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Agricultural Management Drive Bacterial Community Assembly in Different Compartments of Soybean Soil-Plant Continuum
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Flowering stage of soybean is an important agronomic trait, which is important for soybean yield, quality and adaptability, and is the external expression of integrating external environmental factors and endogenous signals of the plant itself. Cropping system can change soil properties and fertility, which in turn determine plant growth and yield. The microbial community is the key regulator of plant health and production performance. Currently, there is limited understanding of the effects of cropping systems on microbial community composition, ecological processes controlling community assembly in different soil-plant continuum compartments of soybean. Here, we hope to clarify the structure and assembly process of different soybean compartments bacterial community at flowering stage through our work. The results showed that intercropping decreased the species diversity of rhizosphere and phyllosphere, and phylloaphere microbes mainly came from rhizosphere. FAPROTAX function prediction showed that indicator species sensitive to intercropping and crop rotation were involved in nitrogen/phosphorus cycle and degradation process, respectively. In addition, compared to the continuous cropping, intercropping increased the stochastic assembly processes of bacterial communities in plant-associated compartments, while crop rotation increased the complexity and stability of the rhizosphere network and the deterministic assembly process. Our study highlights the importance of intercropping and crop rotation, as well as rhizosphere and phyllosphere compartments for future crop management and sustainable agricultural regulation of crop microbial communities.
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INTRODUCTION

The agroecosystem is a complex self-organizing systems with several different levels, including plants, microbes, and soils, which interact with each other and respond to different management practices (Ichihashi et al., 2020). Harnessing beneficial microorganisms is a sustainable way to optimize crop production management (Li Y. et al., 2021). Different agricultural management practices such as reduced tillage can maintain plant coverage and improve soil organic matter, increase the abundance of bacteria and fungi in soil, thereby further determining the field mechanisms of plant phenotypic microbial expansion (de Vries et al., 2020). Conservation tillage can increase the relative abundance of rhizosphere groups and cause specific responses of symbiotic network members of diazotrophic communities (Li Y. et al., 2021). The addition of green manure activates minor soil-borne taxa and increases soil microbial biomass and microbial diversity (Semenov et al., 2021). Due to the complementarity of resource demand among plants, intercropping can be utilized to better partition resources, which is conducive to improved yield and land use efficiency (Zhang et al., 2017). However, the interaction of microorganisms, nutrients and enzymes in the intercropping system will lead to the increase or decrease of microbial biomass and diversity. For example, Chinese milk vetch-rape intercropping reduces microbial biomass such as bacteria/fungi in rhizosphere soil of rape (Zhou et al., 2019), and proso millet-mung bean intercropping increases bacterial α diversity, thereby improving soil nitrogen availability and plant nitrogen accumulation (Dang et al., 2020). Crop rotation can ameliorate soil quality, crop yield and nitrogen use efficiency, and ensure the balance between economic and environmental benefits. Combined fertilization can also greatly improve soil versatility, and establish soil physical and chemical characteristics that affect microbial community composition, structure and nutrient cycling function, thereby exerting profound influence on the soil microbial ecosystem (Cui et al., 2013; Murtaza et al., 2017; Wang et al., 2017; Ai et al., 2018; Schmidt et al., 2019; Gao et al., 2020; Li M. et al., 2021). These agricultural cropping systems are designed to maintain environmental sustainability and agro-ecosystem services, and the microbial communities present exert an important effect in agro-ecosystems (Delgado-Baquerizo et al., 2016; Banerjee et al., 2019).

Microorganisms are one of the key components of the soil ecosystem, and can affect global ecosystem services through known and as yet to be discovered pathways (Fierer, 2017). This is especially true in agricultural ecosystems, where soil microbial communities regulate many processes such as carbon and nitrogen cycling, organic matter decomposition, and plant immunity and disease resistance (van der Heijden, 2010; Ma et al., 2018; Crowther et al., 2019; Jiang et al., 2020; Fan et al., 2021). Plants live in biogeochemically diverse soils, and soil habitat is an extremely rich microbial pool selected by host microorganisms. There are different bacterial communities present on and within the various organs and tissues of plants. A previous systematic assessment of community members revealed the many characteristics of bacteria adapted to these habitats by comparing the varied compartments of plant rhizosphere, root, and leaf (Bulgarelli et al., 2013). At the same time, integrating beneficial plant microbial groups into agricultural production can help people to improve food production safety, resource utilization and environmental protection (Busby et al., 2017). Co-evolution theory shows that plants attract beneficial microorganisms by releasing signal molecules, and then exert a selective pressure through use of the immune system and by providing specific nutrients and habitat types (Hacquard et al., 2015; Foster et al., 2017; Cordovez et al., 2019; Xiong et al., 2021b). The chemicals secreted through plant roots into the soil, alter soil properties, and regulate their growth environment. The interaction between plants and soil determines the coexistence, succession and productivity of plants in natural and agricultural systems (Hu et al., 2018).

