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Abstract

:

Soil salinization is a major factor that reduces crop yields. There are some plant growth-promoting rhizobacteria (PGPR) that can stimulate and enhance the salt tolerance of plants near their roots in saline–alkali environments. Currently, there is relatively little research on PGPR in rice saline–alkali tolerance. In the early stages of this study, a strain of Microbacterium ginsengiterrae S4 was screened that could enhance the growth of rice in a laboratory-simulated saline–alkali environment (100 mM NaCl, pH 8.5). The experiment investigated the effects of S4 bacteria on the growth, antioxidant capacity, and osmotic regulation of rice seedlings under saline–alkali stress. RNA-Seq technology was used for transcriptome sequencing and UPLC-MS/MS for metabolite detection. Research has shown that S4 bacteria affect the growth of rice seedlings under saline–alkali stress through the following aspects. First, S4 bacteria increase the antioxidant enzyme activity (SOD, POD, and CAT) of rice seedlings under saline–alkali stress, reduce the content of MDA, and balance the content of osmotic regulatory substances (soluble sugar, soluble protein, and proline). Second, under saline–alkali stress, treatment with S4 bacteria caused changes in differentially expressed genes (DEGs) (7 upregulated, 15 downregulated) and differentially metabolized metabolites (101 upregulated; 26 downregulated) in rice seedlings. The DEGs are mainly involved in UDP-glucose transmembrane transporter activity, while the differentially metabolized metabolites are mainly involved in the ABC transporters pathway. Finally, key genes and metabolites were identified through correlation analysis of transcriptomes and metabolomes, among which OsSTAR2 negatively regulates L-histidine, leading to an increase in L-histidine content. Furthermore, through gene correlation and metabolite correlation analysis, it was found that OsWRKY76 regulates the expression of OsSTAR2 and that L-histidine also causes an increase in 2-methyl-4-pentenoic acid content. Based on the above analysis, the addition of S4 bacteria can significantly improve the tolerance of rice in saline–alkali environments, which has a great application value for planting rice in these environments.
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1. Introduction


Soil salinization, as one of the major obstacles to achieving sustainable development worldwide, is a key factor that prevents many arid and semi-arid regions in the world from effectively utilizing land resources [1,2]. After the phenomenon of soil salinization, the physical and chemical properties of the soil deteriorate, fertility decreases, and the nitrogen, phosphorus, and other elements necessary for plant growth are lacking, resulting in the inability of most plants to grow normally [3]. The main inhibitory factors for plant growth in saline soil are Na+ and Cl−. A large amount of Na+ and Cl− are transferred from the soil to the plant body and stored in the cytoplasm, which can damage the chloroplast structure and cell membrane structure, weaken photosynthesis, affect normal metabolic activities of plants, and have adverse effects on plant seed germination, seedling growth, and organic matter accumulation. It can also inhibit the absorption of beneficial ions such as K+ and Ca2+ by plants [4,5]. Under saline–alkali stress, plant cells produce reactive oxygen species (ROS) in the form of free radicals. Excessive ROS production can lead to oxidative damage to cellular proteins, lipids, nucleic acids, and plasma membranes [6].



Generally, the improvement of saline–alkali soil includes physical improvement, chemical improvement, and biological improvement. Although physical and chemical methods are effective in improving saline–alkali land, their utilization rate is low due to high costs [7]. The method of improving saline–alkali soil by microorganisms has shown great potential in the process of improving low-fertility saline–alkali soil due to its advantages of high efficiency, energy conservation, and stable effects. Microorganisms that have a positive effect on plant growth are named plant growth-promoting rhizobacteria (PGPR) [8]. Based on the localization of rhizosphere microorganisms, they can be divided into intracellular PGPR (iPGPR) and extracellular PGPR (ePGPR) [9].



Research has shown that the mechanisms by which PGPR promotes plant growth mainly include nitrogen transformation, phosphorus solubilization, potassium release, production of iron carriers, and secretion of plant hormones [10] PGPR can transform organic nitrogen that is difficult for plants to directly utilize into absorbable nitrate and ammonium nitrogen through mineralization and nitrification. The common nitrifying bacteria include Nitrosomonas, Nitrosococcus, and Nitrococcus [10]. Furthermore, some PGPR can convert nitrogen in the environment into ammonium nitrogen, mainly through three ways: symbiotic nitrogen fixation, associative nitrogen fixation, and autotrophic nitrogen fixation. The types of nitrogen-fixing bacteria include Rhizobiumsp, Pseudomonas, Azospirillum, Bacillus, and others [11]. In addition, the phosphorus−solubilizing microorganisms in PGPR can convert insoluble phosphorus into soluble phosphorus through acidification, chelation, and exchange reactions, releasing it into the soil for plant absorption and utilization [12]. The microbial species in PGPR that possess phosphorus solubilizing functions are extremely diverse. Common phosphorus-dissolving microorganisms in soil include Bacillus, Pseudomonas, Enterobacter, Burkholderia, and so on [12]. Furthermore, some PGPR also possess the ability to solubilize potassium, converting insoluble potassium salts into soluble potassium, thereby facilitating better potassium absorption and utilization by plants [13]. Bacillus aryabhattai SK1–7 can effectively dissolve insoluble potassium ions in soil and increase the soluble potassium content in the rhizosphere environment of Populus alba [14]. Recent studies have shown that PGPR can enhance plant stress resistance by promoting the production of iron and auxin IAA [15]. In a low-iron stress environment, PGPR can sequester insoluble Fe3+ in the soil by producing siderophores, reducing it to Fe2+ that can be absorbed by plants, thereby improving the iron deficiency of plants [15]. PGPR can also promote plant growth by directly secreting plant hormones or affecting the synthesis process of plant hormones [16]. Research has shown that most soil PGPR, such as Acetobacter, Acinetobacter, and Alcaligenes, have the ability to produce IAA [17].



