantly, the overlap between PGPR-HRW induced changes and the plant’s inherent salt tolerance pathways suggests that the combined treatment reinforces intrinsic mechanisms rather than activating entirely novel processes.

The essence of this mechanism is that the suppression of gene identity. The down-regulation of key negative regulatory transcription factors (e.g., WRKY25/33, JAZ) and signaling components (e.g., CaM/CML, CDPK) indicates that signal cascades were experienced synergistic inhibition. Overactivation of these cascades would lead to excessive defense responses, accelerated senescence, and growth arrest. This pattern implies that PGPR-HRW promotes a more energy-efficient stress response, allowing P. giganteum to maintain growth while withstanding salinity.




4.3 Molecular mechanisms of salt tolerance induced by PGPR-HRW combined treatment in P. giganteum

Through integrated transcriptomic and physiological findings, this study proposes that the synergistic action of PGPR-HRW induces a complex regulatory network centered on inhibiting key negative regulators. This network regulates salt tolerance through five interconnected mechanisms:



4.3.1 Regulation of stomatal aperture by CaM/CML and ABA signaling

Salt stress typically triggers stomatal closure via ABA signaling to conserve water, at the cost of photosynthetic efficiency (Zhao et al., 2022; Hedrich and Shabala, 2018). Our data reveal a dual mechanism to maintain stomatal opening. First, exogenous H2 supplied via HRW significantly downregulated CaM/CML expression in P. giganteum (Figure 7b). This change was associated with reduced NOS activity and suppressed NO production in leaves, thereby alleviating NO-mediated stomatal closure. This aligns with previous reports of H2 modulating gas signaling and attenuating NO-dependent stress responses (Zhu et al., 2016) and HRW alleviated the inhibition of Al-induced root elongation in alfalfa by reducing NO production (Chen et al., 2014). Consistent with this mechanism, our study observed inhibition of stomatal closure under PGPR-HRW. Second, within the ABA signaling pathway, the upregulation of the negative regulator PP2C and the downregulation of the positive regulator SnRK2 synergistically suppressed the closure signal initiated by ABA (Figure 5b). This transcriptional pattern provides a direct pathway for stomata to maintain a better open state under PGPR-HRW treatment, considering ABA’s central role in the closure of stomata induced by drought/salt stress (Liu et al., 2022). Notably, 5 DEGs of negative regulatory factor PP2C were significantly up-regulated (A2B0 vs A0B0) explained the inherent salt tolerance of P. giganteum (Figure 5b), which is then significantly enhanced following PGPR-HRW treatment.




4.3.2 Maintaining ROS balance and promoting defense response

When plants are subjected to salt stress, they need to activate ROS system to promote defense response, but excessive ROS would damage cells (Leshem et al., 2007). In physiological measurements of P. giganteum, PGPR-HRW under high salt stress (500 mM) significantly increased the activities of several antioxidant enzymes and the contents of osmotic regulatory substances, while decreasing levels of peroxidation products such as MDA and H2O2. (Figure 2). These physiological changes were consistent with reports that PGPR and HRW enhance plant antioxidant capacity (Giannelli et al., 2024). In KEGG enrichment analysis, two main pathways were found to be related to increased ROS system activity. In MAPK signaling pathway - plant, the negative regulatory factor CaM4 calmodulin was significantly down-regulated in all three comparison groups (Figure 7a), thereby maintaining ROS balance. Second, in the FLS2 pathway of Plant-pathogen interactions, the down-regulated expression of WRKY25/33 DEGs, which function as negative transcriptional regulators (Figure 7c), enhanced the defense response of P. giganteum under salt stress. Previously, it was observed that the number of down-regulated genes in P. giganteum was greater than up-regulated genes in all three comparison groups (Figures 3d–f). P. giganteum likely alleviated salt stress effects primarily by inhibiting the expression of certain negative regulatory factors when subjected to salt stress or PGPR-HRW treatment. Overall, these changes release the suppression of antioxidant and defense genes, helping plants maintain reactive oxygen species at manageable levels while preserving their defense capabilities.




4.3.3 Attenuating the HR to minimize cellular damage

The HR is a localized, programmed cell death (PCD) that can help defense, that assists defense mechanisms but causes tissue damage when overactivated under non-biotic stress (Lam et al., 2001; Baebler et al., 2020; Noman et al., 2020). Morphologically, leaves display browning, wilting, and other deteriorative states (Liu et al., 2022). Transcriptome data indicated that HR showed a significant downward trend under PGPR-HRW. First, calcium sensors and relays were suppressed. CaM/CML and CDPKs showed coordinated down-regulation (Figures 6, 7b), which would weaken Ca2+-dependent signals that feed into HR execution. Second, expression of the RPM1/2 disease-resistant protein was also down-regulated (Figure 6), indicating that the NLR-mediated HR pathway was in a lower state of activation. These changes combined to reduce the occurrence of HR-induced programmed cell death under salt stress. The phenotypic changes in P. giganteum also confirmed this mechanism, that is, PGPR-HRW treatment reduced leaf yellowing, increased biomass, and mitigated HR response under high salt stress. Our results were highly consistent with Akbar’s findings. They inoculated two PGPR, Bacillus subtilis and Bacillus pumilus, into salt-stressed cotton and observed similar transcriptomic results, with down-regulation of genes related to CaM/CML, CDPK, and Rboh following PGPR salt stress treatment (Akbar et al., 2022).