Microbial assembly in soil is affected by different factors such as host environmental factors (Xiong et al., 2021a). The assembly of plant microbial groups begins soon after sowing and changes throughout the plant growth cycle under the influence of deterministic (such as selection mediated by biological and abiotic factors) and stochastic (such as diffusion and drift events) processes (Bulgarelli et al., 2013; Müller et al., 2016; Hassani et al., 2018; Ichihashi et al., 2020; Xiong et al., 2021a). The assembly and stability of plant microbial groups are also strongly affected by microbe-microbe interactions. The potential microbial interactions in different habitats can be analyzed through the use of microbial symbiotic networks (Agler et al., 2016; van der Heijden and Hartmann, 2016; Duran et al., 2018; Toju et al., 2018). However, there are few reports on the assembly and interaction of microbial communities in the soybean soil-plant continuum of compartments under different tillage practices.

Here we explored the impact of three agricultural cropping systems (CC,CI,CR) on bacterial community structure in different compartments of soybean soil-plant continuum. We aimed to address the following questions: (a) Do different agricultural cropping systems affect the composition and structure of the soil-plant bacterial community within the various compartments of soybean? (b) Is there any difference in the complexity and stability of the networks among continuous cropping, intercropping, and crop rotation systems? (c) What are the assembly processes of the bacterial communities from different soil-plant continuum compartments under the three cropping systems?



MATERIALS AND METHODS


Field Trial and Treatments

Field experiments were conducted in Suzhou (33° 63′ 66.6″ N, 117° 08′ 85.7″ E, altitude 30 m), Anhui Province (East China). The soil type is the Fluvisol according to the FAO soil classification system (Micheli et al., 2006), annual precipitation is 857 mm and annual mean temperature is 14.4°C. The field experiment was begun in the summer of 2019, using a split plot design (Supplementary Figure S1), and samples were taken in 2020. The primary treatment was cropping system, and the secondary treatment was nitrogen fertilization. Four plot groups were present in the experiment, and each treatment was repeated four times, with the area of each plot being 20 m2. 1 m protective rows were set between the four repeated primary treatment groups, and 0.5 m protective rows were set between the areas with different nitrogen fertilizer measures in each secondary treatment plot. The field experiments included three cropping systems [(1) CC: soybean continuous cropping; (2) CR: soybean-wheat crop rotation; (3) CI: soybean-maize intercropping], and five nitrogen fertilizer treatments [(1) CK: plots with no nitrogen fertilizer; (2) IN1: 50% inorganic nitrogen fertilizer (20 kg N/hm2/year); (3) IN2: 100% inorganic nitrogen fertilizer (40 kg N/hm2/year); (4) ON1: 50% organic nitrogen fertilizer (4,000 kg/hm2/year), (5) ON2: 100% organic nitrogen fertilizer (8,000 kg/hm2/year)]. In the soybean-maize intercropping system, due to the growth needs of maize, the nitrogen application rates of IN1, IN2, ON1, and ON2 treatments were 55 kg N/hm2/year, 110 kg N/hm2/year, 11,000 kg/hm2/year, and 22,000 kg/hm2/year, respectively. Phosphorus fertilizer (100 kg/hm2) and potassium fertilizer (100 kg/hm2) were used as base fertilizer in each intercropping treatment. All the organic and chemical fertilizers were added annually and fully mixed with soil before planting. Planting method involved bar sowing with row spacing of 40 cm, shallow plowing before sowing and management according to local practice. The soybean variety was semi-dwarf, strong lodging resistance and suitable for local planting Zhonghuang 13, crop rotation wheat and intercropping corn were the same as those used by local farmers and the rotation period was 1 year.



