Soil microbial-mediated sulfur cycle and ecological network under typical desert halophyte shrubs
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Abstract
The sulfur cycle is one of the geochemical element cycles in which microorganisms play a key driving role. The microbial function of soil S cycling in response to desert degradation, however, remains largely unknown. We used metagenomics to analyze the characteristics of microbial communities and their functional genes involved in the S cycles under natural water gradients with three typical halophytes shrubs in the Ebinur Lake Basin Desert, China. Our results showed that the rhizosphere effect, water gradient, and halophyte type played a major role in shaping the S cycle. On the whole, in the rhizosphere type and low water environment, the functional genes involved in the S cycle had high abundance, and the SOX system in Alhagi sparsifolia had a high expression level. In the S cycle network structure, as the soil water content decreased, the complexity in S gene networks increased, showing the characteristics of clustering and high connectivity. Indicates the strengthening mode in microbial interactions with the water content. Interestingly, the negative correlation of the network changed with the water content, and there was more competition among communities under the low water gradient and more cooperation under the high water gradient. Through the correlation between environmental factors and the network, nitrate (NO3−) and soil available S (AS) constrained most S gene ecology networks. The key species involved in the S cycle were halophilic microorganisms. These results can enhance the understanding of soil S biogeochemical processes and contribute to the mitigation of desertification by improving soil conservation.
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1. Introduction
[bookmark: _Hlk106218392]As one of the indispensable macronutrients for the growth and development of microorganisms and plants, sulfur (S) is an important element for protein, and it participates in many important biochemical reactions in organisms, regulating the primary productivity and functional processes of terrestrial ecosystems (Muyzer et al., 2008; Moran et al., 2019). However, the loss of S in soil can change the distribution of S through erosion and runoff migration. As organic sulfur has a high contribution to total sulfur in surface soil (Su et al., 2017), plant restoration is generally considered an important process to regulate sulfur loss. Plants can change their root morphology to provide mycorrhiza for sulfur acquisition (Arjen et al., 2020; Ma et al., 2021a) and can modulate sulfur transport kinetics (Bethke et al., 2011).
The existing data show that the rhizosphere effect of soil S dynamics is mainly influenced by the soil sulfur concentration (Ma et al., 2020; He et al., 2021), environmental factors (Reinhold-Hurek et al., 2015), and plant species (van den Koornhuyse et al., 2003). Plants have different sulfur cycling processes in soil, and the supply of soil available sulfur is also different (Santana et al., 2021). Plants will stimulate the sulfur cycle to mobilize the accumulated soil sulfur to play a key role (Ma et al., 2021b). In low-sulfur soil, in a certain range, the activation rate of sulfur usually increases with an increase in the sulfur content, which means that the existence of plants has a strong influence on the activation of sulfur (David and Kopriva, 2010). In addition, the main environmental factors that shape the soil S cycle are different due to changes in different environments, for instance, in mangrove ecosystems, nutrients (total nitrogen, total carbon, sulfur) are key drivers of the S cycle (Li et al., 2021). Analysis of acid sulfate soil showed that oxygen and pH were highly sensitive to S cycle tolerance genes (Su et al., 2017). However, it is still unclear how the above factors change along a natural desert water gradient and how these changes affect the S cycle. This undoubtedly hinders our understanding of the change in material circulation function in desert ecosystems.