Rice (Oryza sativa L.) is a vital staple food for half of the global population and, also, serves as an essential industrial resource. With the increasing use of natural factors and chemical fertilizers, the phenomenon of soil salinization is becoming more and more serious around the world. Rice is not very resistant to salt and alkali, and the aggravation of soil salinization will inevitably become a major obstacle to rice growth [18].



Research has found that PGPR has a good effect on improving crop resistance to stress. Grapes inoculated with Burkholderia PsJN showed earlier and faster increases in gene transcription and metabolite levels under low-temperature stress [19]. PGPR can convert the highly oxidizing Cr6+ in the environment into the relatively less toxic Cr3+, thereby reducing the harm of chromium to plants [20]. PGPR also has a certain role in promoting crop growth under saline–alkali stress. Plants under salt stress can increase their chlorophyll and proline content by inoculating PGPR, which promotes plant growth and effectively alleviates the effects of stress on plants [21]. In addition, the application of PGPR in saline–alkali soil can effectively improve the soil salinity environment and enhance soil fertility, and the effect is more significant in heavy saline–alkali soil [22]. In recent years, the development of transcriptomics and metabolomics has become a key tool for revealing plant responses to stress and identifying differentially expressed genes and metabolites. Transcriptomics and metabolomics have been widely used to study the stress resistance of crops such as maize, wheat, rice, and soybeans [23,24].



In the early stage of this experiment, a strain of Microbacterium ginsengiterrae S4 with growth-promoting effects was screened from saline–alkali environments. In this study, to explore the functions and effects of differential genes and metabolites induced by S4 bacteria in rice, seedlings were subjected to saline–alkali stress and analyzed by transcriptomic and metabolomic techniques. This approach is meant to provide a relevant theoretical basis for the application of S4 bacteria in saline–alkali soil and the planting of rice in saline–alkali soil.




2. Materials and Methods


2.1. Plant Materials and Treatments


Details about the soils sampled are shown in Table 1. A total of 5 g of soil from the rhizosphere of each plant was added to 25 mL of sterile water, and the mixture was stirred thoroughly with a magnetic stirrer for 20 min. It was then left to stand for 30 min. The supernatant was used as the stock solution and diluted to a suitable concentration using a gradient dilution method. The diluted solution in the amount of 100 μL was applied to a TSN plate culture medium. The plate, once coated, was inverted and cultured at 28 °C for 7 days in a constant temperature incubator. Individual bacterial colonies were selected and purified by streaking on the TSN plate culture medium. They were then cultured for 2 days at 28 °C in an inverted position. The single bacterial colony was preserved in a 1.8 mL cryopreservation tube containing 1 mL of 20% glycerol and stored at −80 °C for future use. After initial screening, a strain of growth-promoting bacteria was discovered to have a growth-promoting effect on rice under saline–alkali stress. Molecular identification was conducted on this strain using 16S rRNA sequences, revealing that it belongs to the Microbacterium ginsengiterrae species. This strain exhibits phosphorus and potassium solubilizing abilities, as well as the ability to secrete iron-transporting proteins and IAA, and was named S4 (Tables S1 and S2; Figure S1).



The rice (Oryza sativa L.) variety Ningjing 51 was chosen as the plant material for the experiment. The rice seeds were soaked in a water bath at 55 °C for 15 min. The seeds were disinfected with 0.1% mercuric chloride for 30 s. After disinfection, the seeds were subjected to various treatments. Seeds of different treatments were placed in agar for dark treatment. After germination, they were transferred to a sterilized 480 mL plastic bottle containing 300 g of sterile vermiculite and 60 mL of Hoagland nutrient solution with different treatments. The plant was then placed in a lighting incubator (relative humidity 35%, 10,000 Lx, 25 °C, 4 h; 5000 Lx, 20 °C, 3 h; 0 Lx, 18 °C, 8 h; 5000 Lx, 20 °C, 2 h; 9000 Lx, 25 °C, 3 h; 13,000 Lx, 28 °C, 4 h). Each treatment was as follows: CK0 (control); T0 (M. ginsengiterrae); CK1 (saline–alkali stress (100 mM NaCl, pH 8.5)); T1 (saline–alkali stress, M. ginsengiterrae). The concentration of the S4 bacterial suspension was 1 × 108 cfu/mL. Only one dose of S4 bacterial suspension was administered within 14 days. The whole plant that was treated for 14 days was used as material for subsequent experiments. Each treatment was set up with three biological replicates.