Sample Collection

During the flowering stage of soybean (August 11, 2020), the five-point sampling method is adopted and the edge effect is excluded. The bulk soil was collected by auger corer (0–15 cm deep, about 20 cm away from the plants and removal of 2 cm surface plant litter), and five sub-samples were fully mixed to create composite biological samples for each plot. In the bulk soil portion, impurities such as stones were removed by sieving through a 2 mm grid. When the rootzone, rhizosphere, and leaves were sampled at the same site, 6-8 soybean plants were selected from each plot by the five-point sampling method. 1-2 leaves in the upper and middle positions of the plant were cut off, immediately placed into a bag, and held on ice. Then the tightly associated soil surrounding the root system of the plant (defined as rootzone soil) was collected by shaking. Part of the soil adhered to the root surface of 2 mm and washed away by PBS buffer and ultrasonic oscillation was defined as rhizosphere soil, and the rest was root samples (Xiao et al., 2017). All leaf, root and soil samples were stored in dry ice and transported to the laboratory. In total five samples were finally obtained: bulk soil, rootzone soil, rhizosphere soil, endosphere, and phyllosphere (Figure 1C). Then all samples were divided into two parts and stored at −80°C and 4°C, respectively, for subsequent DNA extraction and physical and chemical analysis.
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FIGURE 1. The α diversity and β diversity of bacterial communities in soil-plant continuum compartments under continuous cropping (CC), intercropping (CI), and crop rotation (CR) systems. (A) Represents the richness index calculated by the bacterial ASVs table. According to PCoA determination (B), the bacterial community structure of three cropping systems (CC, CI, and CR) in five soil-plant continuum compartments (bulk soil, root zone, rhizosphere, endosphere, and phyllosphere). A 85% confidence ellipse with the same color as the patch was shown around the sample. (C) Is based on soil-plant continuous compartment niche sampling layout and (D) is a plant microbiome source model (SMPM) showing potential sources of soil-plant continuum-associated bacterial communities for each niche. The same lowercase letters indicate no statistically significant (P < 0.05) difference between cropping systems.




Bacterial DNA Extraction and 16S rRNA Gene Amplification

Soil microbial DNA was extracted from 0.5 g fresh soil by using the Fast DNA SPIN Kit (MP Biomedicals, Santa Ana, CA) according to the manufacturer's instructions. Extraction of plant microbial DNA from 0.5 g fresh roots and leaves was performed using the CTAB method. The bacterial 16S rRNA gene was targeted using the primer pair 515F (5′-GTGCCAGCMGCCGCGGTAA-3′)/907R (5′-CCGTCAATTCCTTTGAGTTT-3′) (Cai et al., 2016). All samples were mixed at equimolar concentrations and then paired end sequencing was performed on the Hiseq2500 platform (Illumina Inc.) (Jiao et al., 2019a).



Bioinformatic Analysis

Paired-end sequencing data of Illumina HiSeq2500 platform were spliced by flash (Magoč and Salzberg, 2011) software with overlap reads, and using Quantitative Insights Into Microbial Ecology (QIIME) software to filter splicing data (Caporaso et al., 2010), filter out the low-quality base sequences with mass fraction (Q) <20 and chimera sequences in splicing sequences. Furthermore, DADA2 was used to process raw sequencing reads for each sample (clean data), infer the unique amplicon variant (ASV) through error-corrected reads and further quality control through error model, and also filter chimeras using DADA2 pipeline (Callahan et al., 2016). Then, based on Bayesian algorithm, we used the SILVA reference database (v.12.8) to classify representative sequences from each ASV. Subsequently, a total of 17 268 169 high-quality reads were obtained by paired-end sequencing and 113,573 ASVs were assembled. Finally, we removed rare bacteria (<20 reads) and non-bacterial ASVs (Archaea, chloroplasts and mitochondria were 219, 282, and 134 ASVs, respectively) (Xiong et al., 2021b). Overall, we identified 10 053 bacterial ASVs across all samples, and the rarefaction curve reached saturation, indicating the sequencing depth was sufficient (Supplementary Figure S2). In order to further estimate the alpha diversity, we used the rarefaction method to adjust the samples with different library sizes. After rarefied, the reads threshold of each sample was 2260.