The sulfur cycle obtains energy by changing the valence state of sulfur and plays a key role in biogeochemical cycles. The sulfur cycle involves five key processes, i.e., sulfate reduction, the SOX system, sulfur oxidation, sulfur disproportionation and sulfur conversion (Yu et al., 2021). Each process is mediated by different key functional genes: SOX can catalyze the oxidation of organic sulfur to SO42−, and at the same time, it has strong sensitivity to the changing environment, which enables halophilic bacteria, alkalophilic bacteria and photoheterotrophic bacteria to undergo heterotrophy and quickly occupy the niche, allowing them a favorable position in a rapidly changing environment (Ghosh and Dam, 2009). Complete sulfate reduction pathways (sat, aprAB, dsrAB) are important metabolic pathways of halophilic and alkalophilic sulfur-reducing bacteria. They are used as conservative molecular phylogenetic markers in environmental ecological research, which helps us to understand sulfur metabolism and the cycle of sulfur elements under different ecological gradients (Luo et al., 2018). Li et al. (2014) reported that dsrA and SOX genes increased in the rhizosphere of maize, indicating the high affinity of dsrA and SOX genes to the rhizosphere environment. Although there is considerable interest in the biochemical cycle of sulfur, the genetic composition of microorganisms and especially of SOX, aprAB, dsrAB, and intermediate compounds involved in the S cycle has not been fully understood under a soil water gradient and different plant species.
Understanding the interaction between microorganisms will help us to explore the energy flow and information of desert halophytes, and at the same time, it will play an important role in clarifying the complexity and stability of microbial communities (Mora-Montes et al., 2010). The molecular network method has been widely used in microbial interaction analysis. This method is reliable and sensitive in explaining the interaction between microorganisms. Microbes in a specific niche form a complex interaction network, and their interaction is an important aspect to maintain the stability and function of microbial communities (Ma et al., 2016; Faust et al., 2012). Correlation-based network analysis has been widely used to infer microbial interactions in agroecosystems (Dai et al., 2019), glacier forelands (Dong et al., 2022) and biological soil crusts (Zhou et al., 2020); the results provide important information about microbial ecology. However, the symbiotic relationships involved in microbial networks of different plant species along a water gradient in arid desert areas are still unclear, and the relationships between microbial interaction dynamics and community structure changes need to be further discussed.
In this study, three kinds of halophyte shrubs were selected: the recretohalophyte Reaumuria soongorica, the euhalophyte Nitraria tangutorum, and the pseudohalophyte A. sparsifolia. They have significant differences in physiological attributes and nutritional requirements (Li et al., 2022). The S cycle corresponding to soil physical and chemical analyses in the rhizosphere and bulk soil of the three typical halophytes was measured under a water gradient. Three main problems have been solved: 1) the effects of the rhizosphere, water gradient, and plant species on the soil S cycle. 2) Changes in various sulfur transformation reactions and metabolic ecological network processes in the microbial metabolic network under the effect of the rhizosphere, water gradient, and plant species, as well as the main environmental factors that affect the sulfur cycle network. 3) The relationship between the salt-tolerant microbial community and S sulfur metabolism.
2. Materials and methods
2.1. Study site description and sample collection
The study was conducted in the Ebinur National Nature Reserve (44°30’–45°09’ N, 82°36’–83°50’ E), at the western boundary of the Gurbantunggut Desert in Xinjiang, China. The Ebinur Lake wetland is a typical temperate continental climate, which is dry, has low rainfall and is windy, with uneven precipitation. The annual evaporation exceeds 1600 mm, the annual precipitation is about 100 mm, the extreme maximum temperature is 44°C, and the extreme minimum temperature is −33°C (Wang et al., 2019). The vegetation-covered area is salt and meadow soil. The vegetation types of Ebinur Lake are mainly desert plants with medium and super drought tolerance, such as Populus euphratica, Haloxylon ammodendron, N. Tangutorum, R. soongorica, and A. sparsifolia.
In June, 2019, soil samples were collected from the rhizosphere and bulk soil of the three halophytes R. soongorica, N. Tangutorum, and A. sparsifolia in three natural water gradient plots vertical to Aqikesu River (Li et al., 2022). After the samples were collected, one aliquot of the sample soil was kept in a freezer at –80°C for microbial sequencing; the other part of the sample was stored at 4°C for the analysis of soil chemical and physical properties.
2.2. Sampling and measurements