2.2. Determination of Physicochemical Indicators


The superoxide dismutase activity (SOD), peroxidase activity (POD), catalase activity (CAT), malondialdehyde content (MDA), proline content, soluble protein content, and soluble sugar content of rice seedlings were all measured using reagent kits from Suzhou Ke Ming Biotechnology Co., Ltd. (Suzhou, China). Each treatment was set up with three biological replicates.




2.3. RNA Extraction, cDNA Library Preparation, and Sequencing


The total RNA of plant tissues was extracted using Plant RNA Purification Reagent (Invitrogen, Carlsbad, CA, USA), with three biological replicates for each treatment. The concentration and purity of the extracted RNA were determined using Nanodrop2000 (Thermofisher Scientific, Waltham, MA, USA), and the integrity of the RNA was assessed by agarose gel electrophoresis. The RIN value was measured using an Agilent 5300 fragment analyzer (Agilent, Santa Clara, CA, USA). The results showed that the OD260/280 and OD260/230 of the total RNA were both greater than 2.0, the RIN values were both greater than 7.5, and the 28/23S brightness was greater than 18/16S. Moreover, the concentration and quality of RNA also met the requirements for transcriptome sequencing [25] (Table S3; Figure S2). One microgram of total RNA was used to prepare the library using the TruseqTM RNA sample prep kit (Invitrogen, USA). Messenger RNA was isolated using polyA selection with oligo(dT) beads, followed by fragmentation using fragmentation buffer. Double-stranded cDNA was synthesized using a SuperScript double-stranded cDNA synthesis kit (Invitrogen, USA) with random hexamer primers (Illumina, San Diego, CA, USA). The double-stranded cDNA structure has a sticky end. After adding the End Repair Mix to make it a blunt end, a single A base was added to the 3′ end to connect the Y-shaped adaptor. The products after connecting the adapter were purified and fragmented, and the selected products were subjected to PCR amplification, resulting in the final library after purification. After quantification using a Qubit 4.0 fluorometer (Thermofisher Scientific, Waltham, MA, USA), the paired-end RNA-seq sequencing library was sequenced using the Illumina NovaSeq 6000 sequencer (Illumina, USA)with 2 × 150 bp read length.




2.4. Metabolite Extraction and UPLC-MS/MS Analysis


A 50 mg frozen plant tissue sample was placed in a 2 mL centrifuge tube, and a 6 mm diameter grinding bead was added. Each treatment was set up with three biological replicates. The 400 μL extraction solution (methanol:water = 4:1 (v:v)) containing 0.02 mg/mL of an internal standard (L-2-chlorophenylalanine) was used for the extraction of metabolites. The sample solution was ground for 6 min using a frozen tissue grinder (−10 °C, 50 Hz), followed by low-temperature ultrasonic extraction for 30 min (5 °C, 40 kHz). The sample was left to stand at −20 °C for 30 min, centrifuged for 15 min (4 °C, 13,000× g), and the supernatant was transferred to a sample vial with an insert tube for UHPLC-Q Exactive (Thermofisher Scientific, Waltham, MA, USA) analysis. A 3 μL sample was separated using the HSS T3 column (100 Å, 1.8 µm, 2.1 mm × 100 mm, 1/pk, Waters, Milford, MA, USA) and then introduced into the mass spectrometer for detection. The mobile phase A (95% water + 5% acetonitrile (acetonitrile contained 0.1% formic acid)) and mobile phase B (47.5% acetonitrile + 47.5% isopropanol + 5% water (water contained 0.1% formic acid)) were set. The method of Zou et al. [26] was used for the positive ion mode separation gradient and the negative ion mode gradient. The mass spectrometry signal acquisition used a positive and negative ion scan mode, with a mass scan range of m/z: 70–1050. The ion spray voltage was set at 3500 V for positive ions and 2800 V for negative ions. The sheath gas was set at 40 psi, the auxiliary heating gas at 10 psi, the ion source heating temperature at 400 °C, and the cycle collision energy at 20–40–60 V. The MS1 resolution was 70,000, and the MS2 resolution was 17,500.