Statistical Analysis

Microbial diversity and community composition were analyzed at the ASV level with the phyloseq (McMurdie and Holmes, 2013) and vegan (Dixon, 2003) packages in R. The measure of diversity was assessed using the richness index and ACE abundance of bacterial samples at the ASV level. The “EasyStat” package was used to test the abundance of microbial composition at the phylum level and obtain the results of significant. Bacterial beta-diversity was evaluated by calculating the Bray-Curtis distance matrices and visualized by principal coordinate analysis (PCoA). Based on Bray-Curtis distances, using the “adonis” function of vegan packages in R, PERMANOVA was used to test the significance of different cropping systems on community heterogeneity (Oksanen et al., 2015). We used SourceTracker (v.1.0) (Metcalf et al., 2016) based on Bayesian method to estimate the source and host niche of bacterial communities in different compartments of the soil-plant continuum. To explore cropping-sensitive taxa, we used the “multipatt” function in the indicspecies package in R to determine the indicator groups of each cropping system.

We used a bipartite network to visualize the sensitive and significant (p < 0.05) indicator species ASV in the soil-plant continuum for different compartments under the three cropping systems. The networks were constructed using the Fruchterman-Reingold layout as implemented in the R package igraph (Hartman et al., 2018). Phylogenetic trees were annotated and visualized in the itols software (Segata et al., 2013). Prokaryotic taxonomic group (FAPROTAX) functional annotation database was used to predict the geochemical material cycle processes of the bacteria (Louca et al., 2016).

Co-occurrence networks of soil-plant continuum for different compartments under CC, CI, and CR cropping systems were constructed to understand the structure and ecological interactions of the bacterial community. Spearman correlation scores were calculated, and only robust (Spearman's r >0.7 or r < −0.7) and statistically significant (P < 0.01) correlations were retained. Network visualization and analysis were conducted using Gephi (Bastian et al., 2009). Each node represented one ASV and each edge represented a strong and significant correlation between two nodes. We calculated a set of metrics to describe the network topology, including the characteristic path length, network diameter, and clustering coefficient. The topological characteristics of nodes were calculated at the node level, where the degree referred to the number of edges connected to a specific node in the network, the closeness centrality determining the position of a node in the network according to the distance from a specific node to all other nodes, and the betweenness centrality indicating the potential impact of a particular node on other nodes (Jiao et al., 2016, 2019b). Then, we used the inbuilt test function of stats package in R, and compared the node attributes between different compartments under the three farming systems based on the two-sample Kolmogorov-Smirnov test (Banerjee et al., 2019). The network complexity was defined according to previous studies: higher average degree represents higher network complexity (Wagg et al., 2019). Natural connectivity of a complex network was applied to reveal the stability of a network (Shi et al., 2020). When assessing the potential contribution of neutral processes to microbial community assembly, we used neutral assembly (dominance test) models to predict the relationship between the occurrence frequency of ASVs and their relative abundance (Sloan et al., 2006; Jiao et al., 2021). The model evaluated whether the microbial assembly process of the bacterial community conformed to niche-based process (prediction outside the model) or neutral model (prediction inside the model). Furthermore, we applied the normalized stochasticity ratio (NST) to evaluate the bacterial community assembly process. NST is a quantitative index with 50% as the boundary point of deterministic dominant (< 50%) and stochastic dominant (>50%) (Sloan et al., 2006; Ning et al., 2019). We used NST to evaluate the assembly process as our research was local/landscape scale sampling and our sample size met the method requirements (n ≥ 6). The analysis was carried out in R using the “NST” software package.




RESULTS


Diversity and Composition of Bacterial in Soil-Plant Continuum Under Different Cropping Systems

PERMANOVA analysis of the complete dataset suggested that the variation in bacterial community was mainly explained by soil-plant continuum compartment (Supplementary Table S1). Subsequently, we analyzed the effects of main factor cropping and cofactor fertilization on soil bacterial community, and found that cropping systems significantly affected the microbial community in various parts of soil-plant continuum (Supplementary Table S2). Therefore, we focus on the effects of different cropping systems (CC, CI, CR) on soil-plant continuum compartments here and in subsequent analysis.