In brief, soil pH and electrical conductance (EC) were measured by a pH meter (Leici PHS-3C) and a conductivity meter (Leici DDSJ-319L) in a soil: water (1:5) solution consisting of soil and deionized water slurry after shaking for 30 min. The soil water content (SWC) was determined by oven-drying the soil samples to a constant weight at 105°C. The soil organic matter (OM) content was determined using thermal dichromate oxidation colorimetry. NH4+ (ammonia) was measured using the 2 mol·L−1 KCl extraction–colorimetric blue indophenol method, and NO3− (nitrate) was measured using the phenol disulfonic acid colorimetric method. Soil available S (AS) was extracted using 0.5 mol·L−1 NaHCO3 (pH 8.5) and quantified using the Johnson-Nishita procedure (Zheng et al., 2019).
2.3. DNA extraction, amplification, and sequencing
The soil DNA of the three halophytic shrubs was extracted from 0.2 g soil using the OMEGA Soil DNA Kit (Omega, Bio-Tek, Norcross, GA, USA). The DNA integrity was assayed by a NanoDrop ND-2000 spectrophotometer (NanoDrop Technologies Inc., DE, USA). Metagenomic sequencing was performed by the Sangon Biotech Company (Shanghai, China) using the Illumina NovaSeq platform (PE 1500). The sequencing depth was about 5–10 Gbp per sample. Sequence reads of soil samples generated in this study were archived in the NCBI Sequence Read Archive database under accession number PRJNA664310.
2.4 Metagenomic assembly
To ensure the accuracy and reliability of the analysis results, the raw data obtained by sequencing on the Illumina sequencing platform were subjected to quality control (Trimmomatic) and the removal of host DNA prior to sequencing (Bowtie2) to obtain clean data. Then, clean data were submitted to the MEGAHIT assembly software for assembly analysis. During assembly, the default parameters of Megahit were selected, and segments shorter than 500 bp were filtered out to obtain contigs of the sample. Then, genes were quantitatively imported into Prodigal software to predict the gene sequences of all contigs assembled. Based on the default parameters of Cd-hit, the genes predicted by Prodigal were redundant for subsequent alignment and annotation. The clean reads of each sample were compared with the non-redundant gene set based on Bowtie2, and the number of reads of each gene was counted by Samtools. According to its length, the abundance of each gene in the sample was calculated. The blastp homology comparison of the gene set protein sequence based on the Nr database was conducted by DIAMOND, and the functional annotation and homologous species information were obtained. The screening conditions were E-value<1e-5 and score>60. According to NCBI database, the annotation information of microbial gene species classification was obtained. The gene set protein sequence was compared with the KEGG database by GhostKOALA, and the KO and pathway annotation information corresponding to the sequence was obtained. The abundance of KEGG functional levels in each sample was determined.
2.5 Analysis of microbial sulfur cycling functional gene database
[bookmark: _Hlk104201287]This study focused on genes primarily involved in sulfur reduction, the SOX system, dissimilatory sulfur reduction and oxidation, organic sulfur transformation, linkages between inorganic and organic sulfur transformation, assimilatory sulphate reduction, and other processes (Yu et al., 2021). Detailed functional classifications are shown in Table S1.
2.6. Network construction and analysis
Through data collection, data conversion, pair similarity matrix, and neighborhood matrix, the interaction network of the microbial S cycle was constructed. Then, the interaction between functional genes and environmental factors was calculated by Spearman’s correlation coefficient, and a symmetric correlation matrix was constructed. This correlation matrix was then converted to a similarity matrix taking the absolute value; the P value of the correlation was <0.001, adjusted with the false discovery rate method. All networks were visualized with the interactive platform Cytoscape 3.6.1.
To visualize the association network, the nodes represent S cycle genes or environmental factors, and the edge connecting two nodes represents the positive and negative correlation between them. The seven cycles were represented by nodes in different colors. The topological features in this study included the following 17 network parameters: total node number, compactness, clustering coefficient, degree, etc. (Table S2).
2.7. Statistical analysis