4.3.4 Inhibition of ethylene synthesis and delayed senescence

Regarding the response mechanism of ETH under salt stress, scientists have two differing views. Some suggest that ETH production enhances plant salt tolerance (Jahan et al., 2021; An et al., 2018), while others argue that ETH production accelerates plant senescence under stress (Paes de Melo et al., 2022; Gou et al., 2022). In our study, it was found that PGPR-HRW treatment inhibited ETH synthesis, delaying plant senescence under salt stress. In our previous study, it has been demonstrated that the employed PGPR-C. firmus L71 functions as an ACC deaminase-producing enzyme, which inhibits ETH production by catabolizing ETH precursors. At the transcriptome level, MPK3/6, as inducers of ethylene synthesis, cell death, and H2O2 production in MAPK signaling pathway-plant, showed down-regulated expression trend in all three comparison groups (Figure 7d). Additionally, in JA signaling of Plant hormone signal transduction pathway, significant down-regulation of JAZ DEGs inhibited plant senescence and stress response (Figure 5c), which together slowed down plant senescence. Our qRT-PCR results validated this. Among 12 selected DEGs, the first 8 were ETH activation signaling pathway/ETH response transcription factors (Supplementary Table S3), all observed low expression under A2B1 treatment (Figure 8). It was inferred that that delayed senescence is a key component of the PGPR-HRW induced tolerance.




4.3.5 Promotion cytokinin synthesis

Cytokinin (CTK) acts as antagonistic hormone to ABA and ETH under salt stress, promoting cell division and inhibiting the senescence effects caused by ABA and ETH (Li et al., 2021). In CTK signaling pathway of Plant hormone signal transduction, high expression of regulatory factor A-ARR related to cell division and shoot initiation was observed in all three comparison groups (Figure 5a). This indicated that PGPR-HRW effectively promoted cell division and shoot initiation in P. giganteum, enhancing its response to salt stress. This may be related to the fact that RGPR inhibits ETH production, which is negatively feedback-regulated with CTK (Yu et al., 2023). The results highlight the interconnectedness of hormonal pathways in this coordinated response.

In summary, it was concluded that the molecular mechanisms by which PGPR-HRW combined treatment induced salt tolerance in P. giganteum primarily included the following five mechanisms: maintaining stomatal opening, maintaining ROS balance and promoting defense responses, inhibiting HR response, inhibiting ETH synthesis and delaying senescence, and promoting CTK synthesis. These mechanisms were not independent. Some DEGs functioned in different pathways, collectively forming the PGPR-HRW salt stress response network and required further study. Notably, certain key DEGs appearing in multiple pathways could alter plant salt tolerance when over-expressed or knocked out, providing new insights for breeding salt-tolerant plants.

This study revealed a novel integrated perspective on the synergistic interaction between PGPR and HRW at the molecular and physiological levels. The core mechanism revealed in this study is that this synergistic effect is due to the extensive and strategic suppression of negative regulators across multiple signaling pathways (MAPK pathway, hormone pathway, pathogen response pathway). This precise inhibitory regulation enables P. giganteum to more efficiently modulate its stress responses, thereby conserving energy and resources for growth and maintenance processes. From a practical application perspective, the PGPR-HRW combination demonstrated a highly promising sustainable strategy for phytoremediation and agricultural production in the saline soil. By combining the naturally salt-tolerant P. giganteum with a precisely formulated biological agents, the efficiency of the saline soil remediation could be significantly enhanced. The future research should focus on field trials to validate this synergistic effect under natural conditions and explore its application efficacy in other economically important and salt-tolerant crops.






5 Conclusion

This study demonstrated that the combined application of PGPR and HRW significantly enhanced the salt tolerance of P. giganteum under different NaCl levels. The treatment improved plant growth traits, including plant height, root length, and shoot biomass, while enhancing antioxidant enzyme activities and osmotic adjustment, and reducing oxidative damage. These effects became more pronounced under higher salinity, highlighting the potential of PGPR-HRW for severe salt stress mitigation. Transcriptomic analysis revealed that PGPR-HRW treatment primarily alleviated salt stress by suppressing negative regulators. Key down-regulated genes included CaM/CML, CaM4, CDPK, WRKY25/33, and JAZ. Enrichment of the “Plant hormone signal transduction”, “MAPK signaling”, and “Plant-pathogen interaction” pathways further supported the coordinated regulation of stress responses. Overall, the mechanisms underlying PGPR-HRW induced tolerance involve maintaining stomatal opening, restoring ROS balance, suppressing HR, reducing ethylene synthesis and delaying senescence, and promoting cytokinin signaling. These findings provide new insights into the interactive roles of microbial inoculants and HRW in plant stress tolerance. The identified pathways and candidate genes merit further functional validation, which may contribute to breeding and management strategies for enhancing crop resilience in saline environments.





