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Introduction: Rhizosphere microorganisms can effectively promote the stress resistance of plants, and some beneficial rhizosphere microorganisms can significantly promote the growth of crops under salt stress, which has the potential to develop special microbial fertilizers for increasing the yield of saline-alkali land and provides a low-cost and environmentally friendly new strategy for improving the crop yield of saline-alkali cultivated land by using agricultural microbial technology.

Methods: In May 2022, a field study in a completely randomized block design was conducted at the Heilongjiang Academy of Agricultural Sciences to explore the correlation between plant rhizosphere microorganisms and soybean growth in saline-alkali soil. Two soybean cultivars (Hening 531, a salt-tolerant variety, and 20_1846, a salt-sensitive variety) were planted at two experimental sites [Daqing (normal condition) and Harbin (saline-alkali conditions)], aiming to investigate the performance of soybean in saline-alkali environments.

Results: Soybeans grown in saline-alkali soil showed substantial reductions in key traits: plant height (25%), pod number (26.6%), seed yield (33%), and 100 seed weight (13%). This underscores the unsuitability of this soil type for soybean cultivation. Additionally, microbial analysis revealed 43 depleted and 56 enriched operational taxonomic units (OTUs) in the saline-alkali soil compared to normal soil. Furthermore, an analysis of ion-associated microbes identified 85 mOTUs with significant correlations with various ions. A co-occurrence network analysis revealed strong relationships between specific mOTUs and ions, such as Proteobacteria with multiple ions. In addition, the study investigated the differences in rhizosphere species between salt-tolerant and salt-sensitive soybean varieties under saline-alkali soil conditions. Redundancy analysis (RDA) indicated that mOTUs in saline-alkali soil were associated with pH and ions, while mOTUs in normal soil were correlated with Ca2+ and K+. Comparative analyses identified significant differences in mOTUs between salt-tolerant and salt-sensitive varieties under both saline-alkali and normal soil conditions. Planctomycetes, Proteobacteria, and Actinobacteria were dominant in the bacterial community of saline-alkali soil, with significant enrichment compared to normal soil. The study explored the functioning of the soybean rhizosphere key microbiome by comparing metagenomic data to four databases related to the carbon, nitrogen, phosphorus, and sulfur cycles. A total of 141 KOs (KEGG orthologues) were identified, with 66 KOs related to the carbon cycle, 16 KOs related to the nitrogen cycle, 48 KOs associated with the phosphorus cycle, and 11 KOs linked to the sulfur cycle. Significant correlations were found between specific mOTUs, functional genes, and phenotypic traits, including per mu yield (PMY), grain weight, and effective pod number per plant.

Conclusion: Overall, this study provides comprehensive insights into the structure, function, and salt-related species of soil microorganisms in saline-alkali soil and their associations with salt tolerance and soybean phenotype. The identification of key microbial species and functional categories offers valuable information for understanding the mechanisms underlying plant-microbe interactions in challenging soil conditions.
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1. Introduction

Soybean is an imperative economic crop, providing 30% of the world’s edible oil and 69% of protein (Zhang et al., 2016). Soybean [Glycine max (L.) Merrill] develops a vibrant microbial community near its roots, known as the rhizosphere. These microorganisms interact with the soybean plant, playing a crucial role in its growth and development (Hartmann et al., 2008). Furthermore, the performance of the soybean plants was influenced by various interacting biotic and abiotic factors. Cultivated soybean is usually salt-susceptible and requires genetic enhancement to improve the use of alkaline and salinized soils (Gao et al., 2022). Soil salinization is a worldwide threat because the increased level of salinization in recent years has resulted in food insecurity in numerous nations (Gao et al., 2022). Salinity stress affected soybean growth and agronomical characteristics such as nodulation, seed quality, and yield (Phang et al., 2008). Microorganisms in saline-alkali soil differ significantly from those in normal soil due to the higher salt content and pH levels. Additionally, the inhospitable conditions of saline-alkali soil pose challenges for microbial growth and survival, leading to alterations in microbial community composition and functioning. Furthermore, these differences influence soil fertility, nutrient cycling, and plant growth in saline-alkali environments (Burke et al., 2002; Han et al., 2020; Trivedi et al., 2020). The number of bacteria, fungi, and actinomycetes in saline-alkali soil is significantly lower than that in normal soil. In addition, the diversity of microbial species is also reduced due to the high salt content and alkalinity (Qu et al., 2020). The dominant species in saline-alkali soil are halophilic bacteria, which can tolerate high salt concentrations. These halophilic bacteria are usually Gram-negative rods or cocci and can produce exopolysaccharides to protect themselves from osmotic stress (Gao et al., 2022). In contrast, normal soils contain a variety of microorganisms such as bacteria, fungi, actinomycetes, protozoa, and algae. These organisms play important roles in nutrient cycling and decomposition of organic matter (Sharma et al., 2016; Sarkar et al., 2018; Wang et al., 2022). Plant roots possess a diverse microbial community primarily consisting of bacteria and fungi. These interactions between the plant and its microbial communities have a significant impact on the diversity and taxonomic structure of microbiomes. They also play a crucial role in facilitating essential processes within the host plant, such as nutrient acquisition and the ability to withstand changes in the biotic and abiotic environment (Compant et al., 2019; Pollak and Cordero, 2020).

Numerous studies have investigated the diversity and composition of rhizosphere microbiomes under different conditions, such as soybean genotype, growth stages, soil parameters, and geographical locations (Wang et al., 2022). These studies typically focus on identifying the abundance of different taxa, measuring alpha and beta diversities, and exploring correlations with environmental factors (Singh and Jha, 2016; Trivedi et al., 2020; Wang et al., 2022). However, traditional methods may not fully capture the complex interactions that microorganisms develop within their natural habitat, including mutualism, competition, parasitism, and commensalism with the host (Yeoh et al., 2017). To address this limitation, microbial network analysis, particularly co-occurrence networks, has gained popularity in studying microbial community structures in various environments, such as soil and the ocean. Co-occurrence networks reveal non-random patterns of microbial associations and often exhibit modular organization, representing groups of taxa with overlapping ecological niches (Zhang et al., 2018). These networks allow us to identify densely interconnected nodes, which can be interpreted as taxa that are more closely related and are likely to interact within specific niches (Zhang et al., 2016). While interpreting these networks can be challenging, they provide insights into hub species and their interactions within a particular niche (Chang et al., 2019). Similar network-based approaches have been used to determine protein interactions and predict gene functions from RNA-seq experiments by identifying gene significance and hub genes (Zhong et al., 2019). In microbial studies, co-occurrence networks using in silico sequence data have also been employed to identify taxa significance and keystone species (Chen et al., 2020). The advent of high-throughput sequencing technologies has facilitated rapid and efficient analysis of microbial communities by directly sequencing the 16S ribosomal RNA (rRNA) gene, which is a small subunit rRNA gene in prokaryotes (Sola-Leyva et al., 2021). Abiotic stress is thought to be the global source of 50% of yearly yield losses in key crops (Chatterton and Punja, 2010; Lamlom et al., 2020). Therefore, it is crucial to find additional microorganisms that can withstand diverse types of abiotic stress in the field, such as salt, alkaline, drought, etc. These bacteria might then be used as bioagents. These days, various salt-tolerant plant growth-promoting rhizobacteria (PGPR), including Bacillus, Rhizobium, Pseudomonas, and others, have demonstrated remarkable potential for reducing the salinity stress in many crops (Han et al., 2021). It has been observed that Bacillus, Pseudomonas, and Rhizobacteria mitigate the negative effects of salt stress in soybean (Khan et al., 2019; Abulfaraj and Jalal, 2021; Abdelghany et al., 2022). Actinobacteria have been evaluated for their ability to prime the alkaline or saline-alkali tolerance of soybean in soda-alkaline soils. Alkaline or soda saline-alkali soils are predominantly formed of NaHCO3/Na2CO3 with excess Na+, HCO3–/CO32–, a high pH (>8.5), and weak soil structure, which causes greater plant development harm than saline soils (Gao et al., 2022). Halotolerant soil bacteria are a potential approach for dealing with salt stressors in edible crops. It may be able to alleviate the destructive consequences of salinity by generating a variety of growth-regulating PGP compounds (Sharma et al., 2016; Singh and Jha, 2016; Aslam and Ali, 2018; Sarkar et al., 2018; El-Sorady et al., 2022). The genetic assortment of ST-PGPR isolated from the wheat rhizosphere revealed that most of the isolates belonged to the species Bacillus and could survive up to 8% NaCl (Upadhyay et al., 2012). A total of 305 bacterial strains, and 162 of them were evaluated for salt tolerance up to a concentration of 150 g/l NaCl. Most of the isolates bacterial strains also showed the ability to improve salt tolerance, growth, and yield of rice under salt-stress conditions (Zhang et al., 2016). This research aimed to explore the potential of rhizosphere microorganisms in enhancing plant stress resistance, particularly under salt stress conditions. The study sought to identify beneficial rhizosphere microorganisms that could promote crop growth in saline-alkali soil, leading to the development of specialized microbial fertilizers for increasing yields on such land. By leveraging agricultural microbial technology, the study aimed to introduce a cost-effective and eco-friendly strategy to enhance crop yields in saline-alkali cultivated areas.



2. Materials and methods


2.1. Plant materials and soil sampling

In the summer season of 2022, a field study was conducted in the Daqing Branch of the Heilongjiang Academy of Agricultural Sciences to study the resistance of soybean to salt and alkali conditions. Two soybean cultivars, namely salt-tolerant (Heinong531) (ST) and salt-sensitive (20_1846) (SS), were planted at two experimental sites, the first site is Daqing located at (125°19′16.59″E, 46°62′5.31″N) and 147.5 m asl, whereas the second site is Harbin located at (126°51′41.91″E, 45°50′37.82″N) and 174 m asl. The initial physicochemical properties of the soil were determined during both seasons (Table 1), a kilogram of soil samples was collected at a depth of 20 cm at the two experimental sites during the flowering period (Kremer, 2019). The environmental conditions during the field experiments were shown in Table 2. All agricultural practice was done as recommended in the experimental sites.


TABLE 1    The soil chemical properties at a depth of 20 cm.
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TABLE 2    Meteorological data during the experiment season.

[image: Table 2]



2.2. Growth characters

During the field experiments, we investigated multiple growth parameters to evaluate the influence of saline-alkali soil on soybean growth and productivity. We examined growth and yield factors in twenty soybean plants, encompassing measurements such as stem length, bottom pod height, effective pod number per plant, number of grains per plant, grain weight per plant, 100 seed weight, and per mu yield.



2.3. Soil ion concentration detection

Atomic absorption spectrometry (PerkinElmer Analyst 700; PerkinElmer, Norwalk, CT, USA) was used to measure soil Na+ concentration and plants Na+ and K+ concentrations (Crompton, 2006). The concentrations of the Cl anions in the soil were measured by ion chromatography apparatus (ICS-3000; Dione, Sunnyvale, CA, USA). As well as, the molybdenum-antimony colorimetric method was used to analyze the soil available phosphorus (AP), and a pH meter was used to measure the soil pH (Crompton, 2006).