Shapiro-Wilk tests were used to evaluate the normal distribution of soil property data, while Levene's tests were used to evaluate the homogeneity of data variance. Both tests were conducted with the “multcomp” package of the R software suite (version 4.1.2). Means and standard deviations of the relative abundance of the S gene in the three halophytes were calculated by site (H (High water gradient), M (Middle water gradient), L (Low water gradient)), and microsite (rhizosphere and bulk soils). LSD one-way analysis of variance (ANOVA) tests were used for different water gradients and plant species, and t-test was used for different microsites. The statistical significance threshold was 0.05. Analysis of similarity (ANOSIM) tests were used to explore variation in S cycling genes within the microbial communities, using the “vegan” package in R. Principal coordinates analysis (PCoA) was conducted to evaluate S cycle gene variation among samples based on the weighted UniFrac distance using the R packages “vegan” and “ggplot2” (Oksanen et al., 2018).
3. Results
3.1 Physicochemical characterization
Through soil physical and chemical analyses of the rhizosphere type, water gradient, and plant species, it was found that the soil nutrient elements OM, TN, NH4+, and NO3− were significantly higher in rhizosphere soil than in bulk soil (P < 0.05) (Table 1). With the change from bulk to rhizosphere soil, OM and NH4+ significantly increased 2.69 times and 2.43 times, respectively. Under the water gradient, OM, TN, and NO3− were significantly higher along the high water gradient than along the low water gradient (P < 0.05) (Table 1). However, there was no significant difference among the halophytes with respect to OM, TN, and NO3−; NH4+ and AS beneath A. sparsifolia plants were significantly higher than those beneath R. soongorica, while other physical and chemical properties were not significantly different (Table 1).
3.2 S cycle functional genes across different compartments, water gradients and plant species
[bookmark: _Hlk104112329]The S cycle of the three shrubs is mainly related to assimilatory sulphate reduction, and the linkage between inorganic and organic sulfur transformation and organic sulfur transformation is the main process, accounting for 79.60% of all processes (Fig. S1). We analyzed the effect of the water gradient, plant species, and rhizosphere type on the soil S cycle using PCOA, which explained 80.10% of the variation (Fig. 1).
The differences among 53 functional genes involved in seven S cycles were analyzed along different environmental gradients, and it was found that all functional genes involved in the SOX system were significantly higher in rhizosphere soil than in bulk soil samples, and the relative abundance in rhizosphere soil was 3.54 times higher than that in bulk soil (Fig. 2). In A. sparsifolia plants, soxA, soxX, soxCD, soxY, and soxZ were significantly more abundant than those in R. soongorica and N. tangutorum (Fig. 4). However, there was no significant difference across the different water gradients. In the dissimilatory sulfur reduction and oxidation process, aprA and dsrB were significantly more abundant in rhizosphere soil than in bulk soil samples (Fig. 2). In terms of the water gradient, aprAB was significantly higher along the Low water gradient than the High water gradient (Fig. 3). Among the three halophyte shrubs, aprA and dsrB were significantly higher than those in R. soongorica and N. tangutorum (Fig. 4). It was found that the cys gene was highly sensitive to water, and its relative abundance was higher under the Low water gradient than under the High water gradient.
3.3 Microbial co-occurrence network
The network parameter value of the shortest average path length ranged from 1.96 to 3.29, and the number of network nodes ranged from 41 to 97 (Table 2). Most of the nodes in these networks were connected by several paths, and they had the characteristics of a small network. The fewest connections (240) were recorded in the A. sparsifolia network. Under the water gradient, the number of nodes gradually increased with the decrease in the water content, and the maximum number of nodes reached 874 under the low water gradient. The percentages of positive/negative links were 72.94%, 66.80%, and 59.73% in the High, Middle, and Low water networks, respectively, showing the trend of negative links decreasing. The percentage of positive links was higher than that of negative links in all environment types. The percentages of positive/negative links were 77.25%, 65.74%, and 60.00% in R. soongorica, N. tangutorum, and A. sparsifolia, respectively. Other indicators of network topology properties, for example, neighborhood connectivity, and the degree, clustering coefficient, and number of directed edges, gradually increased with the decrease in the water content.