Data availability statement

The datasets presented in this study can be found in online repositories. The names of the repository/repositories and accession number(s) can be found below: https://www.ncbi.nlm.nih.gov/, PRJNA1321525.





Author contributions

SC: Writing – review & editing. TX: Investigation, Writing – original draft. YF: Methodology, Writing – original draft. XM: Data curation, Writing – original draft. RS: Methodology, Writing – original draft. RW: Investigation, Writing – original draft. YW: Methodology, Writing – original draft. DJ: Methodology, Writing – original draft. YC: Writing – review & editing. PZ: Conceptualization, Writing – review & editing. DZ: Funding acquisition, Methodology, Writing – review & editing.





Funding

The author(s) declare financial support was received for the research and/or publication of this article. This work was supported by the Shanghai Agriculture Applied Technology Development Program, China (X2024-02-08-00-12-F00025), the National Natural Science Foundation of China (32171612); the Fundamental Research Funds for the Central Universities, Startup Fund for Young Faculty at SJTU (23X010502146); “Science and technology Revitalizing Inner Mongolia” Action plan project of Shanghai Jiaotong University (KJXM2023-02-02).





Conflict of interest

The authors declare that the research was conducted in the absence of any commercial or financial relationships that could be construed as a potential conflict of interest.





Generative AI statement

The author(s) declare that no Generative AI was used in the creation of this manuscript.

Any alternative text (alt text) provided alongside figures in this article has been generated by Frontiers with the support of artificial intelligence and reasonable efforts have been made to ensure accuracy, including review by the authors wherever possible. If you identify any issues, please contact us.





Supplementary material

The Supplementary Material for this article can be found online at: https://www.frontiersin.org/articles/10.3389/fpls.2025.1702577/full#supplementary-material




References

	 Akbar A., Han B., Khan A. H., Feng C., Ullah A., Khan A. S., et al. (2022). A transcriptomic study reveals salt stress alleviation in cotton plants upon salt tolerant PGPR inoculation. Environ. Exp. Bot. 200, 104928–104928. doi: 10.1016/j.envexpbot.2022.104928


	 An J. P., Yao J. F., Xu R. R., You C. X., Wang X. F., Hao Y. J. (2018). An apple NAC transcription factor enhances salt stress tolerance by modulating the ethylene response. Physiologia Plantarum 164.3, 279–289. doi: 10.1111/ppl.12724, PMID: 29527680


	 Baebler Š., Coll A., Gruden K. (2020). Plant molecular responses to potato virus Y: A continuum of outcomes from sensitivity and tolerance to resistance. Viruses 12(2):217. doi: 10.3390/v12020217, PMID: 32075268


	 Balasubramaniam T., Shen G., Esmaeili N., Zhang H. (2023). Plants’ Response mechanisms to salinity stress. Plants (Basel Switzerland) 12, 2253. doi: 10.3390/plants12122253, PMID: 37375879


	 Bhat M. A., Kumar V., Bhat M. A., Wani I. A., Dar F. L., Farooq I., et al. (2020). Mechanistic insights of the interaction of plant growth-promoting rhizobacteria (PGPR) with plant roots toward enhancing plant productivity by alleviating salinity stress. Front. Microbiol. 11. doi: 10.3389/fmicb.2020.01952, PMID: 32973708


	 Bian L., Wang J., Liu J., Han B. (2021). Spatiotemporal changes of soil salinization in the yellow river delta of China from 2015 to 2019. Sustainability 13:822. doi: 10.3390/su13020822


	 Çam S., Kucuk C., Almaca A. (2023). Bacillus strains exhibit various plant growth promoting traits and their biofilm-forming capability correlates to their salt stress alleviation effect on maize seedlings. J. Biotechnol. 369, 35–42. doi: 10.1016/j.jbiotec.2023.05.004, PMID: 37207853


	 Chen M., Cui W., Zhu K., Xie Y., Zhang C., Shen W. (2014). Hydrogen-rich water alleviates aluminum-induced inhibition of root elongation in alfalfa via decreasing nitric oxide production. J. Hazardous Materials 267, 40–47. doi: 10.1016/j.jhazmat.2013.12.029, PMID: 24413050


	 Chen Y., Wang M., Hu L., Liao W., Dawuda M. M., Li C. (2017). Carbon monoxide is involved in hydrogen gas-induced adventitious root development in cucumber under simulated drought stress. Front. Plant Sci. 8. doi: 10.3389/fpls.2017.00128, PMID: 28223992


	 Giannelli G., Mattarozzi M., Gentili S., Fragni R., Maccari C., Andreoli R., et al. (2024). A novel PGPR strain homologous to Beijerinckia fluminensis induces biochemical and molecular changes involved in Arabidopsis thaliana salt tolerance. Plant Physiol. Biochem. 206, 108187. doi: 10.1016/j.plaphy.2023.108187, PMID: 38100889