2.4. DNA extraction and quality inspection

Twelve samples of soybean rhizosphere soil, including 6 samples of salt-tolerant rhizosphere soil and 6 samples of sensitive rhizosphere soil from the saline-alkali soil and normal soil. Total genomic DNA was extracted from 300 mg of each rhizosphere soil sample, using the Fast DNA Spin Kit for Soil (MP Biomedicals, Santa Ana, CA, USA). Extracted DNA was checked in 1% agarose gels run in 0.5 × Tris–acetate–EDTA (TAE) buffer (100 V, 15 min) to assess the quality of the extractions. DNA concentration was measured using a Qubit® dsDNA Assay Kit in a Qubit® 2.0 Fluorometer (Life Technologies, California, USA). DNA amounts >1 μg were used to construct the library (Fatima et al., 2014). Each analysis was performed with three biological replicates. Additionally, control samples were included in the sequencing and analysis to ensure robust comparisons and accurate interpretation of the results.



2.5. Shotgun metagenomic sequencing

By generating 10 Gb of raw data per sample we aimed to achieve a robust representation of the microbial genetic material, allowing for a thorough analysis of the microbial composition and functional attributes. This sequencing depth enabled the detection of a wide range of microbial taxa and genes, facilitating an in-depth exploration of the relationships between microbial communities, soil conditions, and soybean growth characteristics. For this study, a metagenomic approach was employed, utilizing a sequencing depth of 10 Gb per sample. To facilitate statistical analysis, we defined each species level as an mOTU based on species classification. Shotgun metagenomic libraries were constructed using a TruSeq DNA Sample Preparation kit (Illumina, San Diego, CA, USA) and sequenced on an Illumina NovaSeq sequencer (Illumina) to generate 10 Gb of raw data per sample. For the preparation of libraries, an initial amount of 25–50 ng of DNA was extracted from the samples collected at each site. These DNA samples underwent a process of fragmentation and the addition of adapter sequences. These adapters were then used in a limited-cycle PCR, and unique indices were incorporated into each sample. After the library preparation, the final concentration of the libraries was determined. The average size of the libraries was assessed using the Agilent 2100 Bioanalyzer, manufactured by Agilent Technologies in the USA. The DNA libraries obtained were subsequently combined in an equal molar ratio of 0.7 nM. Finally, the pooled libraries underwent 300 cycles of pair-end sequencing using the Illumina NovaSeq system. Quality control was performed to ensure that libraries had a concentration greater than 3 ng/μl. The obtained input FASTQ files were filtered and 3′ ends-trimmed by quality, using FASTQ (version 0.12.4) (Chen et al., 2018). Human host reads were removed by mapping the reads against the reference human genome H38, by using knead data (version 0.10.0) (McIver et al., 2018). Functional annotation was carried out with HMMER against the Kyoto Encyclopedia of Genes and Genomes (KEGG) database, version 2016 (Kanehisa and Goto, 2000) to obtain the functional subcategory, route, and annotation of the genes. Taxonomic annotation was implemented with kraken2 on the metagenomics reads (Sola-Leyva et al., 2021).



2.6. Bioinformatics and statistical analysis

Statistical analyses of phenotype were performed using GraphPad Prism (version 7.0) with a two-tailed test. Alpha diversity was assessed using the ACE, Chao1, and Richness indexes. Beta diversity was calculated with the vegan package (version 2.5-7) in R (version R-4.0.5), using the Bray–Curtis’s method as the distance measure and principal coordinate analysis (PCoA). ANOSIM tests were performed to identify differences in β-diversity between the two groups. The key species and function of the gene responsible for the distinction between the two groups were identified using edge R (P-value < 0.05, FDR < 0.2). Only P-value < 0.05 and FDR < 0.2 were considered significantly enriched. Redundancy Analysis (RDA) and Mantel tests were performed in R (version R-4.0.5) using the vegan package (version 2.5-7). These analyses aimed to explore relationships and associations between variables. Additionally, the correlation and co-occurrence network analysis were based on the Pearson method with Benjamini-Hochberg (BH) adjustment. A heatmap was generated to visualize the correlation results, with yellow boxes indicating positive correlations and green boxes representing negative correlations based on Pearson’s correlation coefficient. Statistical significance levels were indicated by asterisks (*, **, and ***) to denote P-values of less than 0.05, 0.01, and 0.001, respectively. The thickness of the lines in the co-occurrence network represented the strength of the correlation, and the line color indicated a positive or negative correlation. Dot size in the co-occurrence network represented the relative abundance of the species. To identify key bacterial taxa and functional genes responsible for discriminating between the two groups Welch’s t-test method in STAMP was employed. Significance was determined based on p-values corrected for multiple testing, with a threshold of less than 0.05.




3. Results


3.1. Effect of saline-alkali soil on soybean growth

The results in Figure 1A showed significant reductions in the phenotype of the Heinong531 (ST) cultivar when grown in saline-alkali soil. Specifically, there were reductions in stem length (31%) (Figure 1A), effective pod number per plant (2.5%), number of grains per plant (24.5%), grain weight per plant (36.2%), 100 seed weight (6.6%), and yield per unit area (36.4%). Similarly, the 20_1846 (SS) cultivar exhibited a decrease in phenotype under saline-alkali conditions, with reductions observed in stem length (54.4%), bottom pod height (3.6%), effective pod number per plant (21.5%), number of grains per plant (34.7%), grain weight per plant (34.1%), 100 seed weight (22.4%), and yield per unit area (22.2%). These findings indicate the negative impact of saline-alkali soil on the growth and productivity of both soybean cultivars. Eight indicators were measured, and the results showed that the saline-alkali soil had higher concentrations of HCO3– (83.2), Cl– (47.8%), Mg2+ (51%), SO42– (36.7), and Na+ (51.3) than normal soil, which was richer in Ca2+ (31.1%) and K+ (74.1%) (Figure 1B). Redundancy analysis (RDA) revealed that much of the phenotype in saline-alkali soil was associated with pH and ion (HCO3–, Cl–, Mg2+, SO42–, and Na+), while the phenotype in normal soil was correlated with Ca2+ and K+ (Figure 1C). To better understand the correlation between phenotype and ions, the Pearson correlation coefficient was used to determine the relationship between the phenotype of soybean (SL, EPNPP, NGPP, GWPP, GW100, and PMY) and various ions (Ca2+, K+, HCO3–, Cl–, Mg2+, SO42–, Na+, and pH). As shown in Figure 1D the results showed that there was a significant positive correlation between the phenotype of soybean and ions Ca2+ and K+, while a significant negative correlation was observed between the phenotype of soybean and ions HCO3–, Cl–, Mg2+, SO42–, Na+, and pH. The results of the RDA analysis showed that the phenotype and yield of soybeans were strongly affected by the concentration of ions in the soil. It was found that an abundance of ions such as HCO3–, Cl–, Mg2+, SO42–, and Na+ in combination with a high pH level caused a decrease in plant height and yield when grown in saline-alkali soil.
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FIGURE 1
Effects of salinity soil on soybean growth. (A) Soybean phenotype data statistics between salinity soil and normal soil by t-test method of two-tailed. (B) The difference of ion concentration and PH between salinity and normal soil. Data statistics by t-test method of two-tailed. (C) Redundancy analysis (RDA) based on the phenotype of samples under the salinity condition (Mantel test, n = 12, P < 0.05). (D) Correlation analysis between differential phenotype and ion concentration. Yellow boxes represent positive correlations, while green boxes represent negative correlations (Pearson’s correlation). All black asterisks indicate statistical significance: *, P < 0.05; **, P < 0.01; ***, P < 0.001. ns, not significant.




3.2. Dynamic changes of the soil microorganism between saline-alkali and normal soil

The research utilized a metagenomic approach, where each sample was subjected to sequencing, resulting in 10 Gb of raw data per sample. Overall, a total of 120 GB of raw data was obtained from the study. Through analysis using the Kraken 2 method, a comprehensive list of species was generated. The analysis identified a total of 5,673 species, comprising 5,264 bacteria, 236 archaea, 57 fungi, and 116 viruses. Then the species were further categorized into mOTUs (microbial operational taxonomic units) at the species level. This categorization provided a convenient way to manage and analyze the data for statistical purposes. To explore rhizosphere microorganisms of soybean microbial community differences in saline-alkali soil, the α-diversity (ACE, Chao1, and Richness) of the microbial community in each group was estimated (Figure 2A). The results showed that ACE, Chao1, and Richness index values in normal soil were significantly higher than those in the saline-alkali soil (P-value < 0.05). For the β-diversity analysis, the principal-coordinate analysis (PCoA) and analysis of similarities (ANOSIM) based on the Bray-Curtis distance method showed that the soil microorganism community structures under stress of saline-alkali were significantly distinguishable from those of the normal conditions (R = 0.444, P = 0.004, Figure 2B). Significant differences were observed between the microbial structures of the Salt and Normal soil, respectively (edger method, FDR < 0.05, Figure 2C). There were 42 mOTUs depleted and 56 mOTUs enriched in salt group relative to normal group. Moreover, we focus on ion-associated microbes by the Pearson correlation method (Figure 2D). We obtained 85 mOTUs in total with significant correlation with ions, inclined 22 mOTUs with significant positive correlation and 54 mOTUs with significant negative correlation with K+, 5 mOTUs with significant positive correlation and 35 mOTUs with significant negative correlation with Ca2+, 34 mOTUs with significant positive correlation and 1 mOTUs with significant negative correlation with SO42-, 51 mOTUs with significant positive correlation and 15 mOTUs with significant negative correlation with Mg2+, 54 mOTUs with significant positive correlation and 19 mOTUs with significant negative correlation with PH, 56 mOTUs with significant positive correlation and 21 mOTUs with significant negative correlation with Na+, 56 mOTUs with significant positive correlation and 22 mOTUs with significant negative correlation with Cl–, 56 mOTUs with significant positive correlation and 23 mOTUs with significant negative correlation with HCO3-. To investigate the potential reciprocal interactions between altered mOTU and ions, a co-occurrence network was constructed based on Pearson correlation analysis (Figure 2E). We found that 51 mOTUs that belong to Proteobacteria formed a strong co-occurring relationship with ions (HCO3–, Cl–, Mg2+, SO42–, Na+) and pH, 41 mOTUs that belong to Actinobacteria formed a strong co-occurring relationship with ions (K+ and Ca2+), 4 mOTUs (mOTU_2755, mOTU_2753, mOTU_275, and OTU_2749) that belong to Planctomycetes formed a strong co-occurring relationship with ions (K+ and Ca2+).


[image: image]

FIGURE 2
Dynamic changes of the soil microorganism between salinity and normal soil. (A) Effects of salinity and normal on rhizosphere soil microorganism ACE, Chao1, and Richness index (p < 0.05). (B) Principal-coordinate analysis (PCoA) and analysis of similarities (ANOSIM) based on Bray-Curtis’s dissimilarities showing differences in rhizosphere microorganism community structure under the normal and salinity soil (R = 0.444, P = 0.004). (C) Clustered heat map shows the differential species based on edgeR analysis, filter conditions (p-value < 0.05, FDR < 0.2), and 98 differential mOTUs were obtained. (D) Correlation analysis between differential mOTUs and ion concentration showed in clustered heat map. Yellow boxes represent positive correlations, while green boxes represent negative correlations (Pearson’s correlation). Black asterisks indicate statistical significance: *, P < 0.05; **, P < 0.01; ***, P < 0.001. (E) A co-occurrence network constructed and display the correlation of differential mOTUs and ion concentration.