We conducted separate bacterial community profiling of 300 soil-plant continuum samples, including 60 samples in each compartment (bulk soil, rootzone, rhizosphere, soybean endosphere, and phyllosphere). We observed that the cropping management changed bacterial α diversity (Richness and ACE) in different compartments of the soil-plant continuum (Figure 1A and Supplementary Figure S3), the richness of bulk soil, rhizosphere and phyllosphere compartment under intercropping was lower than that under crop rotation and continuous cropping, while the richness of bulk soil and phyllosphere under crop rotation was higher than that under continuous cropping, but lower in other compartments (Supplementary Tables S3, S4). Thus, the direction of effect among the three cropping systems was different. The various compartments of the soil-plant continuum present different microbial habitats, each with its own specific set of organisms. The relative abundances of Proteobacteria, Acidobacteria, and Gemmatimonadetes were higher in bulk soil and rootzone compartments, far away from the plant roots. However, in the rhizosphere, endosphere, and phyllosphere which are greatly affected by plants, Proteobacteria was the main microbial group, and some Firmicutes were observed in the endosphere and phyllosphere. In addition, the abundance of Proteobacteria was the highest under intercropping management (Supplementary Figure S4). Further, we compared the abundance of the top 10 microbes at phylum levels from various compartments of the soil-plant continuum under the three cropping systems and calculated the significant among them by wilcoxon test (Supplementary Table S5). Interestingly, we found that the abundance of Proteobacteria under intercropping was lower than that under crop rotation in bulk soil and rootzone compartments, but the abundance of Proteobacteria under intercropping was significantly higher than that under rotation and continuous cropping in rhizosphere, endosphere and phyllosphere (Supplementary Figure S5).

The relative abundance of most microorganisms, such as Acidobacteria and Bacteroidetes in the rhizosphere and phyllosphere, were lower under intercropping, and there were significant differences between intercropping and continuous cropping. We also found that the relative abundance of most microorganisms in the rhizosphere and phyllosphere under intercropping was lower, including Actinobacteria, Acidobacteria, Chloroflexi, Bacteroidetes, and Planctomycetes, and there was a significant difference from continuous cropping (with Proteobacteria displaying the opposite trend) (Supplementary Figure S5).

Principal coordinate analysis (PCoA) analysis revealed that bacterial communities from various compartments of the soil-plant continuum (except endosphere) under different cropping systems formed distinct clusters in ordination space with significant differences observed at taxonomic levels (Figure 1B, Supplementary Table S6). Furthermore, hierarchical clustering analysis revealed a clear and separate clustering among different compartments (Supplementary Figure S6). Interestingly, the rhizosphere and phyllosphere samples were clustered together. we further applied source-tracking analysis to explore the microbial sources and found that phyllosphere bacterial communities were mainly derived from the rhizosphere soil (Figure 1D).



Identification of Indicator Species in the Soil-Plant Continuum Under Different Cropping Systems

Indicator species analysis was employed to identify soil-plant continuum bacteria whose abundances varied between the different cropping systems, and we used bipartite network to present the summary results (Figure 2A). We found that there were more indicator species numbers affected by crop rotation in the bulk soil, rootzone, and phyllosphere compartments, while there were more indicator species numbers affected by continuous cropping in the rhizosphere compartment. The endosphere compartment was the least affected by the three cropping systems, being only colonized by Proteobacteria, and there was no other microbial response to the three cropping systems. In addition, in the rhizosphere and phyllosphere compartments, the number of indicator species affected by intercropping was less than that of continuous and crop rotation, and consisted of only two microorganisms (rhizosphere was Proteobacteria and Bacteroidetes while phyllosphere was Proteobacteria and Actinobacteria). In the endosphere and phyllosphere compartments, Actinobacteria indicator species did not respond to intercropping and crop rotation systems (Supplementary Table S7).
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FIGURE 2. Indicator species analysis results of bacterial community in soil-plant continuous chamber under continuous cropping, intercropping and crop rotation. (A) Bipartite networks display cropping systems specific ASVs in the soil-plant continuum compartments bacterial communities as determined using indicator species analysis. ASVs are colored according to their Phylum assignment. (B) Bubble diagram showing that FARPROTAX predicted the relative abundance of ecosystem functions of ASVs sensitive to continuous cropping (CC), intercropping (CI), and crop rotation (CR) systems. Circles represent individual bacteria ASVs that are positively and significantly associated (p < 0.05) with one or more of the cropping systems [association(s) given by connecting lines].