	 Gou T., Su Y., Han R., Jia J., Zhu Y., Huo H., et al. (2022). Silicon delays salt stress-induced senescence by increasing cytokinin synthesis in tomato. Scientia Hortic. 293. doi: 10.1016/j.scienta.2021.110750


	 Gupta A., Rai S., Bano A., Sharma S., Kumar M., Binsuwaidan R., et al. (2022). ACC Deaminase Produced by PGPR Mitigates the Adverse Effect of Osmotic and Salinity Stresses in Pisum sativum through Modulating the Antioxidants Activities. Plants (Basel Switzerland) 11(24). doi: 10.3390/plants11243419, PMID: 36559529


	 Gutsch A., Sergeant K., Keunen E., Prinsen E., Guerriero G., Renaut J., et al. (2019). Does long-term cadmium exposure influence the composition of pectic polysaccharides in the cell wall of Medicago sativa stems? BMC Plant Biol. 19, 271. doi: 10.1186/s12870-019-1859-y, PMID: 31226937


	 Ha-Tran D. M., Nguyen T. T. M., Hung S. H., Huang E., Huang C. C. (2021). Roles of plant growth-promoting rhizobacteria (PGPR) in stimulating salinity stress defense in plants: A review. Int. J. Mol. Sci. 22(6). doi: 10.3390/ijms22063154, PMID: 33808829


	 Hayat K., Zhou Y., Menhas S., Bundschuh J., Hayat S., Ullah A., et al. (2020). Pennisetum giganteum: An emerging salt accumulating/tolerant non-conventional crop for sustainable saline agriculture and simultaneous phytoremediation. Environ. pollut. 265, 114876. doi: 10.1016/j.envpol.2020.114876, PMID: 32512425


	 Hayat K., Zhou Y., Menhas S., Hayat S., Aftab T., Bundschuh J., et al. (2022). Salicylic acid confers salt tolerance in giant juncao through modulation of redox homeostasis, ionic flux, and bioactive compounds: an ionomics and metabolomic perspective of induced tolerance responses. J. Plant Growth Regul. 41, 1999–2019. doi: 10.1007/s00344-022-10581-w


	 Hedrich R., Shabala S. (2018). Stomata in a saline world. Curr. Opin. Plant Biol. 46, 87–95. doi: 10.1016/j.pbi.2018.07.015, PMID: 30138845


	 Hu H., Li P., Shen W. (2021). Preharvest application of hydrogen-rich water not only affects daylily bud yield but also contributes to the alleviation of bud browning. Scientia Hortic. 287. doi: 10.1016/j.scienta.2021.110267


	 Jahan B., Rasheed F., Sehar Z., Fatma M., Iqbal N., Masood A., et al. (2021). Coordinated role of nitric oxide, ethylene, nitrogen, and sulfur in plant salt stress tolerance. Stresses 1, 181–199. doi: 10.3390/stresses1030014


	 Khoso M. A., Wang M., Zhou Z., Huang Y., Li S., Zhang Y., et al. (2024). Bacillus altitudinis AD13–4 enhances saline–alkali stress tolerance of alfalfa and affects composition of rhizosphere soil microbial community. Int. J. Mol. Sci. 25(11). doi: 10.3390/ijms25115785, PMID: 38891975


	 Kumar K., Raina S. K., Sultan S. M. (2020). Arabidopsis MAPK signaling pathways and their cross talks in abiotic stress response. J. Plant Biochem. Biotechnol. 29, 700–714. doi: 10.1007/s13562-020-00596-3


	 Kumar A., Singh S., Mukherjee A., Rastogi R. P., Verma J. P. (2021). Salt-tolerant plant growth-promoting Bacillus pumilus strain JPVS11 to enhance plant growth attributes of rice and improve soil health under salinity stress. Microbiological Res. 242, 126616. doi: 10.1016/j.micres.2020.126616, PMID: 33115624


	 Kumawat K. C., Sharma B., Nagpal S., Kumar A., Tiwari S., Nair R. M. (2022). Plant growth-promoting rhizobacteria: Salt stress alleviators to improve crop productivity for sustainable agriculture development. Front. Plant Sci. 13. doi: 10.3389/fpls.2022.1101862, PMID: 36714780


	 Lam E., Kato N., Lawton M. (2001). Programmed cell death, mitochondria and the plant hypersensitive response. Nature 411, 848–853. doi: 10.1038/35081184, PMID: 11459068


	 Leshem Y., Seri L., Levine A. (2007). Induction of phosphatidylinositol 3-kinase-mediated endocytosis by salt stress leads to intracellular production of reactive oxygen species and salt tolerance. Plant J. 51, 185–197. doi: 10.1111/j.1365-313X.2007.03134.x, PMID: 17521408


	 Li L., Li L., Wang X., Zhu P., Wu H., Qi S. (2017). Plant growth-promoting endophyte Piriformospora indica alleviates salinity stress in Medicago truncatula. Plant Physiol. Biochem. 119, 211–223. doi: 10.1016/j.plaphy.2017.08.029, PMID: 28898746