3.3. The difference in rhizosphere species between salt-tolerant and sensitive varieties under saline-alkali soil

To further explore the key microorganisms of soybean rhizosphere in saline-alkali soil and normal soil. The samples were divided into four groups, the Salt-tolerant cultivar on the saline-alkali soil (A group), the Salt-sensitive cultivar on the saline-alkali soil (B group), the Salt-tolerant cultivar on the normal soil (C group) and the Salt-sensitive cultivar on the normal soil (D group). Redundancy analysis (RDA) clearly revealed that most of mOTUs in saline-alkali soil were associated with pH and ion (HCO3–, Cl–, Mg2+, SO42–, and Na+), while the mOTUs in normal soil were correlated with Ca2+ and K+ (Figure 3A). When comparing the salt-tolerant cultivar in group (A) with the group (C), a total of 59 mOTUs were identified to have significant differences between the saline-alkali soil and normal soil (Figure 3B); A group compare with B group, both in the saline-alkali soil, recorded 10 mOTUs with significant differences (Figure 3C); Salt-sensitive variety in B group compare with D group, exhibited 49 mOTUs with significant differences between the saline-alkali soil and normal soil (Figure 3D). Through Venn diagram analysis (VDA) of three comparative studies, it was determined that a set of 43 key mOTUs (microbial operational taxonomic units) showed significant differences between groups A and B in the saline-alkali soil (Figure 3E). Metagenome data showed that, Planctomycetes, Proteobacteria and Actinobacteria dominated the difference bacterial community in the saline-alkali soil, with 29 mOTUs belong to Actinobacteria, 11 mOTUs belong to Proteobacteria and 3 mOTUs belong to Planctomycetes, all of which became enriched in the saline-alkali soil compared with the normal soil (Figure 3F). So far, we have obtained 43 key mOTUs which significantly correlation with ions (HCO3–, Cl–, Mg2+, SO42–, Na+, K+, and Ca2+) and PH as biomarkers for the saline-alkali soil.
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FIGURE 3
The difference of rhizosphere species between salt-tolerant and sensitive varieties under salinity stress. (A) Redundancy analysis (RDA) based on the microorganism community compositions of samples under the salinity soil (Mantel test, n = 12, P < 0.05). (B) The STAMP analysis the rhizosphere microbial difference of salt-tolerant varieties planted in salinity soil and normal soil. (C) STAMP analysis the rhizosphere microbial difference between salt-tolerant varieties planted in the salinity soil. (D) The rhizosphere microbial differences of sensitive varieties planted in salinity soil and normal soil. (E) Venn analysis of the mOTUs that significantly differed in relative abundance between comparisons of AvsC, AvsB, and BvsD. Clustered heat map shows a total of 43 mOTUs with significant differences were obtained which could be used as a biomarker of rhizosphere microorganisms in salinity soil and normal soil. Functional differences are based on the metagenome sequence data and assigned to taxonomic groups. (F) Taxonomic differences are based on metagenome data. The largest circles represent phylum level, and the inner circles represent class, family, genus, and species. Yellow circles represent enriched, while green circles represent depleted in salinity soil based on edgeR method with FDR < 0.05. Asterisks indicate statistical significance: *, P < 0.05; **, P < 0.01; ***, P < 0.001.




3.4. Dynamic changes of the function with the key microorganism in the C, N, P, and S cycle database

We observed significant shifts in specific microbial taxa in response to salt and alkali conditions. Among the notable taxa, Actinobacteria, Proteobacteria, and Planctomycetes exhibited the most pronounced shifts in abundance in the saline-alkali soil compared to normal soil. These shifts suggest a potential role of these microbial groups in responding to and potentially mitigating the challenges posed by high salt and alkaline levels. The enrichment of these taxa highlights their adaptive strategies and functional contributions to the soybean rhizosphere under stress conditions. To gain insight into the functioning of the soybean rhizosphere key microbiome, the metagenome data was compared to four databases [C cycling database (CCycDB), N cycling database NCycDB, P cycling database (PCycDB) and S cycling database (SCycDB)] to obtain functional gene annotation information. A total of 141 KEGG orthologs (Kos) were identified, including 66 KOs related to the carbon cycle, 16 KOs related to the nitrogen cycle, 48 KOs associated with the phosphorus cycle, and 11 KOs linked to the sulfur cycle. Using Venn diagram analysis (VDA), a total of 28 key significantly different KOs were obtained from three comparative studies. Of these, 25 KOs were enriched, and 3 KOs were depleted in response to the function of microorganisms in saline-alkali soil. These 28 KOs were found to be distributed across four different cycles: carbon, nitrogen, phosphorus, and sulfur. In the carbon cycle, 14 KOs were in Step 1 (Organic Carbon Oxidation), of which 13 were enriched and one was depleted. Additionally, 3 KOs were enriched in Step 6 (Fermentation). In the nitrogen cycle, one KO was enriched in Step 5 (Nitrite Reduction), and two KOs were enriched in Step 8 (Nitrite Ammonification). In the phosphorus cycle, 5 KOs were enriched while no depletion occurred. Finally, 3 KOs were enriched in the sulfur cycle with no depletions observed (Figures 4A–C). In the phosphorus cycle, one KO was enriched in Step 1 (Inorganic P solubilization), two KOs enriched in Step 2 (Organic P mineralization), and two KOs enriched and depleted in Step 3 (Transports) (Figure 4D). In the sulfur cycle, one KO was enriched in Step 1 (Sulfide oxidation), one KO was depleted in Step 5 (Sulfate reduction), and one KO was enriched in Step 9 (Thiosulfate disproportionation 2) (Figure 4E). Furthermore, by using the Pearson correlation method to focus on key KOs of biomarker microbes, two mOTUs (mOTU_2883 and mOTU_2874) were significantly positive correlation with 3 KOs (S_K00394, C_K00124, and P_K03306) and negative correlation with 25 KOs which 16 KOs (C_K00625, C_K00925, C_K01070, C_K01178, C_K01183, C_K01192, C_K01195, C_K01198, C_K01200, C_K01207, C_K01218, C_K01811, C_K01905, C_K03186, C_K03381, and C_K13954) in carbon cycle, 3 KOs (N_K03385, N_K15864, and N_K15876) in nitrogen cycle, 4 KOs (P_K00117, P_K01077, P_K02040, and P_K09474) in phosphorus cycle and 2 KOs (S_K17223 and S_K17229) in sulfur cycle, significantly positive correlation with 41 mOTUs (belong to Actinobacteria, Proteobacteria and Planctomycetes) (Figures 4F,G). We define that MB1 (microbial 1) which include 2 mOTUs (mOTU_2883 and mOTU_2874), MB2 which include 41 mOTUs (mOTU_3111, mOTU_5284, mOTU_3476, mOTU_833, mOTU_4021, mOTU_877, mOTU_1068, mOTU_1069, mOTU_ 2864, mOTU_979, mOTU_985, mOTU_982, mOTU_834, mOTU_968, mOTU_1317, mOTU_1318, mOTU_910, mOTU_ 977, mOTU_996, mOTU_992, mOTU_980, mOTU_993, mOTU_ 1045, mOTU_1356, mOTU_1357, mOTU_1358, mOTU_975, mOTU_611, mOTU_3334, mOTU_609, mOTU_610, mOTU_991, mOTU_986, mOTU_3456, mOTU_3517, mOTU_253, mOTU_ 2749, mOTU_964, mOTU_2983, mOTU_2751, and mOTU_2753), GC1 (gene cluster 1) which include 3 KOs (S_K00394, C_K00124 and P_K03306), GC2 which include 25 KOs (S_K17223, P_K01077, P_K02040, N_K15864, S_K17229, N_K15876, P_K00117, C_K01070, C_K01811, C_K13954, C_K01207, C_K01198, C_K00625, C_K01905, C_K01183, C_K01218, C_K03186, P_K09474, C_K01192, C_K03381, N_K03385, C_K01200, C_K01178, C_K00925, and C_K01195), the MB1 was significantly positive correlation with GC1 and negative correlation with GC2, but MB2 was the exact opposite of MB1.
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FIGURE 4
The CNPS function annotation and difference analysis. (A) Venn analysis of the KOs that significantly differed in relative abundance between comparisons of AvsC, AvsB, and BvsD. The heat map shows a total of 28 KOs with significant differences obtained which could use as the CNPS pathway biomarker of rhizosphere microorganisms in salinity soil and normal soil. (B) Carbon Cycle and critical key genes. (C) Nitrogen Cycle and critical key genes. (D) Phosphorus Cycle and critical key genes. (E) Sulfur Cycle and critical key genes. (F) Correlation analysis between differential mOTUs and key KOs. (G) Enrichment analysis of the differential mOTUs and key KOs. Yellow boxes represent positive correlations, while green boxes represent negative correlations (Pearson’s correlation). Black asterisks indicate statistical significance: *, P < 0.05; **, P < 0.01; ***, P < 0.001.




3.5. Association analysis between key microorganisms and soybean phenotype

The Mantel tests were used to assess the correlation among key microbial, function, and phenotype. The results showed that the mOTUs were significantly correlated with PMY, a function of the carbon cycle was correlated with the phenotype (PMY, GW100, and GWPP), a function of the nitrogen cycle was correlated with the phenotype (PMY, GW100, and GWPP), a function of phosphorus cycle was correlated with the phenotype (PMY, GW100, GWPP, NGPP, EPNPP, and SL), a function of the sulfur cycle was correlated with the phenotype (PMY, GW100, GWPP, NGPP, EPNPP, and SL) (Figure 5A). All the key microbial functions had not significantly correlation with BPH and NMSN. SL was significantly positive correlation with mOTU_2874 (belong to Proteobacteria) and negative correlation with 14 mOTUs (belong to Actinobacteria and Proteobacteria), EPNPP was significantly negative correlation with 13 mOTUs (belong to Actinobacteria and Proteobacteria), NGPP was significantly negative correlation with 31 mOTUs (belong to Actinobacteria and Proteobacteria), GWPP was significantly positive correlation with mOTU_2883 (belong to Proteobacteria) and negative correlation with 40 mOTUs (belong to Actinobacteria, Proteobacteria and Planctomycetes), GW100 was significantly positive correlation with 2 mOTUs (belong to Proteobacteria) and negative correlation with 40 mOTUs (belong to Actinobacteria, Proteobacteria and Planctomycetes), PMY was significantly positive correlation with 2 mOTUs (belong to Proteobacteria) and negative correlation with 40 mOTUs (belong to Actinobacteria, Proteobacteria and Planctomycetes) (Figure 5B). To investigate the potential reciprocal interactions among altered microbial, function and phenotype, a co-occurrence network was constructed based on Pearson correlation analysis (Figure 5C). We found that all the key microbial function had not significantly correlated with BPH and NMSN. SL was significantly positive correlation with mOTU_2874 (belong to MB1) and negative correlation with 14 mOTUs (belong to MB2), EPNPP was significantly negative correlation with 13 mOTUs (belong to MB2), NGPP was significantly negative correlation with 31 mOTUs (belong to MB2), NGPP was significantly negative correlation with 31 mOTUs (belong to MB2), GWPP was significantly positive correlation with mOTU_2883 (belong to MB1) and negative correlation with 40 mOTUs (belong to MB2), 100 GW was significantly positive correlation with 2 mOTUs (belong to MB1) and negative correlation with 40 mOTUs (MB2), PMY was significantly positive correlation with 2 mOTUs (MB1) and negative correlation with 40 mOTUs (belong to MB2). These findings indicate that altered soil microbiota and phenotype formed a synergistic and node-related co-occurrence network between the Salt and Normal groups.
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FIGURE 5
Effects of salt-relative microorganisms on soybean phenotype. (A) Correlations among soil ions and phenotype, function of the microbial data. The pairwise comparisons of ion concentration were shown, with a color gradient denoting Pearson’s correlation coefficient. Taxonomic community composition was related to each ion by the partial Mantel tests. The curve width is proportional to the Mantel’s r statistic for the corresponding distance correlations, and the curve color (see the legend on the right) denotes the statistical significance based on Pearson’s p-value (B) Correlation analysis among the phenotype, biomarker mOTUs, and KOs. Yellow boxes represent positive correlations, while green boxes represent negative correlations (Pearson’s correlation). Black asterisks indicate statistical significance: *, P < 0.05; **, P < 0.01; ***, P < 0.001. (C) Sankey diagram representing the contributions of phenotype to taxonomic mOTUs and functional genes. The six columns (from left to right) were values of Pearson’s p-value < 0.05.