By sorting the value of the network parameter betweenness centrality, the top 15 S functional genes and environmental factors in the network environment were screened to analyze the factors that play a key role in the network. It was found that SWC, TN, and pH were the key factors in the rhizosphere environment. Unlike the rhizosphere types, AS, NO3−, and EC were the main factors that shaped the S cycle in the bulk soil environment. However, NO3−, SWC, and AS were the important network node factors for R. soongorica, while pH, OM, TN, and NO3− were the important network node factors for N. tangutorum, and AS was the only environmental factor that had a strong influence in A. sparsifolia (Fig. 5).
3.4 Key microbial taxa involved in the S cycle
The main species involved in the S reduction process were Rhodothermaceae bacterium RA, Methyloceanibacter caenitepidi, Jiangella gansuensis, Geodermatophilus obscurus, Halomonas anticariensis, etc. (Fig. 6a). The main species involved in S oxidation included Nitriliruptor alkaliphilus, Gemmatimonas SP SG8 23, Conexibacter woesei, Sphaerobacter thermophilus, and Solirubrobacterales bacterium URHD0059 (Fig. 6b).
It was found that the key species with functional genes involved in the regulation differed in the S cycle (Fig. 7). Among them, Rhodoplanes and Frankia were the key genera of the main microorganisms involved in the SOX system. In the SO32− to SO42− oxidation process, Roseobacter and Candidatus rokubacteria played a key role. The reverse process was mainly regulated by Bacillus, Planctomyces, Chloroflexi bacterium, Streptomyces, and Archaeoglobus fulgidus. Metarhizium rileyi was a key species that regulated the reduction of SO32− to H2S. Streptomyces hygroscopicus played the main role in the reduction of S2O32− to H2S. In addition, the haloalkaliphilic microbial community was the main participant in the regulation of the whole S cycle.
4. Discussion
4.1 Influence of the rhizosphere effect, water gradient, and plant species on the S cycle
[bookmark: _Hlk104201366]The soil-plant ecosystem is an important part of the sulfur biogeochemical cycle. Sulfur in soil can be divided into organic sulfur and inorganic sulfur, and their proportions vary with changes in the soil type, plant species, water status, microbial activity, environmental conditions, and organic matter content (van den Koornhuyse et al., 2003; Ahmad et al., 2016; Arjen et al., 2020; Ma et al., 2022). 
In this study, the relative abundance of SOX functional genes in rhizosphere soil samples was 2–7 times higher than that in bulk soil samples, and SO42− in soil is the most easily assimilated inorganic sulfur form in plant roots. This phenomenon of high abundance of SOX in rhizosphere soil is not limited to desert shrubs; it also occurs in crops and herbs (Li et al., 2014; Thomas et al., 2014). The AS in the rhizosphere environment was higher (but not significantly) than that in the bulk soil (Table 1). However, the samples in the rhizosphere environment had a significantly higher abundance of the S functional genes compared with the bulk soil, which further proves that microorganisms play an irreplaceable role in the rhizosphere S cycle.
[bookmark: _Hlk104217177]Among the three halophytic shrubs, the relative abundance of functional genes in the SOX system was significantly higher in A. sparsifolia than in R. soongorica and N. tangutorum. The best way to oxidize thiosulfate to SO42− is through the SOX enzyme system in which SoxYZ, SoxB, and SoxCD are the main components (Friedrich et al., 1998). A. sparsifolia is a pseudohalophyte, and its salt-resistance mechanism is that it does not allow salt to enter the plant or regionalize to a certain part of the plant. Its root system is deep, so it is a dominant species that absorbs and mineralizes nutrients in arid desert areas, and it is suitable for saline-alkali habitats. In this study, soxCD functional genes had a high abundance. There may be three reasons why the relative abundance of SOX genes in A. sparsifolia was higher than that in N. tangutorum and R. soongorica. First, there is a close relationship between the nitrogen and sulfur cycles (Davidian and Kopriva, 2010), which may be related to the fact that A. sparsifolia is a nitrogen-fixing plant. Second, different sulfur concentrations can change the taproot length, taproot to lateral root ratio, and root hair development (Nisar et al., 2016). Low sulfur stress can inhibit the occurrence of lateral roots (Dan et al., 2007). The results showed that N. tangutorum and R. soongorica mainly had lateral roots, whereas A. sparsifolia had a main taproot. Therefore, N. tangutorum and R. soongorica had a weak S cycle, probably because low sulfur stress would inhibit the occurrence of lateral roots, and the growth of lateral roots would affect the supply of S. The third reason is that the soil salt content of R. soongorica was higher than that of other plants (Table 1), which may be because different halophytes have different responses to salt stress in the external environment, thus affecting the whole S cycle.