	 Li X., Sun P., Zhang Y., Jin C., Guan C. (2020). A novel PGPR strain Kocuria rhizophila Y1 enhances salt stress tolerance in maize by regulating phytohormone levels, nutrient acquisition, redox potential, ion homeostasis, photosynthetic capacity and stress-responsive genes expression. Environ. And Exp. Bot. 174:104023-104023. doi: 10.1016/j.envexpbot.2020.104023


	 Li H., Tang X., Yang X., Zhang H. (2021). Comprehensive transcriptome and metabolome profiling reveal metabolic mechanisms of Nitraria sibirica Pall. to salt stress. Sci. Rep. 11. doi: 10.1038/s41598-021-92317-6, PMID: 34145354


	 Li Z., Xiang R., Wang J. (2021). Hydrogen Sulfide–Phytohormone Interaction in Plants Under Physiological and Stress Conditions. Journal of Plant Growth Regulation. 40, 2476–2484. doi: 10.1007/s00344-021-10


	 Litalien A., Zeeb B. (2020). Curing the earth: A review of anthropogenic soil salinization and plant-based strategies for sustainable mitigation. Sci. Total Environ. 698, 134235. doi: 10.1016/j.scitotenv.2019.134235, PMID: 31783465


	 Liu F., Ma Z., Cai S., Dai L., Gao J., Zhou B. (2022). ATP-citrate lyase B (ACLB) negatively affects cell death and resistance to Verticillium wilt. BMC Plant Biol. 22:1-18. doi: 10.1186/s12870-022-03834-z, PMID: 36114469


	 Liu H., Song S., Zhang H., Li Y., Niu L., Zhang J., et al. (2022). Signaling transduction of ABA, ROS, and ca2+ in plant stomatal closure in response to drought. Int. J. Mol. Sci. 23:14824. doi: 10.3390/ijms232314824, PMID: 36499153


	 Ma X., Liu J. N., Yan L., Liang Q., Fang H., Wang C., et al. (2022). Comparative transcriptome analysis unravels defense pathways of fraxinus velutina torr against salt stress. Front. Plant Sci. 13. doi: 10.3389/fpls.2022.842726, PMID: 35310642


	 Mohamed I. A. A., Shalby N., El-Badri A. M., Batool M., Wang C., Wang Z., et al. (2022). RNA-seq analysis revealed key genes associated with salt tolerance in rapeseed germination through carbohydrate metabolism, hormone, and MAPK signaling pathways. Ind. Crops Products 176. doi: 10.1016/j.indcrop.2021.114262


	 Mukhopadhyay R., Sarkar B., Jat H. S., Sharma P. C., Bolan N. S. (2021). Soil salinity under climate change: Challenges for sustainable agriculture and food security. J. Environ. Manage. 280. doi: 10.1016/j.jenvman.2020.111736, PMID: 33298389


	 Negacz K., Malek Ž., de Vos A., Vellinga P. (2022). Saline soils worldwide: Identifying the most promising areas for saline agriculture. J. Arid Environments 203. doi: 10.1016/j.jaridenv.2022.104775


	 Noman A., Aqeel M., Qari S. H., Al Surhanee A. A., Yasin G., Alamri S., et al. (2020). Plant hypersensitive response vs pathogen ingression: Death of few gives life to others. Microbial Pathogenesis 145. doi: 10.1016/j.micpath.2020.104224, PMID: 32360524


	 Paes de Melo B., Carpinetti P., d. A., Fraga O. T., Rodrigues-Silva P. L., Fioresi V. S., et al. (2022). Abiotic stresses in plants and their markers: A practice view of plant stress responses and programmed cell death mechanisms. Plants 11:1100. doi: 10.3390/plants11091100, PMID: 35567101


	 Patani A., Prajapati D., Ali D., Kalasariya H., Yadav V. K., Tank J., et al. (2023). Evaluation of the growth-inducing efficacy of various Bacillus species on the salt-stressed tomato (Lycopersicon esculentum Mill.). Front. Plant Sci. 14. doi: 10.3389/fpls.2023.1168155, PMID: 37056512


	 Saleem S., Iqbal A., Ahmed F., Ahmad M. (2021). Phytobeneficial and salt stress mitigating efficacy of IAA producing salt tolerant strains in Gossypium hirsutum. Saudi J. Biol. Sci. 28, 5317–5324. doi: 10.1016/j.sjbs.2021.05.056, PMID: 34466110


	 Santander C., Ruiz A., Garcia S., Aroca R., Cumming J., Cornejo P. (2020). Efficiency of two arbuscular mycorrhizal fungal inocula to improve saline stress tolerance in lettuce plants by changes of antioxidant defense mechanisms. J. Sci. Food Agric. 100, 1577–1587. doi: 10.1002/jsfa.10166, PMID: 31769028


	 Sharif I., Aleem S., Farooq J., Rizwan M., Younas A., Sarwar G., et al. (2019). Salinity stress in cotton: effects, mechanism of tolerance and its management strategies. Physiol. Mol. Biol. Plants 25, 807–820. doi: 10.1007/s12298-019-00676-2, PMID: 31402811