3.6. The difference in rhizosphere species between salt-tolerant and sensitive varieties under saline-alkali soil

Redundancy analysis (RDA) clearly revealed that many of mOTUs in saline-alkali soil were associated with pH and ion (HCO3–, Cl–, Mg2+, SO42– and Na+), while the mOTUs in normal soil were correlated with Ca2+ and K+ (Figure 3A). The same variety of salt-tolerant, A group (Salt-tolerant on the saline-alkali soil) compare with C group (Salt-tolerant on the normal soil), recorded 59 mOTUs with significant differences between the saline-alkali soil and normal soil (Figure 3B); A group compare with B group (Salt-sensitive on the saline-alkali soil), both in the saline-alkali soil, showed 10 mOTUs with significant differences (Figure 3C); B group compare with D group (Salt-sensitive on the normal soil), exhibited 49 mOTUs with significant differences between the saline-alkali soil and normal soil (Figure 3D). Venn diagram analysis (VDA) of three comparative studies, revealed a total of 43 key significantly difference mOTUs to distinguish A and B group in the saline-alkali soil (Figure 3E). Metagenome data showed that Planctomycetes, Proteobacteria and Actinobacteria dominated the difference bacterial community in the saline-alkali soil, with 29 mOTUs belong to Actinobacteria, 11 mOTUs belong to Proteobacteria and 3 mOTUs belong to Planctomycetes, all of which became enriched in the saline-alkali soil compared with the normal soil (Figure 3F). So far, 43 key mOTUs significantly correlation with ions (HCO3–, Cl–, Mg2+, SO42–, Na+, K+, and Ca2+) and PH as biomarkers for the saline-alkali soil.



3.7. Dynamic changes of the function with the key microorganism in the CNPS cycle

To gain insight into the functioning of the soybean rhizosphere key microbiome, the metagenome data was compared to four databases (CCycDB, NCycDB, PCycDB, and SCycDB) to obtain functional gene annotation information. A total of 141 KOs were identified, including 66 KOs related to the carbon cycle, 16 KOs related to the nitrogen cycle, 48 KOs associated with the phosphorus cycle, and 11 KOs linked to the sulfur cycle. Using Venn diagram analysis (VDA), a total of 28 key significantly different KOs were obtained from three comparative studies. Of these, 25 KOs were enriched, and 3 KOs were depleted in response to the function of microorganisms in saline-alkali soil. These 28 KOs were found to be distributed across four different cycles: carbon, nitrogen, phosphorus, and sulfur. In the carbon cycle, 14 KOs were in Step 1 (Organic Carbon Oxidation), of which 13 were enriched and one was depleted. Additionally, 3 KOs were enriched in Step 6 (Fermentation). In the nitrogen cycle, one KO was enriched in Step 5 (Nitrite Reduction), and two KOs were enriched in Step 8 (Nitrite Ammonification). In the phosphorus cycle, 5 KOs were enriched while no depletion occurred. Finally, 3 KOs were enriched in the sulfur cycle with no depletions observed (Figures 4A–C and Supplementary Table 1). In the phosphorus cycle, one KO was enriched in Step1 (Inorganic P solubilization), two KOs enriched in Step 2 (Organic P mineralization), and two KOs enriched and depleted in Step 3 (Transports) (Figure 4D). In the sulfur cycle, one KO was enriched in Step 1 (Sulfide oxidation), one KO was depleted in Step 5 (Sulfate reduction), and one KO was enriched in Step 9 (Thiosulfate disproportionation 2) (Figure 4E). Furthermore, by using the Pearson correlation method to focus on key KOs of biomarker microbes, two mOTUs (mOTU_2883 and mOTU_2874) were significantly positive correlation with 3 KOs (S_K00394, C_K00124 and P_K03306) and negative correlation with 25 KOs which 16 Kos (C_K00625, C_K00925, C_K01070, C_K01178, C_K01183, C_K01192, C_K01195, C_K01198, C_K01200, C_K01207, C_K01218, C_K01811, C_K01905, C_K03186, C_K03381, and C_K13954) in carbon cycle, 3 Kos (N_K03385, N_K15864, and N_K15876) in nitrogen cycle, 4 KOs (P_K00117, P_K01077, P_K02040, and P_K09474) in phosphorus cycle and 2 Kos (S_K17223 and S_K17229) in sulfur cycle, significantly positive correlation with 41 mOTUs (belong to Actinobacteria, Proteobacteria and Planctomycetes) (Figures 4F,G). We define that MB1 (microbial 1) which include 2 mOTUs (mOTU_2883 and mOTU_2874), MB2 which include 41 mOTUs (mOTU_3111, mOTU_5284, mOTU_3476, mOTU_833, mOTU_4021, mOTU_877, mOTU_1068, mOTU_1069, mOTU_ 2864, mOTU_979, mOTU_985, mOTU_982, mOTU_834, mOTU_968, mOTU_1317, mOTU_1318, mOTU_910, mOTU_ 977, mOTU_996, mOTU_992, mOTU_980, mOTU_993, mOTU_ 1045, mOTU_1356, mOTU_1357, mOTU_1358, mOTU_975, mOTU_611, mOTU_3334, mOTU_609, mOTU_610, mOTU_991, mOTU_986, mOTU_3456, mOTU_3517, mOTU_253, mOTU_ 2749, mOTU_964, mOTU_2983, mOTU_2751, and mOTU_2753), GC1 (gene cluster 1) which include 3 KOs (S_K00394, C_K00124 and P_K03306), GC2 which include 25 KOs (S_K17223, P_K01077, P_K02040, N_K15864, S_K17229, N_K15876, P_K00117, C_K01070, C_K01811, C_K13954, C_K01207, C_K01198, C_K00625, C_K01905, C_K01183, C_K01218, C_K03186, P_K09474, C_K01192, C_K03381, N_K03385, C_K01200, C_K01178, C_K00925, and C_K01195), the MB1 was significantly positive correlation with GC1 and negative correlation with GC2, but MB2 was the exact opposite of MB1.



3.8. Association analysis between key microorganisms and soybean phenotype

The Mantel tests were used to assess the correlation among key microbes, function, and phenotype. The results showed that the mOTUs were significantly correlated with PMY, function of carbon cycle was correlated with phenotype (PMY, GW100, and GWPP), function of nitrogen cycle was correlated with phenotype (PMY, 100GW, and GWPP), function of phosphorus cycle was correlated with phenotype (PMY, 100GW, GWPP, NGPP, EPNPP, and SL), function of sulfur cycle was correlated with phenotype (PMY, 100 GW, GWPP, NGPP, EPNPP, and SL) (Figure 5A and Supplementary Table 1). All of the key microbial and function had no significantly correlation with BPH and NMSN, SL was significantly positive correlation with mOTU_2874 (belong to Proteobacteria) and negative correlation with 14 mOTUs (belong to Actinobacteria and Proteobacteria), EPNPP was significantly negative correlation with 13 mOTUs (belong to Actinobacteria and Proteobacteria), NGPP was significantly negative correlation with 31 mOTUs (belong to Actinobacteria and Proteobacteria), GWPP was significantly positive correlation with mOTU_2883 (belong to Proteobacteria) and negative correlation with 40 mOTUs (belong to Actinobacteria, Proteobacteria and Planctomycetes), 100 GW was significantly positive correlation with 2 mOTUs (belong to Proteobacteria) and negative correlation with 40 mOTUs (belong to Actinobacteria, Proteobacteria and Planctomycetes), PMY was significantly positive correlation with 2 mOTUs (belong to Proteobacteria) and negative correlation with 40 mOTUs (belong to Actinobacteria, Proteobacteria and Planctomycetes) (Figure 5B). To investigate the potential reciprocal interactions among altered microbial, function and phenotype, a co-occurrence network was constructed based on Pearson correlation analysis (Figure 5C). We found that all of the key microbial and function had no significantly correlation with BPH and NMSN, SL was significantly positive correlation with mOTU_2874 (belong to MB1) and negative correlation with 14 mOTUs (belong to MB2), EPNPP was significantly negative correlation with 13 mOTUs (belong to MB2), NGPP was significantly negative correlation with 31 mOTUs (belong to MB2), NGPP was significantly negative correlation with 31 mOTUs (belong to MB2), GWPP was significantly positive correlation with mOTU_2883 (belong to MB1) and negative correlation with 40 mOTUs (belong to MB2), 100GW was significantly positive correlation with 2 mOTUs (belong to MB1) and negative correlation with 40 mOTUs (MB2), PMY was significantly positive correlation with 2 mOTUs (MB1) and negative correlation with 40 mOTUs (belong to MB2). These findings indicate that altered soil microbiota and phenotype formed a synergistic and node-related co-occurrence network between the Salt and Normal groups.