Assimilatory sulfate reduction is the dominant process in the whole sulfur cycle, and the genetic ability of sulfate reduction in alienated niches was low, which is basically consistent with the results of Vikram et al. (2016). The aprAB and dsrAB genes are widely used to detect the diversity of sulfate-reducing bacteria communities in environmental samples (Loy et al., 2010). In this study, it was found that the relative abundances of aprAB and dsrAB were higher than those in the bulk soil samples, especially the relative abundance of dsrAB, which existed only in rhizosphere samples. At the same time, the abundances of the functional genes aprA, aprB, and dsrA were low in the process of dissimilatory sulfate reduction, which indicates that dsrAB may only survive in the rhizosphere environment, providing energy for this environment.
4.2 S cycle and the change in microbial interactions
Various soil microorganisms usually live together to form a complex system, which determines the function of soil (Banerjee et al., 2018). With changes in environmental conditions, the symbiotic mode of the microbial community changes, which affects the stability of the microbial network and the related material cycle and energy conversion process. With the decrease in the water content, the complexity of S genes and the environmental network increases, and it becomes more aggregated and connected, which indicates that the interaction between S cycles mediated by microorganisms is strengthened with the change in the water content. Positive and negative connections are very important features of the network, which indicate the positive and negative interactions of the network. A positive interaction may reflect the cooperation between microbial communities and the overlap of niches, while a negative interaction may reflect the competition and niche separation among microorganisms (Ghoul and Mitri, 2016; Deng et al., 2016; Zhou et al., 2020). In all networks, a positive interaction was dominant, indicating that microbial synergy was important along the water gradient. Interestingly, with the decrease in the water content, the proportion of negative links in the S gene network increased, which indicates more competition among microbial communities in Low water gradient communities, compared with less competition among microbial communities in High water gradient communities. In our study, with the decrease in the water content, the positive/negative links decreased, indicating that the negative interaction increased. Under the condition of the High water gradient, the high positive interaction of microorganisms in a desert ecosystem indicates the importance of microbial synergy. Most microbial species cooperate with each other to build a stable ecological network (Hoek et al., 2016). However, we also noticed that the complexity of the network was higher under the Low water gradient. These two opposing trends can be attributed to two possible causes. The relative abundance of S cycle genes under the Low water gradient was higher than that under the High water gradient, which was more conducive to the competition among microorganisms for S process nutrients. This shows that microorganisms in this environment have evolved a mechanism to adapt to the low water environment to increase the S cycle. As competition can stabilize the relationships in communities and promote the stability of networks (Coyte et al., 2015), thus promoting the stability of desert ecosystems (van der Heijden et al., 2010), the soil water content may play a positive role in enhancing the stability of desert ecosystems in semi-arid areas.
[bookmark: _Hlk106216072]Among the three plant species, the R. soongorica network structure was the most complex, and the function of the soil microbial community participating in the S cycle was mainly cooperation, compared with competition for A. sparsifolia plants. Therefore, to improve the the stability of S cycle network of in desert ecosystems, R. soongorica plants should be given priority. And R. soongorica mainly exists in the form of cooperation. As stated above, in addition to the microsite type, water gradient, and plant species, the microbial community S cycle genes were also correlated with the soil NO3− content, the mean NO3− content of R. soongorica was 53.21 mg/kg, which was higher than that of N. tangutorum (36.76 mg/kg) and A. sparsifolia (33.00 mg/kg). indicating that the soil N content may have had an key role in the microbial network. The activation of NO3− and the increase in SO42− in soil will improve the mobility of N and S through reduction mechanisms. 
4.3 Key species involved in the S cycle