	 Skodra C., Michailidis M., Moysiadis T., Stamatakis G., Ganopoulou M., Adamakis I.-D. S., et al. (2023). Disclosing the molecular basis of salinity priming in olive trees using proteogenomic model discovery. Plant Physiol. 191, 1913–1933. doi: 10.1093/plphys/kiac572, PMID: 36508356


	 Srivastava N. (2020). Reclamation of saline and sodic soil through phytoremediation. Environ. Concerns Sustain. Dev., 279–306. doi: 10.1007/978-981-13-6358-0_11


	 Su J., Yang X., Shao Y., Chen Z., Shen W. (2021). Molecular hydrogen-induced salinity tolerance requires melatonin signaling in Arabidopsis thaliana. Plant Cell Environ. 44, 476–490. doi: 10.1111/pce.13926, PMID: 33103784


	 Wang Z., Khan D., Li L., Zhang J., Rengel Z., Zhang B., et al. (2022). Stomatal closure induced by hydrogen-rich water is dependent on GPA1 in Arabidopsis thaliana. Plant Physiol. Biochem. 183, 72–75. doi: 10.1016/j.plaphy.2022.04.015, PMID: 35569167


	 Wang R., Yang X., Chen X., Zhang X., Chi Y., Zhang D., et al. (2023). A critical review for hydrogen application in agriculture: Recent advances and perspectives. Crit. Rev. Environ. Sci. Technol. 54, 222–238. doi: 10.1080/10643389.2023.2232253


	 Wu Q., Su N., Shabala L., Huang L., Yu M., Shabala S. (2020). Understanding the mechanistic basis of ameliorating effects of hydrogen rich water on salinity tolerance in barley. Environ. Exp. Bot. 177:104136-104136. doi: 10.1016/j.envexpbot.2020.104136


	 Yan H., Li Q., Park S.-C., Wang X., Liu Y. J., Zhang Y. G., et al. (2016). Overexpression of CuZnSOD and APX enhance salt stress tolerance in sweet potato. Plant Physiol. Biochem. 109, 20–27. doi: 10.1016/j.plaphy.2016.09.003, PMID: 27620271


	 Yankey R., Karanja J. K., Okal E. J., Omoor I. N. A., Lin H., Bodjremou D. M., et al. (2021). A consortium of plant growth-promoting rhizobacteria strains synergistically assists jujuncao (Pennisetum giganteum) to remediate cadmium contaminated soils. Appl. Ecol. Environ. Res. 19, 2425–2442. doi: 10.15666/aeer/1903_24252442


	 Yu Y., Zhang H. N., Xing H. Y., Cui N., Liu X. Y., Meng X. N., et al. (2023). Regulation of growth and salt resistance in cucumber seedlings by hydrogen-rich water. J. Plant Growth Regul. 42, 134–153. doi: 10.1007/s00344-021-10536-7


	 Zahra S. T., Tariq M., Abdullah M., Azeem F., Ashraf M. A. (2023). Dominance of Bacillus species in the wheat (Triticum aestivum L.) rhizosphere and their plant growth promoting potential under salt stress conditions. PeerJ 11, e14621. doi: 10.7717/peerj.14621, PMID: 36643649


	 Zarattini M., Farjad M., Launay A., Cannella D., Soulie M. C., Bernacchia G., et al. (2021). Every cloud has a silver lining: how abiotic stresses affect gene expression in plant-pathogen interactions. J. Exp. Bot. 72, 1020–1033. doi: 10.1093/jxb/eraa531, PMID: 33188434


	 Zhao H., Abulaizi A., Wang C., Lan H. (2022). Overexpression of cgbHLH001, a positive regulator to adversity, enhances the photosynthetic capacity of maize seedlings under drought stress. Agronomy 12(5). doi: 10.3390/agronomy12051149


	 Zhao F., Maren N. A., Kosentka P. Z., Liao Y. Y., Lu H., Duduit J. R., et al. (2021). An optimized protocol for stepwise optimization of real-time RT-PCR analysis. Horticulture Res. 8, 179. doi: 10.1038/s41438-021-00616-w, PMID: 34333545


	 Zhu Y., Liao W., Wang M., Niu L., Xu Q., Jin X. (2016). Nitric oxide is required for hydrogen gas-induced adventitious root formation in cucumber. J. Plant Physiol. 195, 50–58. doi: 10.1016/j.jplph.2016.02.01, PMID: 27010347







Publisher’s note: All claims expressed in this article are solely those of the authors and do not necessarily represent those of their affiliated organizations, or those of the publisher, the editors and the reviewers. Any product that may be evaluated in this article, or claim that may be made by its manufacturer, is not guaranteed or endorsed by the publisher.


Copyright © 2025 Chu, Xu, Feng, Ma, Shu, Wang, Wang, Jin, Chi, Zhou and Zhang. This is an open-access article distributed under the terms of the Creative Commons Attribution License (CC BY). The use, distribution or reproduction in other forums is permitted, provided the original author(s) and the copyright owner(s) are credited and that the original publication in this journal is cited, in accordance with accepted academic practice. No use, distribution or reproduction is permitted which does not comply with these terms.