4. Discussion

In this study, two cultivars: salt-tolerant and salt-sensitive were used to examine the resistance of soybean plants to salt and alkali conditions. The enhancement of plant growth is intricately linked to intricate and diverse changes in the composition and dynamics of rhizosphere microbial communities (Kinkel et al., 2011; Mendes et al., 2011; Fu et al., 2017). These changes are strongly influenced by specific microbial populations that play a crucial role in supporting plant development, known as potential key rhizosphere microbial taxa (Kinkel et al., 2011; Bandopadhyay et al., 2020). By integrating and analyzing the sequencing data obtained from rhizosphere microbiota, we can gain valuable insights into the significant role played by these specialized microbial taxa in the overall life of plants (Berry, 2016; Bandopadhyay et al., 2020). Our study revealed the key role of the rhizosphere microbial effect on soybean phenotype, as demonstrated by four groups of soybean plants grown in Salt and Normal soil. We found that the soybean phenotype was significantly correlated with soil salt ion concentration, with salt-tolerant varieties having higher concentrations of Na+, Mg+, HCO3–, Cl–, and SO42– (Figure 6). The results of this study highlight the significant negative impact of saline-alkali soil on soybean growth. The reduction in various soybean phenotypic traits, such as stem length, pod height, pod number, grain weight, and seed weight, in saline-alkali soil compared to normal soil demonstrates the sensitivity of soybean plants to high concentrations of ions, particularly HCO3–, Cl–, Mg2+, SO42–, Na+, and elevated pH levels. These findings are consistent with previous research indicating that excess salts and alkaline conditions in the soil can hinder plant growth and yield (Zörb et al., 2019). Previous research has indicated that the roots of salt-tolerant varieties tend to have higher levels of Na+ and lower levels of K+, while normal plants have higher levels of K+ and lower levels of Na+ (Lian et al., 2020; Sola-Leyva et al., 2021). The lack of potassium (K+) in plants can be attributed to intense competition between consumed sodium chloride (NaCl) and other minerals, particularly K+ (Ball and Farquhar, 1984). However, a decrease in K levels was observed only in the “Black Beauty” variety at higher salt concentrations. As a result, the ratios of Na/K and Na/Ca were lower in the “Bonica” variety compared to “Black Beauty” (Perez-Alfocea et al., 1996; Yasar et al., 2006). These ionic ratios play a significant role in determining the salt susceptibility and tolerance of plants. Cultivars that are tolerant to salt stress typically exhibit lower Na/K and Na/Ca ratios. Maintaining a low cytosolic Na/K ratio is crucial for plants to achieve optimal growth, particularly at the cellular level. When salinity increases, Na competes with K for uptake, potentially inhibiting K-specific transporters (Zhu, 2003; Yasar et al., 2006). This leads to a toxic accumulation of Na and a deficiency of K, which affects osmotic regulation and enzyme stability. To adapt to salt stress, plants have developed various mechanisms, including regulating the consumption of Na at the cellular level and transporting Na over long distances. Understanding the importance of these specialized rhizosphere microbial taxa in plant life can be achieved through the integration (Munns et al., 2000) and analysis of rhizosphere microbiota sequencing data Also the composition of the rhizosphere microbiome of legumes is dependent on the genotype of the host (Mendes et al., 2014; Miranda-Sánchez et al., 2016; Hartman et al., 2017; Zhong et al., 2019). Our findings demonstrate that soybean plants grown in different types of soil have a greater microbial diversity in their rhizosphere than in their roots (Figure 2), which is consistent with previous research conducted on soybean and alfalfa (Xiao et al., 2017).
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FIGURE 6
Relationship between rhizosphere microorganisms and salt ion concentration of salt-tolerant varieties.


The analysis of rhizosphere microorganisms revealed notable differences between saline-alkali and normal soil. The lower alpha-diversity indices (ACE, Chao1, and Richness) in the saline-alkali soil suggest a reduced microbial community abundance and diversity, indicating the adverse impact of salt-alkaline stress on microbial populations. The significant dissimilarities in microbial community structures between saline-alkali and normal soil further support the notion that soil conditions strongly influence microbial composition. The enrichment of certain microbial taxa, including Actinobacteria, Proteobacteria, and Planctomycetes, in the saline-alkali soil suggests their potential roles in adapting to and thriving under adverse soil conditions. Furthermore, the study revealed strong correlations between soil ion concentrations, key microbial taxa, functional gene composition, and soybean phenotypes. The positive correlation of soybean phenotypes with Ca2+ and K+ ions in normal soil underscores the importance of these ions for promoting plant growth and yield. Conversely, the negative correlation of soybean phenotypes with HCO3–, Cl–, Mg2+, SO42–, Na+, and pH in saline-alkali soil highlights the detrimental effects of these ions and high pH levels on plant development. In normal soil, ions like Ca2+ and K+ positively correlate with soybean growth due to their essential roles in plant physiological processes. Calcium (Ca2+) is critical for cell division, membrane stability, and signal transduction, while potassium (K+) is involved in osmotic regulation and enzyme activation (Meriño-Gergichevich et al., 2010). On the contrary, in saline-alkali soil, ions like HCO3–, Cl–, Mg2+, SO42–, Na+, and elevated pH exhibit negative correlations with soybean growth. High levels of these ions and alkaline pH can disrupt nutrient uptake, interfere with ion balance, and impede enzyme activity, leading to reduced plant health and growth (Phang et al., 2008).

Co-occurrence interactions observed through the co-occurrence network analysis have significant implications for nutrient cycling, community stability, and pathogen suppression in plant-microbe interactions (Zhang et al., 2018). The intricate relationships between specific microbial taxa, ions, and functional genes suggest a collaborative network where key microorganisms contribute to nutrient-cycling processes, such as organic carbon oxidation and phosphorus mineralization, crucial for soil fertility and plant growth (Mendes et al., 2014). The observation that the microbial community in the roots is more resilient to environmental changes implies that these root-associated microbes play a vital role in maintaining the stability and resilience of the plant-soil system. The ability of legumes, like soybeans, to selectively attract specific microbes underscores the potential for promoting beneficial interactions, such as nitrogen fixation and growth promotion (Trivedi et al., 2020). Additionally, the strong correlations among microorganisms in the rhizosphere can influence pathogen suppression through competitive exclusion, resource competition, and the production of antimicrobial compounds. These co-occurrence interactions offer insights into mechanisms that can enhance nutrient availability, ecosystem stability, and disease resistance, crucial for sustainable agricultural practices (Miranda-Sánchez et al., 2016; Zhong et al., 2019). Our findings demonstrated strong correlations among microorganisms within the rhizome compartment, particularly in the rhizosphere (Figure 3). These results align with a study conducted on 51 soybean fields across China, which also concluded that bacterial subnetworks in both bulk soil and the rhizosphere were significantly influenced by soil pH (Zhang et al., 2018).

These microbial networks provide insights into the co-occurrence patterns and interactions among microorganisms, which have the potential to impact the composition of microbial communities and their interactions with host plants. Furthermore, our study identified 43 salt-tolerant species belonging to Actinobacteria, Proteobacteria, and Planctomycetes. Furthermore, other ecosystems with microbial communities that possess similar metabolic pathways, such as tropical peatlands or coastal salt marshes, may also contain TMO-producing Planctomycetes, thus allowing these lipids to be used to understand microbial community responses to environmental change in a variety of systems (Moore, 2021). The salt marsh microbial communities were found to be dominated by three phyla: Alpha proteobacteria (15%), Gamma proteobacteria (17%), and Planctomycetes (11%). These phyla were observed to have increased abundances after repeated salinity shock-recovery phases, indicating their ability to adapt to NaCl shock and recovery (He et al., 2019; Tebbe et al., 2022). Among the 43 key mOTUs identified, 29 belonged to Actinobacteria, 11 belonged to Proteobacteria and 3 belonged to Planctomycetes. Additionally, 28 key KOs were identified, of which 17 were involved in the carbon cycle, 3 in the nitrogen cycle, 5 in the phosphorus cycle, and 3 in the sulfur cycle. We found that the 16 KOs focus on and enriched in Organic carbon oxidation and Fermentation pathway in the C cycle, this indicates that in saline-alkali soil, salt-tolerant bacteria promote the oxidation of organic carbon, resulting in the reduction of soil organic carbon, resulting in soil fertility and unfavorable crop growth. Increased soil organic carbon can increase crop yields (Amoah et al., 2022). Increasing organic carbon storage stock for sustainable agriculture (Yang et al., 2023). There were 3 KOs enriched in Nitrite reduction and Nitrite ammonification pathway in the N cycle, this indicates that in saline-alkali soil, salt-tolerant bacteria promote soil nitrogen (N) loss (Meakin et al., 2007). Salt-tolerant bacteria in the cytosol and bacteroids of water-stressed soybean nodules were found to exhibit nitrate reduction. Additionally, five specific KOs (functional gene categories) associated with inorganic phosphorus solubilization, organic phosphorus mineralization, and transport were enriched, indicating that in saline-alkali soil, these bacteria may contribute to soil nitrogen loss. Moreover, the low availability of phosphorus in the soil was found to hinder plant growth, as mentioned in reference (McArthur and Knowles, 1992; Han et al., 2020). Furthermore, four KOs related to sulfide oxidation and thiosulfate disproportionation, along with two KOs depleted in the sulfate reduction pathway, were observed in the sulfur cycle. This suggests that salt-tolerant bacteria in saline-alkali soil may enhance sulfide oxidation while inhibiting sulfate reduction. These findings potentially explain the effects of salt-tolerant rhizosphere microorganisms on the phenotype and yield of soybeans per mu (a unit of area) (Norris et al., 2020). While the influence of microbial populations on soybean plants is evident, attributing phenotypic changes solely to microbial effects can be challenging. Other factors, including plant genetics, abiotic factors, and interactions with non-target microbes, also play roles in shaping plant performance. Additionally, the complexity of microbial communities and their functional redundancy can make it difficult to pinpoint specific mechanisms driving observed effects. Thus, careful experimental design and advanced techniques, such as gnotobiotic systems and metagenomics, are necessary to disentangle the direct contributions of microbial populations to plant health and productivity. Overall, the study’s findings offer practical applications for agricultural practices in soybean cultivation on saline-alkali soils. Insights into specific microbial interactions with soybean plants inform the selection of salt-tolerant cultivars, the development of microbial inoculants, and improved soil management strategies. This knowledge supports sustainable agriculture by enhancing nutrient cycling, disease resistance, and stress tolerance. Additionally, precision agriculture can benefit from site-specific adjustments based on microbial insights, promoting efficient resource utilization. these practical implications contribute to higher yields, reduced environmental impact, and the overall resilience of soybean crops in challenging soil conditions.



5. Conclusion

In conclusion, this research study examined the impact of saline-alkali soil on soybean growth and its associated rhizosphere microorganisms. The results demonstrated that soybean growth was significantly impaired in saline-alkali soil compared to normal soil conditions. The presence of higher concentrations of HCO3–, Cl–, Mg2+, SO42–, and Na+ ions in saline-alkali soil, along with a high pH level, negatively affected soybean phenotype and yield. The study also revealed distinct differences in the microbial community composition between saline-alkali and normal soil, with reduced microbial diversity in saline-alkali conditions. Specific microbial taxa identified as biomarkers for saline-alkali soil, suggesting their potential role in adapting to and mediating plant responses to such conditions. Additionally, functional gene analysis highlighted the involvement of key genes in carbon, nitrogen, phosphorus, and sulfur cycles, which correlated with soybean phenotypes. Compared with normal soil, the rhizosphere microbial diversity of soybean in saline-alkali soil significantly reduced, and there were enriched Actinobacteria, Proteobacteria, and Planctomycetes, which were significantly correlated with soybean yield. The molecular ecological network analysis further revealed unseen co-occurrence patterns of the putative bacterial species (OTUs) associated with the soybean rhizosphere. Our research has revealed that the rhizosphere microbiota plays a significant role in the rhizobia-soybean symbiosis and in helping plants adapt to stressful conditions. This knowledge can also be used to develop new strategies for improving the efficiency of soybean production, such as increasing the availability of beneficial microorganisms in the rhizosphere. Finally, this knowledge can be used to improve soil health and fertility by promoting beneficial microorganisms in the rhizosphere. Further research is warranted to explore the potential applications of these findings in practical agricultural settings and to understand the long-term effects of microbial interventions on crop performance and soil sustainability.