It is a great challenge to find out which microbial communities are active and what role they play in the transformation of soil sulfur, especially in desert ecosystems. To thrive in the desert soil environment, microorganisms have adopted different strategies: some, usually paratrophic, appear in high abundance, while others, opportunistic microorganisms, may transition from scarcity to abundance, showing significant activity in response to the changes in local abiotic and biological conditions.
In the desert area of Ebinur Lake, owing to its unique geographical environment, functional microorganisms with specific S metabolism breed, which allows them to play a key role in the sulfur cycle. In this study, the S cycle was comprehensive, and it was inseparable from the fixation of microorganisms associated with desert plants. The results of Vikram et al., 2016 for arid desert soil show that desert microorganisms have a strong genetic ability in sulfur metabolism. Owing to poor nutrition, serious salinization, a lack of vegetation, and slow soil formation in desert areas, these areas lack the necessary conditions to support life activities. However, under extremely harsh conditions, stress-resistant microbial communities occur. Halomonas anticariensis, involved in the S oxidation process in this study, has certain salt tolerance, which is consistent with the microorganisms involved in the S cycle in a Siberian soda lake reported by Vavourakis et al., 2019, indicating that salinization is serious in desert areas. Extracellular polysaccharides secreted by Halomonas anticariensis can form biofilms on the roots of plants, which can effectively colonize plants (Li et al., 2013) and protect host plants from pathogenic bacterial attack and external stress such as salt (Xu et al., 2013; Kasim et al., 2016). Halophilic bacteria play a key role in the enrichment of S oxidation. In this study, the soil EC was 5.93 mS/cm, and the salt content was relatively high, which indicates that salinization in desert areas is serious, which is conducive to the growth of Halomonas anticariensis and provides a good growth environment for the S oxidation process. Halophilic and alkaliphilic photoheterotrophic bacteria can grow heterotrophically and occupy niches quickly, allowing them a favorable position in the rapidly changing environment of saline-alkali soil environments (Sorokin et al., 2014). Although these sulfur-oxidizing bacteria were not dominant bacteria in this study, their relative abundance was high. All of the known functional groups involved in the sulfur cycle are represented by halophiles. In this study, many microorganisms overlapped with those in the salt lake environment, which may be because the desert environment of Ebinur Lake is similar in salt to that of a salt lake. Rhizobiales bacterium, Bacteroidetes bacterium, and Labilithrix luteola regulate the enrichment of SO42− to R-SH, among which Bacteroidetes can increase the degradation of organic matter, provide electrons for reducing bacteria, and thus promote efficient cycling; similar results were found in the rhizosphere soils of S. glauca and P. australis (An et al., 2022).
5. Conclusions
In this study, we compared the microbial community and functional gene composition of the soil S cycle under water gradients and three halophytic shrubs in Ebinur Desert. The results showed that the rhizosphere, water gradient, and plant species all played a role in shaping the soil S cycle. From the point of view of vegetation restoration, it is suggested that R. soongorica be planted to slow the process of desertification. In addition, we also found that the S content in the rhizosphere soil increased significantly compared with the bulk soil, which was driven by biological and chemical factors below the rhizosphere. With the decrease in the water content, the interaction mode between microorganisms participating in the S cycle and the water gradient strengthened. With the decrease in the water content, the proportion of negative links in the S gene network increased, and the intercommunity competition in the Low water gradient community increased, while that of the high water gradient community decreased. Environmental factors, especially NO3− and AS, limit the ecological network of most S genes. Therefore, this study has greatly deepened our understanding of the desertification process from the perspective of S cycle dynamics and has provided new ideas for desertification mitigation and restoration of native vegetation in desert ecosystems.
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Figure legends
Fig. 1 PCOA analysis for the comparison of the composition of genes involved in soil S cycling under rhizosphere type, water gradient and plant species