2.5. Bioinformatics Analysis of the Transcriptome and Metabolome


The transcriptomic analysis was based on the genome of Oryza sativa (IRGSP-1.0). The acquired paired-end reads were trimmed and quality controlled by SeqPrep and Sickle. The clean data were aligned to the reference genome using HISAT2 [27]. The mapped reads of each sample were assembled by StringTie [28] in a reference-based approach. The expression of differential genes between CK1 and T1 was obtained by using DESeq2 [29], with the expression level represented by the transcripts per million reads (TPM). Genes with |log2fold change| ≥ 1 and p-adjust < 0.05 were considered to be significantly different. The LC/MS raw data were processed using Progenesis QI software (v 2.4, Waters, Milford, MA, USA). The access date of the rice database was 12 December 2022. Metabolites were identified using HMDB databases. Variance analysis and OPLS-DA were performed using the “ropls” package [30]. Metabolites with VIP > 1 and p-value < 0.05 were considered significant. For functional enrichment analysis, significantly up- and downregulated genes and metabolites were selected for GO and KEGG metabolic pathways analysis using the Goatools and KOBAS [31]. The remaining figure outputs were generated by the GraphPad Prism (v 9.5) and the significant differences were evaluated by the IBM SPSS Statistics (v 25).




2.6. RT-qPCR Assays


RT-qPCR was performed to validate the transcriptome data of rice seedlings under different treatments. Nine differential genes were selected from the differentially expressed genes of rice seedlings. The internal reference gene, Os09g0515800, was used [32]. Primers were synthesized by the Shanghai Majorbio Bio-Pharm Technology Co., Ltd. (Shanghai, China). The expression level of relative genes was calculated using the 2−ΔΔCt method. The primer sequence of genes is shown in Table S4.





3. Results


3.1. The S4 Bacteria Promotes the Growth of Rice Seedlings under Saline–Alkali Stress Conditions


In order to determine the application effect of Microbacterium ginsengiterrae S4 and further expand its application scope, we analyzed the plant height and root length of rice seedlings after applying S4 bacteria. The results (Table 2) showed that under no saline–alkali stress, there were no significant changes in plant height and root length of rice seedlings after the application of S4 bacteria. Under saline–alkali stress, S4 bacteria significantly increased the plant height and root length of rice seedlings, which were 3.14 cm and 2.4 cm higher than CK1, respectively. This indicates that under saline–alkali stress, S4 bacteria can promote the growth of rice seedlings.




3.2. The Impact of S4 Bacteria on the Physicochemical Indicators of Rice Seedlings under Saline–Alkali Conditions


Antioxidant enzymes play a crucial role in the study of plant salt and alkaline tolerance and are often used as indicators for evaluating a plant’s resistance to these environmental challenges. The results indicate that under normal conditions, treatment with S4 bacteria did not lead to changes in various physiological indicators. However, under saline–alkali stress, significant changes in various indicators were observed after treatment with S4 bacteria. Under saline–alkali stress, the treatment with S4 bacteria significantly increased the activities of SOD, POD, and CAT by 36.22%, 14.23%, and 10.64% (Figure 1A; Figure 1B; Figure 1C), respectively, and significantly reduced the content of MDA by 41.89% (Figure 1D). Proline, soluble sugar, and soluble protein play a role in stabilizing plant cell osmotic pressure and can reflect the degree of saline–alkali stress to which the plant is subjected. The results indicate that under saline–alkali stress, the treatment with S4 significantly increased the proline content of rice seedlings (Figure 1E) and significantly decreased the soluble protein and soluble sugar content (Figure 1F,G).




3.3. Comparative Analysis of Transcriptome and Metabolome Samples


We performed transcriptome sequencing on rice seedling tissue samples treated with saline–alkali stress and S4 bacteria under saline–alkali stress, with three biological replicates for each treatment. From the Illumina sequencing platform, a total of 300,181,848 raw paired-end reads were obtained. After quality control, 296,158,218 clean paired-end reads with a GC content ranging from 53.4% to 55.11% were utilized for transcriptomics analysis (Table S5). Approximately 95.9–96.79% of the reads were mapped to the rice genome, and 91.71–93.69% of the reads were uniquely mapped to the reference sequence (Table S6). The MS/MS detection of CK1 and T1, both in positive and negative ion modes, extracted 7330 and 6109 positive and negative ion mass peaks, respectively. The detection was carried out using a mass spectrometry instrument, analyzing both positive and negative ion modes of the substance. The numbers of positive and negative ion mass peaks extracted by the software were 7330 and 6109, respectively. The numbers of metabolites annotated in public databases, such as HMDB and Lipidmaps, for positive and negative ions are 386 and 256, respectively. The number of metabolites annotated to the KEGG database is 182 for positive ions and 89 for negative ions. PCA analysis showed that there was no significant difference between T1 and CK1 in PC1 (79.34%), but they could be clearly divided into two groups on PC2 (6.71%). The three samples of CK1 were concentrated in the first and second quadrants, while the three samples of T1 were concentrated in the third and fourth quadrants (Figure 2A). This indicates that the transcriptome sample sequencing results between the two treatments are relatively reliable. OPLAS-DA can more accurately analyze the differences between the two groups. OPLAS-DA model showed that CK1 and T1 (R2X = 0.489, R2Y = 0.992, Q2 = 0.563, Figure 2B) were obviously separated, and there was no linear fitting between the two groups, indicating that the sample results were reliable (Figure 2C).