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/, PRJNA961035.



Author contributions

HR: conceptualization and writing—review and editing. FZ and XZ: conceptualization and writing. SL: methodology. KZ: software. JW and BZ: review and editing. All authors contributed to the article and approved the submitted version.



Funding

This project was funded by Key R&D Projects in Heilongjiang Province (Grant No. 2022ZX02B06); the China Postdoctoral Science Foundation (Grant No. 2022MD723784); the National Key Research and Development Program of China (Grant No. 2022YFD1500505-1); the Heilongjiang Postdoctoral Science Foundation (Grant No. LBH-Z22267); and the Project of Natural Science Foundation of Heilongjiang Province (Grant No. ZD2020C009).



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.



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.



Supplementary material

The Supplementary Material for this article can be found online at: https://www.frontiersin.org/articles/10.3389/fmicb.2023.1233351/full#supplementary-material



References

Abdelghany, A. M., El-Banna, A. A., Salama, E. A., Ali, M. M., Al-Huqail, A. A., Ali, H. M., et al. (2022). The individual and combined effect of nanoparticles and biofertilizers on growth, yield, and biochemical attributes of peanuts (Arachis hypogea L.). Agronomy 12:398.

Abulfaraj, A. A., and Jalal, R. S. (2021). Use of plant growth-promoting bacteria to enhance salinity stress in soybean (Glycine max L.) plants. Saudi J. Biol. Sci. 28, 3823–3834. doi: 10.1016/j.sjbs.2021.03.053

Amoah, I. D., Kumari, S., and Bux, F. (2022). A probabilistic assessment of microbial infection risks due to occupational exposure to wastewater in a conventional activated sludge wastewater treatment plant. Sci. Total Environ. 843:156849. doi: 10.1016/j.scitotenv.2022.156849

Aslam, F., and Ali, B. (2018). Halotolerant bacterial diversity associated with Suaeda fruticosa (L.) forssk. Improved growth of maize under salinity stress. Agronomy 8:131.

Ball, M. C., and Farquhar, G. D. (1984). Photosynthetic and stomatal responses of two mangrove species, Aegiceras corniculatum and Avicennia marina, to long term salinity and humidity conditions. Plant Physiol. 74, 1–6. doi: 10.1104/pp.74.1.1

Bandopadhyay, S., Sintim, H. Y., and Debruyn, J. M. (2020). Effects of biodegradable plastic film mulching on soil microbial communities in two agroecosystems. PeerJ 8:e9015. doi: 10.7717/peerj.9015

Berry, M. (2016). Microbial community diversity analysis tutorial with phyloseq. Available online at: http://deneflab.github.io/MicrobeMiseq/demos/mothur_2_phyloseq.html#constrained_ordinations (accessed July 1, 2018).

Burke, D. J., Hamerlynck, E. P., and Hahn, D. (2002). Interactions among plant species and microorganisms in salt marsh sediments. Appl. Environ. Microbiol. 68, 1157–1164.

Chang, C., Chen, W., Luo, S., Ma, L., Li, X., and Tian, C. (2019). Rhizosphere microbiota assemblage associated with wild and cultivated soybeans grown in three types of soil suspensions. Arch. Agron. Soil Sci. 65, 74–87.

Chatterton, S., and Punja, Z. (2010). Factors influencing colonization of cucumber roots by Clonostachys rosea f. catenulata, a biological disease control agent. Biocontrol Sci. Technol. 20, 37–55.

Chen, J., Guo, Q., Liu, D., Hu, C., Sun, J., Wang, X., et al. (2020). Composition, predicted functions, and co-occurrence networks of fungal and bacterial communities_ Links to soil organic carbon under long-term fertilization in a rice-wheat cropping system. Eur. J. Soil Biol. 100:103226.

Chen, S., Zhou, Y., Chen, Y., and Gu, J. (2018). fastp: An ultra-fast all-in-one FASTQ preprocessor. Bioinformatics 34, i884–i890. doi: 10.1093/bioinformatics/bty560

Compant, S., Samad, A., Faist, H., and Sessitsch, A. (2019). A review on the plant microbiome: Ecology, functions, and emerging trends in microbial application. J. Adv. Res. 19, 29–37. doi: 10.1016/j.jare.2019.03.004

Crompton, T. R. (2006). Toxicants in terrestrial ecosystems: A guide for the analytical and environmental chemist. Berlin: Springer Science & Business Media.

El-Sorady, G. A., El-Banna, A. A., Abdelghany, A. M., Salama, E. A., Ali, H. M., Siddiqui, M. H., et al. (2022). Response of bread wheat cultivars inoculated with Azotobacter species under different nitrogen application rates. Sustainability 14:8394.

Fatima, A., Wang, H., Kang, K., Xia, L., Wang, Y., Ye, W., et al. (2014). Development of VHH antibodies against dengue virus type 2 NS1 and comparison with monoclonal antibodies for use in immunological diagnosis. PLoS One 9:e95263. doi: 10.1371/journal.pone.0095263

Fu, L., Penton, C. R., Ruan, Y., Shen, Z., Xue, C., Li, R., et al. (2017). Inducing the rhizosphere microbiome by biofertilizer application to suppress banana Fusarium wilt disease. Soil Biol. Biochem. 104, 39–48.

Gao, Y., Han, Y., Li, X., Li, M., Wang, C., Li, Z., et al. (2022). A salt-tolerant Streptomyces paradoxus D2-8 from rhizosphere soil of Phragmites communis augments soybean tolerance to soda saline-alkali stress. Pol. J. Microbiol. 71, 43–53. doi: 10.33073/pjm-2022-006

Han, L., Zhang, H., Xu, Y., Li, Y., and Zhou, J. (2021). Biological characteristics and salt-tolerant plant growth-promoting effects of an ACC deaminase-producing Burkholderia pyrrocinia strain isolated from the tea rhizosphere. Arch. Microbiol. 203, 2279–2290. doi: 10.1007/s00203-021-02204-x

Han, Q., Ma, Q., Chen, Y., Tian, B., Xu, L., Bai, Y., et al. (2020). Variation in rhizosphere microbial communities and its association with the symbiotic efficiency of rhizobia in soybean. ISME J. 14, 1915–1928. doi: 10.1038/s41396-020-0648-9

Hartman, K., Van Der Heijden, M. G., Roussely-Provent, V., Walser, J.-C., and Schlaeppi, K. (2017). Deciphering composition and function of the root microbiome of a legume plant. Microbiome 5, 1–13.

Hartmann, A., Rothballer, M., and Schmid, M. (2008). Lorenz Hiltner, a pioneer in rhizosphere microbial ecology and soil bacteriology research. Plant Soil 312, 7–14.

He, S., Yang, W., Li, W., Zhang, Y., Qin, M., and Mao, Z. (2019). Impacts of salt shocking and the selection of a suitable reversal agent on anammox. Sci. Total Environ. 692, 602–612. doi: 10.1016/j.scitotenv.2019.07.215

Kanehisa, M., and Goto, S. (2000). KEGG: Kyoto encyclopedia of genes and genomes. Nucleic Acids Res. 28, 27–30.

Khan, M. A., Asaf, S., Khan, A. L., Jan, R., Kang, S.-M., Kim, K.-M., et al. (2019). Rhizobacteria AK1 remediates the toxic effects of salinity stress via regulation of endogenous phytohormones and gene expression in soybean. Biochem. J. 476, 2393–2409. doi: 10.1042/BCJ20190435

Kinkel, L. L., Bakker, M. G., and Schlatter, D. C. (2011). A coevolutionary framework for managing disease-suppressive soils. Annu. Rev. Phytopathol. 49, 47–67. doi: 10.1146/annurev-phyto-072910-095232

Kremer, R. J. (2019). “Sampling and handling of soil to identify microorganisms with impacts on plant growth,” in Plant innate immunity methods in molecular biology, ed. W. Gassmann (New York, NY: Springer New York), 237–246. doi: 10.1007/978-1-4939-9458-8_21

Lamlom, S. F., Zhang, Y., Su, B., Wu, H., Zhang, X., Fu, J., et al. (2020). Map-based cloning of a novel QTL qBN-1 influencing branch number in soybean [Glycine max (L.) Merr.]. Crop J. 8, 793–801.

Lian, T., Huang, Y., Xie, X., Huo, X., Shahid, M. Q., Tian, L., et al. (2020). Rice SST variation shapes the rhizosphere bacterial community, conferring tolerance to salt stress through regulating soil metabolites. MSystems 5:e00721-20. doi: 10.1128/mSystems.00721-20

McArthur, D. A., and Knowles, N. R. (1992). Resistance responses of potato to vesicular-arbuscular mycorrhizal fungi under varying abiotic phosphorus levels. Plant Physiol. 100, 341–351. doi: 10.1104/pp.100.1.341

McIver, L. J., Abu-Ali, G., Franzosa, E. A., Schwager, R., Morgan, X. C., Waldron, L., et al. (2018). bioBakery: A meta’omic analysis environment. Bioinformatics 34, 1235–1237. doi: 10.1093/bioinformatics/btx754

Meakin, G. E., Bueno, E., Jepson, B., Bedmar, E. J., Richardson, D. J., and Delgado, M. J. (2007). The contribution of bacteroidal nitrate and nitrite reduction to the formation of nitrosylleghaemoglobin complexes in soybean root nodules. Microbiology 153, 411–419. doi: 10.1099/mic.0.2006/000059-0

Mendes, L. W., Kuramae, E. E., Navarrete, A. A., Van Veen, J. A., and Tsai, S. M. (2014). Taxonomical and functional microbial community selection in soybean rhizosphere. ISME J. 8, 1577–1587.

Mendes, R., Kruijt, M., De Bruijn, I., Dekkers, E., Van Der Voort, M., Schneider, J. H., et al. (2011). Deciphering the rhizosphere microbiome for disease-suppressive bacteria. Science 332, 1097–1100.

Meriño-Gergichevich, C., Alberdi, M., Ivanov, A., and Reyes-Díaz, M. (2010). Al 3+-Ca2+ interaction in plants growing in acid soils: Al-phytotoxicity response to calcareous amendments. J. Soil Sci. Plant Nutr. 10, 217–243.

Miranda-Sánchez, F., Rivera, J., and Vinuesa, P. (2016). Diversity patterns of Rhizobiaceae communities inhabiting soils, root surfaces and nodules reveal a strong selection of rhizobial partners by legumes. Environ. Microbiol. 18, 2375–2391. doi: 10.1111/1462-2920.13061

Moore, E. K. (2021). Trimethylornithine membrane lipids: Discovered in planctomycetes and identified in diverse environments. Metabolites 11:49. doi: 10.3390/metabo11010049

Munns, R., Guo, J., Passioura, J. B., and Cramer, G. R. (2000). Leaf water status controls day-time but not daily rates of leaf expansion in salt-treated barley. Funct. Plant Biol. 27, 949–957.