As an approximation for “effect size” of cropping systems on microbial communities, we calculated the proportion of these bacterial ASVs in the total soil-plant continuum community sequence (Supplementary Table S8). In different soil-plant continuum compartments, we identified 159, 141, and 281 ASVs for continuous cropping, intercropping and crop rotation systems, corresponding to an effects size of 2.51, 10.58, and 9.91%, respectively. The effect size indicated that intercropping and crop rotation had a greater impact on soil-plant continuum bacteria community, which was 3–4 times of continuous cropping. We also constructed phylogenetic trees of ASVs specific to the three cropping patterns, and showed the abundance of these ASVs in various compartments of soil-plant continuum. It was found that the abundance of Acidobacteria in each cropping system was higher than that of other microorganisms, especially for the rotation system (Supplementary Figure S7). Subsequently, we predicted their functions and found that the functions of specific indicator species under different cropping systems also varied, the results showed that the microorganisms sensitive to continuous cropping were mainly involved in dark oxidation of sulfur compounds and respiration of sulfur compounds, and the abundance was relatively balanced, which the microorganisms sensitive to intercropping mainly responded to the nitrogen and sulfur cycle processes. Crop rotation was more conducive to the degradation of plants, plastics, and aromatic compounds, and metal salts (Figure 2B). In addition, we were interested in the attribution relationship among indicator species, specific species, and shared species. It was found that the number of ASVs belonging to shared species (core microorganisms) of indicator organisms sensitive to cropping patterns was greater than that belonging to species specific to a particular cropping system, which reflected the importance of these indicator species in the environment and provided some insights for us to consider the function of core microorganisms in the ecosystem (Supplementary Figure S8, Supplementary Table S9).



Cropping System Effects on Bacterial Co-occurrence Patterns in Different Compartments of Soil-Plant Continuum

Due to the significant differences of bacterial community structure in various compartments of the soil-plant continuum among the three cropping patterns, we further evaluated the bacterial network of each cropping system. Our results suggested that the networks displayed remarkable differences in their complexity and stability (Supplementary Table S11). Kolmogorov-Smirnov test showed that node degree, betweenness centrality, and closeness centrality were significantly (P < 0.01) different between the three farming systems (Supplementary Table S10). The bacterial network complexity in rhizosphere was the highest, followed by that in phyllosphere, and different cropping systems had different effects on the network complexity of the various compartments (Supplementary Table S11). Crop rotation had the greatest impact on complexity (average degree) of the bacterial networks in rhizosphere (14.91) and rootzone (7.8), while continuous cropping had a greater impact on bulk soil (1.45), endosphere (2.13), and phyllosphere (6.89) (Figures 3A–C). Further, we found similar results when exploring the natural connectivity of the networks (Figure 3D). The modules were usually composed of highly interconnected microbial communities. Considering that associations in microbial networks may represent ecological interactions or niche sharing among microorganisms, we explored the interactions among microorganisms in various compartments of the soil-plant continuum networks under different cropping systems. The response of rhizosphere microbial interactions to the three cropping systems was larger than those for the other compartments. Crop rotation might have a stronger effect on interaction or shared niches in the rootzone and rhizosphere compartments, and the endosphere microbial interactions were less and its shared niche width was narrower (Supplementary Figure S9, Supplementary Table S12).
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FIGURE 3. Bacterial co-occurrence networks in different soil-plant continuums compartments under (A) continuous cropping (CC), (B) intercropping (CI), and (C) crop rotation (CR) systems (n = 300). (D) Natural connectivity of microbial networks in different compartments of three cropping systems.