3.4. Functional Prediction and Classification of DEGs and Differential Metabolites


Figure 3A shows the 7 upregulated and 15 downregulated genes that were identified in T1 vs. CK1, which is consistent with the trend of the differential gene expression heatmap (Figure 3B). Specific details of DEGs are shown in Table S7. We further used the GO database to conduct preliminary functional annotation of DEGs. Figure 3E shows that the most annotated DEGs in T1 vs. CK1 belong to the molecular function of “Binding”, with 11 DEGs annotated, followed by the biological process of “Response to stimulus”, with 8 DEGs annotated. The most annotated DEGs in the cellular process are “Cell part” and “Membrane”, each with 7 DEGs annotated. VIP > 1 and p < 0.05 were defined as differential metabolites. Generally, FC > 1 or FC < 1 is the up- or downregulated metabolite. In T1 vs. CK1, 127 differential metabolites were screened, 101 metabolites were upregulated, and 26 metabolites were downregulated (Figure 3C). This is also consistent with the trend in the differential metabolites heatmap (Figure 3D). Detailed information on differential metabolites is shown in Table S8. The HMDB database can provide a preliminary classification of differential metabolites. As shown in Figure 3F, the 127 differential metabolites in T1 vs. CK1 are roughly annotated into 8 categories in the HMDB database, including 41 metabolites belonging to lipids and lipid-like molecules, followed by organoheterocyclic compounds (15 differential metabolites) and organic acids and derivatives (12 differential metabolites) (Table S9). Ten DEGs from the transcriptome sequencing results were selected for qPCR verification. The results showed that the relative expression levels of the DEGs were consistent with the trends obtained from RNA-Seq (Figure 4A), and there was a linear correlation between the two (Figure 4B). This indicates that the transcriptome results are relatively reliable.




3.5. Functional Enrichment Analysis of DEGs and Differential Metabolites


To further investigate the functions of DEGs and differential metabolites possibly involved in salt and alkali resistance in rice seedlings, we performed enrichment analysis of DEGs and differential metabolites using the GO database and KEGG database, respectively. The GO enrichment analysis of DEGs showed that when the significance threshold was set at p-value < 0.05, a total of 14 DEGs were significantly enriched in 88 GO pathways in T1 vs. CK1 (Table S10). According to the ranking of p-values from small to large, the top 10 GO pathways in terms of enrichment degree belong to the biological process and molecular function (Figure 5A), among which “UDP-glucose transmembrane transport (GO:0015786)”, “Anion transmembrane transport (GO:0098656)”, “Response to metal ion (GO:0010038)”, “Response to aluminum ion (GO:0010044)”, “Pyrimidine nucleotide-sugar transmembrane transport (GO:0090481)”, “Nucleotide-sugar transmembrane transport (GO:0015780)”, and “Response to chemical (GO:0042221)” belong to biological processes. “UDP-glucose transmembrane transporter activity (GO:0005460), “Pyrimidine nucleotide-sugar transmembrane transporter activity (GO:0015165)”, and “Nucleotide-sugar transmembrane transporter activity (GO:0005338)” belong to molecular functions. As shown in Figure 5A, “UDP-glucose transmembrane transporter activity” has the highest enrichment level, including two DEGs (OsSTAR1, OsSTAR2). Among the differential metabolites between T1 and CK1, 5 significantly enriched KEGG pathways were screened using a threshold of p-value < 0.05, including nine differential metabolites (Table S11). Figure 5B shows that “ABC transporters (map02010)” involved in membrane transport have the highest degree of significant enrichment and contain the largest number of differential metabolites, including four differential metabolites (sucrose, L-histidine, (−)-riboflavin, inosine).



Based on the criteria of |corr| > 0.8 and p-value< 0.05, 14 DEGs in the GO enrichment and 9 differential metabolites in the KEGG enrichment were screened and analyzed for correlation. In T1 vs. CK1, three DEGs and three differential metabolites were found to be correlated, including Os11g0581900, OsGDH2, and OsSTAR2, which were all downregulated genes, (−)-riboflavin and sucrose, which were downregulated metabolites, and L-histidine, which was an upregulated metabolite. The Os11g0581900 was mainly involved in the response to chemicals, and OsGDH2 was mainly involved in the response to metal ions and the response to chemicals. Meanwhile, OsSTAR2 was involved in the top 10 pathways enriched by GO (Figure 5A; Table S10). This indicates that OsSTAR2 plays a leading role in the process of regulating rice tolerance to saline–alkali soil. The regulation of (−)-riboflavin and sucrose by Os11g0581900 was positively correlated, and OsSTAR2 positively regulated sucrose. L-histidine was positively regulated by OsGDH2 and negatively regulated by OsSTAR2 (Figure 5C). The comprehensive analysis indicates that under saline–alkali stress, the S4 bacteria suppresses the expression of OsSTAR2 in rice seedlings while enhancing the content of L-histidine. Both OsSTAR2 and L-histidine may serve as key genes and metabolites for improving rice’s salt and alkaline tolerance.