Norris, P. R., Davis-Belmar, C. S., Calvo-Bado, L. A., and Ogden, T. J. (2020). Salt-tolerant Acidihalobacter and Acidithiobacillus species from Vulcano (Italy) and Milos (Greece). Extremophiles 24, 593–602. doi: 10.1007/s00792-020-01178-w

Perez-Alfocea, F., Balibrea, M., Cruz, A. S., and Estan, M. (1996). Agronomical and physiological characterization of salinity tolerance in a commercial tomato hybrid. Plant Soil 180, 251–257.

Phang, T. H., Shao, G., and Lam, H. M. (2008). Salt tolerance in soybean. J. Integr. Plant Biol. 50, 1196–1212.

Pollak, S., and Cordero, O. X. (2020). Rhizobiome shields plants from infection. Nat. Microbiol. 5, 978–979.

Qu, Y., Tang, J., Li, Z., Zhou, Z., Wang, J., Wang, S., et al. (2020). Soil enzyme activity and microbial metabolic function diversity in soda saline–alkali rice paddy fields of northeast China. Sustainability 12:10095.

Sarkar, A., Ghosh, P. K., Pramanik, K., Mitra, S., Soren, T., Pandey, S., et al. (2018). A halotolerant Enterobacter sp. displaying ACC deaminase activity promotes rice seedling growth under salt stress. Research Microbiol. 169, 20–32. doi: 10.1016/j.resmic.2017.08.005

Sharma, S., Kulkarni, J., and Jha, B. (2016). Halotolerant rhizobacteria promote growth and enhance salinity tolerance in peanut. Front. Microbiol. 7:1600. doi: 10.3389/fmicb.2016.01600

Singh, R. P., and Jha, P. N. (2016). The multifarious PGPR Serratia marcescens CDP-13 augments induced systemic resistance and enhanced salinity tolerance of wheat (Triticum aestivum L.). PLoS One 11:e0155026. doi: 10.1371/journal.pone.0155026

Sola-Leyva, A., Andrés-León, E., Molina, N. M., Terron-Camero, L. C., Plaza-Díaz, J., Sáez-Lara, M. J., et al. (2021). Mapping the entire functionally active endometrial microbiota. Hum. Reprod. 36, 1021–1031. doi: 10.1093/humrep/deaa372

Tebbe, D. A., Geihser, S., Wemheuer, B., Daniel, R., Schäfer, H., and Engelen, B. (2022). Seasonal and zonal succession of bacterial communities in North Sea salt marsh sediments. Microorganisms 10:859. doi: 10.3390/microorganisms10050859

Trivedi, P., Leach, J. E., Tringe, S. G., Sa, T., and Singh, B. K. (2020). Plant–microbiome interactions: From community assembly to plant health. Nat. Rev. Microbiol. 18, 607–621.

Upadhyay, S. K., Singh, J. S., Saxena, A. K., and Singh, D. P. (2012). Impact of PGPR inoculation on growth and antioxidant status of wheat under saline conditions. Plant Biol. 14, 605–611. doi: 10.1111/j.1438-8677.2011.00533.x

Wang, G., Ren, Y., Bai, X., Su, Y., and Han, J. (2022). Contributions of beneficial microorganisms in soil remediation and quality improvement of medicinal plants. Plants 11:3200. doi: 10.3390/plants11233200

Xiao, X., Chen, W., Zong, L., Yang, J., Jiao, S., Lin, Y., et al. (2017). Two cultivated legume plants reveal the enrichment process of the microbiome in the rhizocompartments. Mol. Ecol. 26, 1641–1651. doi: 10.1111/mec.14027

Yang, J., Jiang, R., Zhang, H., He, W., Yang, J., and He, P. (2023). Modelling maize yield, soil nitrogen balance and organic carbon changes under long-term fertilization in Northeast China. J. Environ. Manag. 325:116454.

Yasar, F., Kusvuran, S., and Ellialtioglu, S. (2006). Determination of anti-oxidant activities in some melon (Cucumis melo L.) varieties and cultivars under salt stress. J. Hortic. Sci. Biotechnol. 81, 627–630.

Yeoh, Y. K., Dennis, P. G., Paungfoo-Lonhienne, C., Weber, L., Brackin, R., Ragan, M. A., et al. (2017). Evolutionary conservation of a core root microbiome across plant phyla along a tropical soil chronosequence. Nat. Commun. 8:215. doi: 10.1038/s41467-017-00262-8

Zhang, B., Zhang, J., Liu, Y., Shi, P., and Wei, G. (2018). Co-occurrence patterns of soybean rhizosphere microbiome at a continental scale. Soil Biol. Biochem. 118, 178–186.

Zhang, J., Yang, D., Li, M., and Shi, L. (2016). Metabolic profiles reveal changes in wild and cultivated soybean seedling leaves under salt stress. PLoS One 11:e0159622. doi: 10.1371/journal.pone.0159622

Zhong, Y., Yang, Y., Liu, P., Xu, R., Rensing, C., Fu, X., et al. (2019). Genotype and rhizobium inoculation modulate the assembly of soybean rhizobacterial communities. Plant Cell Environ. 42, 2028–2044. doi: 10.1111/pce.13519

Zhu, J.-K. (2003). Regulation of ion homeostasis under salt stress. Curr. Opin. Plant Biol. 6, 441–445.

Zörb, C., Geilfus, C. M., and Dietz, K. J. (2019). Salinity and crop yield. Plant Biol. 21, 31–38.



OPS/images/fmicb-14-1233351-g001.jpg
RDA2 7.246%

> @ Salt
@ Normal

T
0 100 200

Salt Normal

RDA174.11%

@ Normal

@ salt

o]
o
I

NMSN

(2}
=

GW100

EPNPP

NGPP

GWPP

= L |
<
=<

Mg2+

0.5





OPS/images/fmicb-14-1233351-g004.jpg
Size of each list

Step5: Nitrite reduction

K15864 nirS

ﬁﬁ-'——

mOTU_2883

Nitrogen Cycle: total

©

— | Step1: Nitrogen fixation

NH," (%) \

Step2: Ammonia oxidati

lI II II II II II
NAMOO =W

C:K01218 - Carbon Cycle: total K01218 mannen endo-1,4-beta-mennosidase
C:K01183 1

P:K09474 -

Organic carbon

Step1: Organic carbon oxidation

. C:K01198 -

| Level C:K00625 -
Depleted C:K01200-
frviched C:K01811 -

0 C:K13954 -
C:K01207 -

P:K00117

FDR

0.03
0.02
0.01

= N:K15876 -
C:K00925
C:K01195 1
C:K01192 1
C:K01178 4
P:K01077 -
C:K03186
C:K01070

CK00124- I
$:K00394 {
4ipi 1 2
log2FoldChange

Phosphorus Cycle: total

step 4 Polyphosphat l step_2 Organic P mineralization
¢ degradation
K09474 phoN

—
K01077 phoA
l T \sh\:L.{ANQt T step_2_Organic P mineralizaton

Step1: Sulfide oxidation
K17229 focB

Step6: Sulfite reduction
step_1_inorganic P solubilization

K0O17 ged

Step8: Thiosulfate disproportionation 1

Y
ftep3: Sulfur oxidation

K03306 pit

Step5: Sulfate reduction

Step4: Sulfite oxidation

5

o} Node Size: Abundance

- p__Planctomycetes
[ phosphorus_cycle
- sulfur_cycle
:] nitrogen_cycle
[ coeon e
- p__Actinobacteria

(¢}
3
3
N
a

C_K01195

mOTU_2751

mOTU 2753

mOTU_2983





OPS/xhtml/Nav.xhtml




Contents





		Cover



		Manipulating rhizosphere microorganisms to improve crop yield in saline-alkali soil: a study on soybean growth and development



		1. Introduction



		2. Materials and methods



		2.1. Plant materials and soil sampling



		2.2. Growth characters



		2.3. Soil ion concentration detection



		2.4. DNA extraction and quality inspection



		2.5. Shotgun metagenomic sequencing



		2.6. Bioinformatics and statistical analysis







		3. Results



		3.1. Effect of saline-alkali soil on soybean growth



		3.2. Dynamic changes of the soil microorganism between saline-alkali and normal soil



		3.3. The difference in rhizosphere species between salt-tolerant and sensitive varieties under saline-alkali soil



		3.4. Dynamic changes of the function with the key microorganism in the C, N, P, and S cycle database



		3.5. Association analysis between key microorganisms and soybean phenotype



		3.6. The difference in rhizosphere species between salt-tolerant and sensitive varieties under saline-alkali soil



		3.7. Dynamic changes of the function with the key microorganism in the CNPS cycle



		3.8. Association analysis between key microorganisms and soybean phenotype







		4. Discussion



		5. Conclusion



		Data availability statement



		Author contributions



		Funding



		Conflict of interest



		Publisher’s note



		Supplementary Material



		References

















OPS/images/fmicb-14-1233351-g005.jpg
Mantel's p

Bl <0.01

Bl 0.01-0.05
>=0.05

Mantel's r
— <0.2
— 0.2-04
mm >=04

Pearson's r
1.0

0.5
0.0
—
o OBE 0805000050800 0008080080800000000008800808 a P PP Gl e s S
A A d - - - -ww - - - -~ - - -
rho
10
20 90950800 -09086 Y OTRY Vo N WO N WV NN n V. S iy & NN R 800 . BLeeBLBe
- wwwv'wv b - - ww e - - - - - - - - 05

cwrr 9OH090000900600000000000000000000006006060000 0000000000000 00 00000000 .

norr §@=- 0998 -0800009000680000000000000000000000000

e §9- 9009880000090 000090060000000000000006039000 -« 9000000000 6609::05090600 1o
© 000
NMSN G ® ® ® ® 02
® 050
BPH & & cad = = e o O Qe te = ® o
®

iL §6:6000.0000000000600000000000000000000000000--0000600060060006

'
L. DD ENOO O 5~ Dok oo eon. n«n‘-‘ DWNOLDOTTOM— DL O
12 K lD\‘42\?.'('-(:\:(’3—?—42].’{04‘:.‘0‘-'fh—‘@h CRENMNIODANNNOVDOSODO--~O00®
hed 1l PO DO DA NR DT DODNNDNODTOO =M DOMO = e=dD - @D MNe @D N -
1@ ™| ¢ - I e v A~~~ Olo o ¢ N OO O O F Er DO F OO M e - ===
1 ' D:P:P:-D ‘P Pv——:{‘«::@@@@v—u—‘:::o:o:aa—::::o:c
- > b= —4 - F F ES o » 3 » e ST NN 7.4 %A ¥ AN YR
' F e S e W W iRl W M X R XS 252 Z 3
N~ ol ¢ >Eoocoococoobokbo } i i
12 SEEEEEEEERESRE | \
T B | | E E £ |
! lem' ] | | ;
! Proteobacteria :'“"""”l Actinobacteria 1S | P z N } Carbon_Cycle
1 |
| PR | SE—— R J

> - MOy, 1318
Planctomycetes 053N,
moT#275 mOTY 910 |
mOTO_964 .
\

1 \ 3
\mOT#.3476 mOTY 968 \
\

o A xtOT mOTWY) 1045 |

s mOT. 34! X '
RYA'R E%DQ £

LS N

ekt
\ %

mOTU) 1068 ,"

’
. mOTY, 1069 . .