Bacterial Community Assembly Process Under Three Cropping Systems

Based on R2 values and the proportions of outlying taxa beyond the dashed line reflecting those outside model predictions, the dominance test showed that bacteria community assemblages of various compartments in soil-plant continuum compartments were well-described by neutral-based models. The m value (migration rate) varied with different farming systems, reflecting the difference in the degree of limitation of species diffusion in microbial communities. The results showed that the bacterial communities of the bulk soil, rootzone, and phyllosphere had a high explanation rate (R2) under all cropping modes, indicating that stochastic processes were important for bacterial community assembly in various compartments of the soil-plant continuum under different cropping systems. However, the endosphere and rhizosphere communities were relatively less affected by stochastic processes. Continuous cropping affected the stochastic assembly processes of the microbial community in bulk soil, while intercropping affected the stochastic assembly processes of the communities in rootzone, rhizosphere, endosphere, and phyllosphere (Figure 4).
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FIGURE 4. Measurement of bacteria community assembly process of different soil-plant continuum under (A) continuous cropping (CC), (B) intercropping (CI), and (C) crop rotation (CR) systems by dominance test: ASVs that occur more frequently than predicted by the model are shown in red, while those that occur less frequently than predicted are shown in yellow. ASVs that occur within prediction are shown in green. Dashed lines represent 95% confidence intervals around the model prediction (black line).


The NST based on Jaccard distance (NSTjac) index showed that the rhizosphere bacterial community assembly under intercropping and crop rotation was mainly controlled by deterministic processes, while the rhizosphere bacterial community assembly under continuous cropping was controlled by stochastic processes, as in the other compartments. The effect of stochastic processes on community composition in plant compartments (endosphere and phyllosphere) was slightly stronger than that in soil compartments (bulk soil and rootzone). Thus, intercropping affected the deterministic processes of the rhizosphere community and the stochastic processes of the rootzone, endosphere, and phyllosphere communities (Figure 4, Supplementary Figure S10).




DISCUSSION

Due to the over-cultivation and degradation of cultivated land, Fu-suo Zhang et. al proposed that intercropping could achieve sustainable intensification of agriculture and improve food production based on the current state of agriculture in China (Li C. et al., 2020; van der Werf et al., 2020). The Ministry of Agriculture of the People's Republic of China issued the “Project plan of agricultural resources and ecological environmental protection (2016–2020),” requiring crop rotation, including a fallow period, to be implemented from 2016 (Wang et al., 2019). Thus, it is essential to understand how the microbial communities in various compartments of the soil-plant continuum are affected by agricultural practices. Previous studies mainly focused on the comparison of rhizosphere and bulk soil microbial communities under long-term agricultural management, the understanding of how cropping system affects soil-plant continuum microbial communities under short-term management remains limited (Bennett et al., 2017; Teste et al., 2017; Fan et al., 2020, 2021; Xiong et al., 2021b). Here we showed that the diverse compartments of the soybean soil-plant continuum under three cropping systems (CC, CI, CR) had dissimilar bacterial communities, and there were also differences in the complexity and stability of the network. The complexity of soybean rootzone and rhizosphere networks under crop rotation was higher than that in the other cropping systems, and the assembly of the rhizosphere community in intercropping system was greatly affected by deterministic processes. Thus, crop rotation and intercropping systems can integrate the characteristics of beneficial plant microbial groups, and rotation, especially, has the potential to regulate rhizosphere microbial communities, promote plant growth through feedback regulation (Finkel et al., 2020), improve nutrient use efficiency, and improve disease resistance (Li H. et al., 2021). Therefore, in the short-term field management, we can focus more on regulating crop rhizosphere microorganisms under intercropping and crop rotation systems.


Bacterial Community Characteristics in Different Cropping Systems

Our results revealed that bacterial community assembly in the various compartments of the soil-plant continuum was affected differently by cropping systems under short-term field farming conditions. Bulk soil and rootzone microbiota harbored a more diverse array of bacterial taxa than the rhizosphere, endosphere and phyllosphere, which was consistent with previous studies that there is a rapid loss of diversity from soil to root and aboveground tissues was due to the increased host specificity at the root-soil-crown interface (Trivedi et al., 2020; Sun et al., 2021). The α diversity of crop rotation in bulk soil was significantly higher than that of continuous cropping, but there was no significant change between the two cropping systems in plant-related compartments, indicating that crop rotation can significantly change the microbial α diversity of bulk soil. In addition, the changes of chemical composition and quality of plants for nutrient competition and input to soil in time were greater than those in space, resulting in no significant changes in microbial α diversity in a short-term field experiment of crop rotation and continuous cropping (Tiemann et al., 2015). The diversity of intercropping was the lowest within the rhizosphere and phyllosphere, which was lower than continuous cropping and significantly different from crop rotation. This may be due to the competitive niche between maize and soybean under the intercropping system. Maize secretes root exudates that improve soybean nodule formation and nitrogen fixation, while the fixed nitrogen from soybeans is transferred to maize through root exudates or mycorrhizal fungi (Li et al., 2016; Thilakarathna et al., 2016). Jessica et al. found that the soil microbial diversity of 1-year melon-cowpea intercropping system decreased, which was consistent with the results of this experiment (Cuartero et al., 2022). Studies have also shown that intercropping reduced the biomass of bacteria and fungi in the rhizosphere of rape (Hartmann et al., 2015; Lupatini et al., 2017; Sun et al., 2021). To date, no consensus has been reached on the increase, non-indigenous or decrease of α diversity caused by intercropping system (Zhang et al., 2015; Fu et al., 2019; Cuartero et al., 2022).