OEBPS/Images/fpls-16-1702577-g003.jpg
o8 ®
a o7 b @ n080
Iu § resois A A0BY C
05 50 $ § a0
H W A8
A280_3 H
40 +
ADBO_3 E
A0B1_2 30 %
A2B1_1 P AZB(;'
£ »d £
2 sy G AOBI vs AOBO A2BI vs A2B0
A280_1 é’
= A0BO_1
i * °
w02
T Qeetesccesssecaonsssassasnssessssasaosssnsasastoses AAABLI ceoecennacaanaannasaanassaaton,
A2B12 ADBO_2
°
o @A0803
w1
ADBO_2 E
304 Arosi 1
Ll ) i | A2B0 vs AOBO
~ ~ o ~ ~ ~ v v ~ ~ Vv > -3'0 ~ZIO -10 0 - 109‘% 20 30 40 50
NN Y i
F88ssdsssgeses o)
d AZBI vs AZBO e AOBI vs AOBO f A2B0 vs AOBO
35 : 3 » T Sl
i Significant Significant HER ignificant
30 ©up25) 30 ® up(49) 404 [ ©up(393)
1 nosig(107933) © nosig(107495) . P i 1 nosig(106952)
© down(350) @ down(T6) R z © down(963)
25 25 b
304 H
= = g |
%20 %20 5254 o P,
e i
s o i
g = T 20+ .
5% 2 £ P
10 10
s 5
[ —— "
25 20 -5 -0 -5 5 10 15 20 25 o 5 % 2






OEBPS/Images/fpls-16-1702577-g008.jpg
5.5
5.0
45
4.0
35
3.0
25

2.0

Hn

1.0 Il HH il M ‘ M [ ||

- |“( IIIH I I

|

‘ (1 = ==
0.0 ; 8 :

Relative expression

A \ A
& CQ} co}, c\/ < c\ ¢ e\ o 0 (\B A cQ/{
3\\ £ ‘\0 0\\$\30\\3 5 5 ,3_\,6 ‘”‘&o 96\5 ‘M,A.é %9690 \0960\ 0\0\1699 s

B R R A R USROS





OEBPS/Images/cover.jpg
& frontiers | Frontiers in Plant Science

Synergistic alleviation effects of salt-tolerant
plant growth-promoting rhizobacteria and
hydrogen-rich water on salt stress in
Pennisetum giganteum





OEBPS/Images/fpls-16-1702577-g001.jpg
A2B1

A2B0

AlBI

Al1B0

AOBI

A0BO

Bl

BO

i

A** Bns AXBns

T

Al

A0

B1

BO

\

A% B* AxBuns

A L
2 2 = -

Acv WB15 A\ Ysa1] Jooys

(B0 [@B1 b#p
b

g =
(> Amv WM A1a So:n i
m @
= %)
%
HLA o
3 S 8
® B .
% - M
= 4 X
* O <
" m
¥ *
. *
< o — =
o
E:
[
1

BO
A** Bns AXB*

3] o ©

03

0.0

© -«

(8) 1Bram Usar 100

be
I
I

A** Bns AXBns

80
60

o P =
+ a

g
< (wo) pBua Jooys

Al

A0

40

2 o
Q

A:SV )SuaT 100y

10

1

A

A0

1

Al

A0

1

A

A0





OEBPS/Images/fpls-16-1702577-g000.jpg





OEBPS/Images/fpls-16-1702577-g005.jpg
R
Qo

NN

TRINITY DN770_c0 g3 & A
TRINITY_DN770_c0_g2 & A
TRINITY_DN34413_c0 g1 ® A

o

$\
X

»

Cell division

— =% Shoot initiation

Cytokinine CREI B-ARR DNA
+p +p

APRLIRA SR
S

TRINITY_DN28884_c0_gl &
TRINITY_DN22703 _c0_g2® A
TRINITY DN20428_c0_g2 A TRINITY_DN22703_c0_g1® A

Stomatal closure

AT S\
ov),y_\w@

& &

SN
z?'“»?«

TRINITY DNSS85_c0 gl A
TRINITY_DN6975_c0_gI A
TRINITY DN4895 ¢l gl A
TRINITY_DN19969_c0)_g2 A
TRINITY _DN19969_c0 g1 A

JARI Stress response

$‘ RO
O WY

b

TRINITY _DN6235_c0_gl &
TRINITY_DN5775_c0_gl ®
TRINITY_DN2242_c0_gl ® &
TRINITY DN17066_c0_g1®
TRINITY_DN14581_c0_g1® A

@ A2B1VsA2B0

<> A0B1VS A0BO

o N & o @

A A2B0 VS AOBO

"





OEBPS/Images/crossmark.jpg
©

2

i

|





OEBPS/Images/fpls-16-1702577-g007.jpg
\Y O
RO

\Y \
SR

»