3.6. DEGs and Differential Metabolite Correlation Analysis


Genetic interaction network analysis showed that under saline–alkali stress, there was a correlation between 16 DEGs after treatment with S4 bacteria. Os11g0581900, OsGDH2, and OsSTAR2 all had strong correlations with other genes (Figure 6A). Significant correlations were observed between OsGDH2 and Os10g0565200 and OsTIFY11d. The correlation with Os11g0581900 was the strongest, and it showed significant correlations with Os12g0516200, OsWRKY76, Os04g0625350, Os05g0360400, and OsSTAR2. The correlation with OsSTAR2 was similar to that with Os11g0581900, but there was no significant correlation between them except for Os12g0516200 (Figure 6A). Both Os04g0625350 and Os05g0360400 were downregulated genes, while OsWRKY76, as an upregulated transcription factor, mainly participated in the response to chemicals (Tables S7 and S10). Additionally, the promoter region (−2000, 0) of OsSTAR2 had a W-box (TTGACT) cis-acting element. OsWRKY76 might be the upstream gene of OsSTAR2, negatively regulating the expression of OsSTAR2.



Selecting the top 50 differential metabolites based on their abundance, a correlation analysis was conducted between the key metabolite L-histidine and other metabolites. The results revealed that L-histidine was positively correlated with the majority of differential metabolites, while only negatively correlated with 13 differential metabolites, among which sucrose (r = −90563) was included (Figure 6B). However, no correlation exists between L-histidine and (−)-riboflavin. L-histidine had the highest significant negative correlation with (ent-2alpha,3beta,15beta)-16-kaurene-2,3,15-trio (r = −0.92987). The highest significant positive correlation was observed between L-histidine and 2-methyl-4-pentenoic acid (r = 0.94866) (Figure 6B). This indicates that L-histidine may induce the positive expression of the majority of differential metabolites.





4. Discussion


Saline–alkali stress can cause the accumulation of reactive oxygen species and MDA in plants. In order to reduce this damage, plants will produce defensive mechanisms, increase the activity of SOD, CAT, and POD to scavenge excess ROS, and accumulate soluble sugar, soluble protein, proline, and other substances related to regulating osmotic pressure to maintain normal cell water potential [33]. The results of the experiment showed that the activities of SOD, POD, CAT enzymes and the content of proline in the seedlings of rice inoculated with strain S4 under saline–alkali stress significantly increased compared with those of rice not inoculated under saline–alkali stress, while the content of MDA significantly decreased, and the contents of soluble sugar and soluble protein approached the level of non-saline–alkali stress. A large number of studies have found that inoculating PGPR under saline–alkali stress can reduce the harm of salt stress to plants. The combination of exogenous brassinolide and AM fungi (Funneliformis mosseae) improved the antioxidant enzyme activity of Leymus chinensis under saline–alkali stress, alleviating the toxic effects of saline–alkali stress on plants [34]. Treatment of maize seedlings with Pseudomonas monteilii PN1 significantly promoted the growth of maize seedlings, significantly decreased antioxidant enzyme activity, MDA, and Pro content, and increased the tolerance of maize seedlings to saline–alkali stress [35]. The inoculation of PGPR and AMF increased the activities of antioxidant enzymes such as SOD, CAT, and POD in oats and decreased the contents of MDA and free proline [36]. The above results suggest that S4 bacteria may be similar to other growth-promoting bacteria in regulating the antioxidant enzyme activity and osmoregulation substances content of plants under saline–alkali stress, thereby improving the ability of plants to resist saline–alkali stress.



Under saline–alkali stress, the 22 DEGs produced by S4 bacteria treatment in rice seedlings were not enriched in pathways in the KEGG database but were significantly enriched in pathways in the GO database. UDP-glucose transmembrane transporter activity was significantly enriched in T1. In general, sugar transporters play a role in controlling plant growth and defense, facilitating long-distance transport of sugars from source (leaf) to sink (such as seed and flower) organs and playing an important role in aging, nectar secretion, hormone signaling, disease pathogenesis, and abiotic stress response [37]. The genetic plasticity of plants in changing growth conditions and challenging environments in saline–alkali conditions enables them to produce metabolite pools necessary for survival under physiological perturbations, which vary depending on species, genotype, and level of saline–alkali stress [38,39]. A large number of secondary metabolites, including terpenoids, steroids, phenols, flavonoids, and alkaloids, are reported to participate in or activate cellular stress and defense responses in plants under saline–alkali stress [40,41]. For example, the production of higher levels of aromatic compounds (such as alkaloids, isoprenoids, and phenols) and phenylpropanoid derivatives (such as tannins, flavonoids, and hydroxycinnamic acid esters) is believed to be mediated by salinity stress, which allows plants to adapt to saline–alkali stress [42]. Through transcriptomic analysis of the samples, it was found that the highest enrichment of 127 differential metabolites in KEGG involved ABC transporters. ABC transporters are driven by ATP hydrolysis and can act as exporters as well as importers. ABC transporters are involved in regulating various biological processes in plants, such as growth, development, nutrient absorption, tolerance to biotic and abiotic stresses, tolerance to metal toxicity, stomatal closure, grain shape and size, pollen protection, and the transport of plant hormones [43].