mOTU 1356 /
mOTUY 1357 4

EPNPP

/‘/i. N\ X [
| p_K020%0 P_Koefz .’ + C.K \C_Kb1207 /

phosphorus e, '/ N_K1586
p Kof6T? p N_K15876
e e nitrogen_cycle

238
sulfur _cycle

Newwork_Edgestxt §
Loges

Node Se: Abundance

@@@@

Node Fill Color

[ soencupe
[ o_Protecbacera
[— p__Planctomyceles

p__Adincbactena

s el

mOTU_2883_s__Bradyrhizobium_ottawaense
P_K03306
S_K00394
mOTU_2874_s__Bradyrhizobium_genosp._B
C_K00124
ﬂ;—_ﬂ------ mOTU_4021_s__Archangium_gephyra
---- mOTU_1317_s__Nonomuraea_nitratireducens
—..[_:1---- mOTU_1318_s__Nonomuraea_sp._ATCC_55076
- --_- mOTU_910_s__Actinoplanes_friuliensis
[ o1u_968_s_Marmoricola_scoriae

=1
S

------ mOTU _3111_s__Sinorhizobium_meliloti
------ mOTU_5284_s__Lysobacter_soli
N oTu_3476_s__sphingomonas_sp._ HDW15A
------ mOTU_2751_s__Gemmata_obscuriglobus
----- mOTU_2753_s__Limnoglobus_roseus
----- mOTU_2983_s__Microvirga_ossetica
----- mOTU_2749_s__Frigoriglobus_tundricola
------ mOTU_253_s__Actinomarinicola_tropica
------ mOTU_964_s__Friedmanniella_luteola
I I oTU_833_s_ Arthrobacter_sp._PAMC25564
[~ N | ey
I I oTu_1358_s_Rubrobacter_xylanophilus
------ mOTU_1045_s__Lentzea_guizhouensis
0 I 0TU_1357_s_Rubrobacter_sp._SCSIO_52915
I T I oTu_1356_s__Rubrobacter_sp._SCSI0_52909
I I IO <172
¢ I [ ¢ s
IESEIN [ [ N (N NN c_o1195

---- mOTU_2864_s__Bosea_sp._Tri-49

--- mOTU 1068_s__Saccharothrix_espanaensis
--- mOTU_1069_s__Saccharothrix_syringae
I C o178

I I 07U _977_s_ Nocardioides_marinisabul

I I 0TU_980_s_ Nocardioides_sp._603

N 07U_9%92_s_ Nocardioides_sp._S-1144
N 0TU_993_s_ Nocardioides_sp._S-713
N 0TU_991_s_ Nocardioides_sp._MC1495
Y 01U_996_s_ Nocardioides_sp._2g-579
O [ = 0117
_ | N N NN M s <7223
150 O O 1575
P 07uU_986_s_ Nocardioides_sp._HDW12B
| - 1o
------ mOTU_3456_s__Sphingomonas_indica
I 07U _3517_s_Sphingosinicella_sp._BN140058
e I o216
B | P
e« N o7
------ mOTU_979_s__Nocardioides_seonyuensis
------ mOTU_975_s__Nocardioides_euryhalodurans

I D I R I o7v_62_s_Nocardicides_sp._CF8
------ mOTU_611_s__Modestobacter_marinus

Do I I I o118
I I I 07U _985_s_ Nocardioides_sp._HDW12A
------ mOTU_877_s__Pseudarthrobacter_phenanthrenivorans
------ mOTU_834_s__Arthrobacter_sp._PGP41
------ mOTU_609_s__Blastococcus_saxobsidens
------ mOTU_3334_s__Skermanella_pratensis

------ mOTU 610_s__Geodermatophilus_obscurus
I o811

BPH NMSN SL EPNPP NGPP PMY GWPP GW100

-0.5





OPS/images/fmicb-14-1233351-g002.jpg
Bray-Curtis of anosim R = 0.444 , P = 0.004

A

/

roteobaoteria

Il E_________________ ______________________________________________________
____________________________,,._____;_y__;

qu WW

. e

&~ Normal

- san
1
2
3

mOTUZ3111
mOTU”
mOTU
mOTU
mOTUZ4019

i

02

PCo 1 (76.77%)

0.0

R salt

@ Normal

HS31_3
H531_1
f
HS31
—— s iz
H L] ARENA
| i
- 3 - ~ _ GH_2

) q H *
(92101 2 00d | L1 | 2 ~
I M ,;
¥ i GH_3
(payr2.10d) anjea-d { ! _,._, i
9 o
& ¢ 8
® N © GH_1
© - (=] ©
o — b au
n 3 |
o RHS531H_3
4% 3
o 1 f |
m
1o
~ RHS31H_1
1o
42 [ 4, T
s I
o _ I , RHS31H_6
IIIIIIIIIIIIIIIII e i 7
- il e
19 &
~
49 RHS31H_S
.
122 — - T : :
3 7
g RHS31H_4
1
RH531H_2
o 2
6
—r:.. m Level
< F-
o

Richness






OPS/images/fmicb-14-1233351-g003.jpg
EmA E3C
i MOTU_1045 ==
o ; MOTU 1356 Ber———=ti
¢

m!
N\ mOTU 1357
\
Al

95%

-
(=}
~
’
-]
L

N A EEB 95% confidence intervals

s ge- mOTU_968 . A
of e-.

‘35e-

.34e- =

\77e-

¥ e-

726 mOTU_964 .

.27e-

.87e.

|
|
I
|
I
1
|
|
I
2 1
goe: mOTU_986 - —o—i !
46e- I
9 |
|
|
1
1
|

-
OOWEN
AR L L]

6.64e-3

WuhiweHOON M

—— 8.80e-3

—o— 0.012

0.016

RDA2 5.195%

«©

N
w
)

mOTU_2751 .
mOTU_2749 .
mOTU_2874 I ey 0.038
|
1
mMOTU_4026 . +—o—i 0.041
|
mOTU_834 . R 0.044
29 mOTU_2753 . }—o—c 0.048
31
34

L
049

- 0.027

g

(=4

LY

3

g
seee
O N o >»

|}

—no;?_.:
moru_zess*mml!-ll’___ BEgEeE e mOTU 966
0.0 mOTU_61 mOTYT1" " mOTU 2871 e fep e mOTU_3109
moTU | SeeND 1336 ) -

P - I,". |‘

\

\

\

A)

\

p-value (corrected)

—o— 0.029
- —’
’

e

p-value (corrected)

0000000000000 0000000000DN
RO N0 I RO D 103 1 1 1 o 1 e 1 B 1 1 10 O O
POUNEOOVRIRUNARWWWWWNNNOOD

©0000000000000000000C000000COOOOBANNNINUNS DS SWWNNNNEEEEG RS
o
N
©

1
I
I
I
1
I
1
1
I
1
I
1
1
I
I
I
1
1
1
1
I
I
moTO_254 |
1
1
I
I
I
1
I
1
1
I
1
1
I
!
1
I
I
1
1

A

mOTU 980
mOTU_ 968
mOTU 833 E
mOTU_3912
K1 1

0 0.0
RDAl 76.48% ™M

1 I
4.5 -0.2-0.10.0 O.
(%) Diff i

o
-
o
N
o
w
oL
'S
o
)
o
o

<

1 1 L 1
2 -0.2-0.10.0 0.1 0.2 0.3 0.4 0.5 0.6
Mean proportion (%) Difference in mean proportions (%)

D

EEB8 E=HD

mOTU_2883 iy
mOTU 2906 Eiy

95% confidence intervals /
1

: X
2.69e-
mOTU 2878 By 4 1 2.70e-4
m0T_LrJ zggz =M 4 | 5.14e-4
m r' 7.72e-4
mOTU_2895 { | 7.93e-4
ot 07 & e 243e
moTU 2874 E‘ : T 13le
m I 1.35e-
TU_609 Bt | 2.53e-
OT-lrJUB'g%g e ; 3.27e
m T —— 3.80e-
mOTg_ggg ==5 I —— 4.01e-
| — 4.65e-
mOTU_2896 By — | 4de-
c}g_g% e 1 .84e-
m e p———— 9.89e-
mOTU_3517 g™ i p——— 0.010
m0T¥’1g§g -_'Fl——l I 012
e —0.013 T
MOTU_ 1357 Eer—t=— ; ——— 0,013 §
mMOTU_1358 Se—t=— | pb——0.016 g
mOTU 3111 ===+ | — 0.017 £
mOTU 3456 = ' o— 0.017 S
mOTU_1068 g ! | €0.018 o
mOTO_982 1 — 0.018 3
mOTU_3476 | t O 021 ©
mOTU 1069 m—=r=— pb———0.023 &
mOTU_991 g I b ©— 0.026
mOTU_T045 &= | p——— 0.026
mOTU 5284 fr——r=— .030 5 .
mOTU 2864 g b .030 Size of each list . )
8¥8_ggg B ! N .ggtl) @ Enriched normal soil
mgw-_-ggg -_..-" [ . vt @ Enriched salvinity soil
=== 1 ' .032
mOTU_1317 g ' .034
mOTU”1318 b .036
mOTU 2870 _ .037
OTU 510 e - < 0:038
mOTy 021 I 1040 Avs C
m It O .042 ’ ; :
mog#gig g; 1 : ’ 8 22 Number of elements: specific (1) or shared by 2, 3, ... lists
m B ' ) —
mOTU_2753 g I o 1048 L 39
mOTU 2983 =] L .049 T T
mOTUZ2751 & : e .050 3(4) "
0.0 4.4 -0.2-0.10.0 0.1 0.2 0.3 0.4 0.5 0.6

Mean proportion (%) Difference in mean proportions (%)





OPS/images/fmicb-14-1233351-g006.jpg
— —————————————————————————————————————— — — —
oo T

. — o

Salt-sensitivity Salt-tolerance

“ ‘ @ Soﬂ mlcxobnal

T e - ————————— —————————— ————————————— — "

/
74

—

T —— - ————— ————————————— ———— ———— ————— ——————— ———— -





OPS/images/cover.jpg
’ frontiers ‘ Frontiers in Microbiology

Manipulating rhizosphere
microorganisms to improve
crop yield in saline-alkali soil:
a study on soybean growth
and development





OPS/images/fmicb-14-1233351-t001.jpg
Location Available Available Available Total Total Total Organic
nitrogen phosphorus potassium nitrogen phosphorus potassium matter
(mg/kg) (mg/kg) (mg/kg) (%) VA (%) (9/ka)







OPS/images/fmicb-14-1233351-t002.jpg
April

May

June

July ugust September October

Harbin Daging Harbin Daging Harbin Daging Harbin Daging Harbin DETe[lgle] Harbin DETe[[ole] Harbin Daging
Average 113 243 10.5 322 18 30.9 23.1 333 217 28.5 18.7 27.8 9.9 215
temperature
(°0)
Precipitation 7.5 6.5 42 68.6 53.6 715 48.4 35 26.4 106.4 20.1 63.4 15 124
Sunshine 63.6 100.8 52.8 107.6 65 100.7 47.9 60.9 353 53.6 69.3 59.2 61.1 524
hours












OPS/images/logo.jpg
’ frontiers ‘ Frontiers in Microbiology







OPS/images/cross.jpg
@ Check for updates.