TRINITY_DN13030_c0_gle & A
TRINITY_DN11419_clh_g2
TRINITY_DN11419_c0_gI® A

_ I DNA — & DNA oxil Mamtenar.lce the homeost.ams
of reactive oxygen species

&\ ,$° @»\ &

a .
Ca®*

«e‘.&\%‘ &
TRINITY_DN338 c0_g2 ¢

TRINITY_DN338 c0 gl oA TRINITY_DN8045_c0_gl &
TRINITY_DN21169_c0_gl % TRINITY_DNSI30_c0 gl ©
TRINITY_DNI4515_c0_g1 @5 TRINITY_DNS081_ct_ gl ® ¢
TRINITY _DNI13030_c0_gl @A TRINITY_DN4818_c0 gl &
TRINITY_DN11419_c0_g2 © TRINITY_DN4572_c0_gl ©
b TRINITY DN11419_c0_gl OA TRINITY_DN3480_c0 g2 © A
NOS — — +NO — — — — —» Stomatal closure

CDPK —-——b — — - Hypersensitive response
» Ros — = »p pones )

TRINITY_DN77275_C0_g1 ¢ A
TRINITY DN7465 cl g3 &
TRINITY DN3701 ¢0 gl A
TRINITY DN3455 c0 gI ¢ A S 0@
TRINITY_DN22981 c0 gl A h S
TRINITY DNI799 ¢ g2 & A TRINITY DN29591 c0 gl & A
g%g)}}g’;ﬁ%@wf’z : A TRINITY DN26081_c0_ g1+ A
f 4 ) c0 g )
TRINITY DNI1419 c0 gl © A TRINITY_DNI1725_¢0 g1 A
¢ TRINITY_DNI10651_c0 g1 ® ©
/ 1/2 K4 ———
Defense-related
M / o, gene induction
d

;0%\ »”@ »“$\ r»“%%
TRINITY DN27305 c0 gl &
TRINITY_DN2527 c0 g1 & A .- -

_--~ Ethylene synthesis

@ A2B1VSA2BO

<) A0B1Vs A0BO

Cell death

“MWRKY22/29L---— H,0, production

A A2B0 VS A0BO






OEBPS/Images/fpls-16-1702577-g004.jpg
Phenylalanine, tyrosine and tryptophan biosynthesis
Ascorbate and aldarate metabolism
Cutin, suberine and wax biosynthesis
Monoterpenoid biosynthesis
Glutathione metabolism

Linoleic acid metabolism

Nitrogen metabolism

Tryptophan metabolism

Tyrosine metabolism

Phenylpropanoid biosynthesis
Nicotinate and nicotinamide metabolism
Cysteine and methionine metabolism
Sulfur metabolism

Fatty acid biosynthesis

Fatty acid elongation
Exopolysaccharide biosynthesis
Pyrimidine metabolism

Biosynthesis of various plant secondary metabolites
Arginine and proline metabolism
Phenylalanine metabolism

Isoquinoline alkaloid biosynthesis
alpha-Linolenic acid metabolism
Benzoxazinoid biosynthesis

Betalain biosynthesis

Indole alkaloid biosynthesis

Plant hormone signal transduction
MAPK signaling pathway - plant

Plant-pathogen interaction

o
O
®
®
@
®
O
[
&
@
®
®
®
®
®
o
®
®
[ ] O
o ®
@ *
[ @ ®
O ®
. [ ] .
. @ .
O o ®
® ® ®
® ) o
R & ol
\*“’P Q*“’Y. \*“’v
&SNS

p_value

0.04
0.03
0.02
0.01

DEG Number
® 1
@® »
. 30





OEBPS/Images/fpls-16-1702577-g002.jpg
00 30
a 1o A** Bus AxBns [ jno a1 b Ans B** AxBns []80 @81 C A** Bns AxB** [_so s
a
s bed _dbe X
500 » be
3 E B
2 = 0
gw g g
z
£ e g
g o 2 3
Q 2 =10
e <
@ & 100 3}

"
8

A0 Al A2 A0 Al A2 ¢ A0 Al A2
6 a
BO Bl ¥ *¥ BO Bl 150
d*T AnsBus AxBns s s © oo me [°7 s b ** Ax ns (00 B & sor pve v Axp ++ s &
150 00 |
a
g B
Eo 3 ,5:4 guor
= 3 % =
g R 5 Gl
2, < s :
H 3 5 L
-:,‘é § gz :gzlsa
g 50 &0k
g §
50

A0 Al A2





OEBPS/Images/fpls-16-1702577-i001.jpg





OEBPS/Images/fpls-16-1702577-i002.jpg





OEBPS/Images/fpls-16-1702577-g006.jpg
o Q
SN

TRINITY _DN5396_c0 g2 & A
;»'&\9*“»“"\»@“
TRINITY_DN9710_c0_gl < A
TRINITY _DN9340_c0_g3 & A
\
m"\ oP W %“’“
TRINITY DN5396 ¢0 g2 & A

o m%@»@“
TRINITY DN19668 c0 gl < A

@ A2B1VSA2B0
<> A0B1VS A0BO

A A2B0 VS A0BO