To further investigate the relationship between DEGs and differential metabolites and clarify whether genes and metabolites play a synergistic role in the process of salt and alkali resistance in rice, we conducted an association analysis between DEGs enriched in GO and differential metabolites enriched in KEGG. It was found that there was a correlation between Os11g0581900, OsGDH2, OsSTAR2, and sucrose, L-histidine, (−)-riboflavin. Among them, sucrose was positively regulated by Os11g0581900. There is evidence that sucrose, as a compatible osmotic pressure for osmoregulation and detoxification, may be a major strategy for plants to protect themselves from ROS damage and adapt to osmotic stress under saline–alkali stress [44,45]. The treatment of S4 bacteria significantly decreased the content of sucrose, which may be due to the antioxidant enzymes in plants removing the accumulated ROS, allowing the plants to adapt to the environment of saline–alkali stress. This is also consistent with the trend of soluble sugar content determined previously. In addition, sucrose also acts as a signaling molecule that regulates biological and abiotic stress responses and is the primary messenger that controls signal transduction by regulating the expression of different proteins and genes [46,47]. In this experiment, riboflavin was also positively regulated by Os11g0581900. Under saline–alkali stress, treatment with S4 bacteria decreased the content of riboflavin. Some studies have shown that riboflavin induces the accumulation of antioxidant compounds in plant cells [48]. In addition, riboflavin is a well-known photosensitizer that can lead to the production of reactive oxygen species, such as singlet oxygen and superoxide anion [49]. The reason for the decrease in riboflavin may be that low levels of riboflavin (resulting in low levels of ROS production) activate the antioxidant defense system (initiating effect), while high levels of riboflavin (producing high levels of ROS) damage the antioxidant defense system (toxic effect) [50]. In the joint analysis of T1 vs. CK1, only the content of L-histidine increased, and L-histidine was positively regulated by OsGDH2 and negatively regulated by OsSTAR2. OsGDH2 encodes glutamate dehydrogenase activity and is involved in nitrogen metabolism in rice [51]. However, the expression trends of OsGDH2 and L-histidine were inconsistent, with OsGDH2 being a downregulated gene. The reason for this may be that there is a problem of high expression of genes under stress, with upregulation of expression in a short period of time, but most genes will decrease after stress, although the protein may maintain a relatively long-term upregulation. OsSTAR2, as an ABC transporter, is involved in plant tolerance to aluminum stress. It has been reported that OsSTAR1 and OsSTAR2 are regulated by transcription factors to form a complex that transports UDP-glucose into the cell wall to alleviate the damage caused by aluminum to plants [52]. Research has shown that overexpression of Fagopyrum esculentum’s FeSTAR1 in Arabidopsis thaliana mutant atstar1 rescues its tolerance to aluminum [53]. OsSTAR2 was downregulated in rice but negatively regulated the high expression of L-histidine. Amino acids have the functions of regulating crop growth and development, increasing crop yield, and improving crop quality and can be directly absorbed and utilized by plants, providing carbon and nitrogen sources, scavenging reactive oxygen species in plants, and improving plant tolerance to saline–alkali stress [54]. Research has found that L-histidine has a role in metal ion chelation and transport [55]. Recent studies have shown that L-histidine at certain concentrations can improve the salt tolerance of maize seedling roots [56]. Therefore, L-histidine may be a key metabolite that causes saline–alkali resistance in rice.



Subsequently, further analysis of the gene interaction network of OsSTAR2 revealed that there was a correlation between an upregulated transcription factor OsWRKY76 and OsSTAR2 and that there is a W-box cis-acting element on the promoter of OsSTAR2. The research has found that OsWRKY76 is widely involved in abiotic stress processes in rice. OsWRKY76 interacts with OsbHLH148 to trans-activate the expression of OsDREB1B, enhancing the cold tolerance of rice [57]; in addition, OsWRKY76 can also mediate the positive regulation of drought stress in rice jasmonic acid signaling transduction [58]. OsWRKY76, as an important transcription factor involved in abiotic stress in rice, may regulate the involvement of OsSTAR2 in salt and alkali stress resistance in rice. In the analysis of L-histidine-related metabolites, it was found that L-histidine had the highest positive correlation with 2-methyl-4-pentenoic acid. A study found that under nitrogen stress, peppers increase the content of 2-methyl-4-pentenoic acid to resist abiotic stress [59], which also suggests that 2-methyl-4-pentenoic acid may have a relationship with saline–alkali stress in rice. Therefore, in addition to OsSTAR2 and L-histidine, there are other genes and metabolites related to it that regulate the saline–alkali resistance of rice.