Fig. 2 Difference analysis of functional genes involved in S cycle process in different rhizosphere types.

Fig. 3 Difference analysis of functional genes involved in S cycle process under different water gradients.

Fig. 4 Difference analysis of functional genes involved in S cycle process in different plant species.

Fig. 5 Networks between S cycle genes and environmental factors and their directly connected nodes under rhizosphere type, water gradient and plant species. (a), rhizosphere network. (b) bulk network. (c) High water gradient network. (d) Middle water gradient network. (e) Low water gradient network. (f) R. soongorica network. (i) N. tangutorum network. (j) A. sparsifolia network.
Note: Environmental factors, including SWC (Soil water content), pH, EC (Electrical conductivity), OM (Soil organic matter), TN (Total nitrogen), NH4+ (Ammonium nitrogen), NO3– (Nitrate nitrogen), and AS (Soil available S).

Fig. 6 The S key species of the reduction and oxidation process.

Fig. 7 Keystone microbial taxa in the different S cycle.
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Tables
Table1 Analysis of soil physicochemical characterisation under compartment water gradient and plant species.
	Physicochemical characterisation
	Compartment
	[bookmark: OLE_LINK1]Water gradient
	Plant species

	
	R
	N
	H
	M
	L
	R. soongorica
	N. tangutorum
	A. sparsifolia

	SWC %
	9.26±1.03
	8.30±1.40
	15.39±0.38a
	8.24±0.66b
	3.33±0.17c
	8.09±1.20
	9.77±1.56
	9.10±1.68

	EC (mS/cm)
	6.53±0.62
	4.92±0.88
	8.71±0.91a
	5.83±0.57b
	3.40±0.45c
	6.66±1.07
	5.11±0.56
	5.84±0.76

	pH
	7.90±0.07
	7.77±0.10
	8.21±0.05a
	7.93±0.06b
	7.45±0.04c
	7.90±0.09
	7.78±0.10
	7.87±0.11

	OM (g/Kg)
	16.78±1.18***
	6.23±1.19***
	15.95±1.16a
	15.02±1.82a
	8.33±1.85b
	12.51±2.01
	12.17±1.97
	14.50±1.96

	TN(g/Kg)
	0.76±0.04***
	0.47±0.03***
	0.83±0.06a
	0.69±0.05a
	0.46±0.03b
	0.62±0.06
	0.63±0.05
	0.75±0.07

	NH4+ (mg/kg)
	8.47±0.54***
	3.48±0.20***
	6.58±1.02b
	6.79±0.83a
	6.51±0.80b
	4.96±0.44b
	7.84±1.13a
	7.75±0.77a

	NO3- (mg/kg)
	51.06±6.90*
	28.79±6.85*
	64.54±11.59a
	44.22±5.22a
	21.29±3.76b
	53.21±11.48
	36.76±4.84
	33.00±3.39

	AS (mg/kg)
	17.97±0.87
	16.44±1.30
	19.66±0.93a
	17.05±1.42ab
	15.56±1.26b
	15.94±0.78b
	17.34±1.29ab
	20.13±1.87a


[bookmark: _Hlk102731383]Note: R and N correspond to rhizosphere and bulk soils, respectively. H, M, and L correspond to High, Middle, and Low water gradient, respectively (*P  <  0.05, ***P  <  0.001). Environmental factors, including SWC (Soil water content), pH, EC (Electrical conductivity), OM (Soil organic matter), TN (Total nitrogen), NH4+ (Ammonium nitrogen), NO3– (Nitrate nitrogen), and AS (Soil available S).
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