5. Conclusions


On this basis, we conclude that under saline–alkali stress, treatment of rice seedlings with S4 significantly increased the activity of SOD, CAT, and POD, reduced the accumulation of MDA, increased the content of proline, reduced the content of soluble protein and soluble sugar, enhanced the antioxidant system of rice, improved its clearance efficiency of ROS, and balanced the content of osmoregulatory substances. In addition, S4 bacteria caused differential expression of genes and metabolites in rice seedlings under saline–alkali stress. DEGs and differential metabolites were involved in UDP-glucose transmembrane transporter activity and ABC transporters in GO enrichment and KEGG enrichment, respectively. Further correlation analysis revealed that S4 bacteria induced the upregulation of OsWRKY76 in rice seedlings under saline–alkali stress, leading to the downregulation of the key gene OsSTAR2. OsSTAR2 negatively regulated L-histidine, causing an increase in its content. L-histidine led to a rise in the content of 2-methyl-4-pentenoic acid, which was positively correlated with it. Therefore, rhizobacteria S4 not only enhances the saline–alkali resistance of rice by increasing the activity of antioxidant enzymes but also regulates the saline–alkali stress resistance of rice through multiple pathways. This indicates that the S4 bacteria has the potential to improve saline–alkali soil and can be used as a biological stimulant to enhance the saline–alkali stress resistance of crops. The results of this study provide a scientific basis for the application of S4 bacteria in rice saline–alkali stress resistance.
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Figure 1. Antioxidant enzyme activity and content of osmotic regulators: (A) superoxide dismutase activity; (B) peroxidase activity; (C) catalase activity; (D) malondialdehyde content; (E) proline content; (F) soluble protein content; (G) soluble sugar content. Data are presented as the mean ± SEM for three biological replicate samples. Bars labeled with different letters for significant differences between treatments were assigned based on the Duncan method. 
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Figure 2. PCA analysis between transcriptome samples (A) and OPLAS-DA analysis between metabolome samples (B), as well as permutation testing (C). 
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Figure 3. Volcano plot (A) and heatmap (B) of DEGs, volcano plot (C) and heatmap (D) of differential metabolites, GO functional annotation (E) of DEGs, and HMDB functional annotation (F) of differential metabolites. 
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Figure 4. Quantitative real-time PCR (RT-qPCR) validation of DEGs selected from RNA-seq analysis (A), as well as the correlation between the qPCR and RNA-Seq results (B). The data obtained through RNA-seq are represented by lines, while the relative expression levels obtained through RT-PCR are shown in the histogram. 
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Figure 5. GO enrichment analysis (A), KEGG enrichment analysis (B), and correlation analysis (C) of DEGs. p-Value < 0.05 is considered significant. 
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Figure 6. Correlation analysis between DEGs (A) and correlation between L-histidine and the top 50 differential metabolites by abundance (B). 
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Table 1. Basic information about sampling sites.






Table 1. Basic information about sampling sites.





	
Site

	
Latitude

	
Longitude

	
Plants

	
Mass Fraction of Salt

(%, g/g)

	
pH






	
Shapotou, Zhongwei, Ningxia

	
37°28′

	
105°26′

	
Oryza sativa

	
0.32

	
8.3




	
Suaeda glauca

	
0.45

	
8.4




	
Zea mays

	
0.41

	
8.5




	
Pingluo County, Ningxia

	
39°14′

	
106°45′

	
Helianthus annuus

	
0.43

	
8.4




	
Oryza sativa

	
0.42

	
8.2




	
Triticum aestivum

	
0.45

	
8.3




	
Yinchuan City, Ningxia

	
38°20′

	
106°16′

	
Triticum aestivum

	
0.34

	
8.3




	
Ipomoea aquatica

	
0.30

	
8.2




	
Sorghum dochna

	
0.35

	
8.3











 





Table 2. Differences in the height of rice seedlings and root length under various treatments. Data are presented as the mean ± SEM of three biological replicate samples. Different letters for significant differences between treatments were assigned based on the Duncan method.
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	Treatments
	Plant Height (cm)
	Root Length (cm)





	CK0
	17.77 ± 0.67 a
	8.67 ± 0.44 a



	T0
	18 ± 0.55 a
	8.43 ± 0.74 a



	CK1
	6.73 ± 0.62 c
	1.3 ± 0.15 c



	T1
	9.87 ± 0.38 b
	3.7 ± 0.15 b
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