In addition, the relative abundance of most microorganisms in the rhizosphere and phyllosphere under intercropping was lower than that of continuous cropping and crop rotation, and there was also a significant difference between intercropping and continuous cropping. Studies have shown that these microbes may compete for nutrients in limited space, resulting in decreased microbial abundance, and rhizosphere microorganisms are closely related to phyllosphere microorganisms (Peiffer et al., 2013; Wagner et al., 2016; Hu et al., 2018). Our further traceability analysis not only showed that the bacterial communities related to crops were mainly from the bulk soil, and were gradually filtered and enriched by different niche spaces. Intriguingly, we found that the majority of microorganisms in the phyllosphere were from the rhizosphere, which might be related to the crop variety and development period of the crop. Recent studies have also shown that most of the bacteria in the leaves and flowers originate from the soil in open environments, and the soil is the only traceable source under controlled conditions (Massoni et al., 2021). In this experiment, we took the soybean soil and plant samples at the flowering stage, and our sampling site was located in a warm temperate semi-humid monsoon climate zone with abundant rainwater. The rhizosphere soil and leaf were exposed to the same environmental source. However, at the same time, the phyllosphere, including the leaf surface and leaf endophytic microorganisms, some of which were transferred from the root to the aboveground leaf through the plant stem, is also exposed to environmental sources such as air, dust, and rainwater. Together these factors lead to the fact that the majority of leaf microorganisms originate from rhizosphere microorganisms (Hacquard et al., 2015; Tkacz et al., 2020; Xiong et al., 2021a,b).



Cropping Systems Sensitive Microbes

Indicator species which are sensitive to specific environmental attributes, are used to monitor environmental changes and assess the efficacy of management (Siddig et al., 2016). Indicator species can show the heterogeneity of group abundance in specific habitats, and can well represent the groups with key regulatory and connection roles in a specific cropping system (De Caceres et al., 2010; Zhang et al., 2021). Indicator species sensitive to crop rotation exist with more soil-plant continuum compartments, indicating that crop rotation may have the potential to change some soil properties such as organic carbon content by changing microbial community composition, and further may be conducive to agricultural activities and improve agricultural productivity (Zhang et al., 2019; Bu et al., 2020). The functional analysis results of indicator species sensitive to crop rotation and intercropping were also interesting, among the microorganisms sensitive to crop rotation, the abundances of plastic degradation and arsenate detoxification microorganisms were relatively high, indicating that they may affect the soil health of cultivated land. The bacterial genera involved in nitrogen cycling were one of the most abundant groups in the intercropping system, so it is necessary to assume that environmental factors affecting these genera also affect nitrogen cycling (Treonis et al., 2010; Legrand et al., 2018). Of course, with regard to the specific functions of these sensitive microorganisms on soil or plants, it is more accurate to test how they affect the soil-plant performance by isolating strains (de Vries et al., 2020).



Cropping System Effects on Bacteria Co-occurrence

Microorganisms do not grow in isolation, but form complex association networks. Such networks are of great significance for understanding microbial community structure and interactions between members (de Vries et al., 2018; Duran et al., 2018; Ramirez et al., 2018). Our study highlighted how cropping affected the network structure of different compartments of soil-plant continuum, revealing that the complex network of soil related rootzone and rhizosphere compartment were greatly affected by crop rotation, while the plant related endosphere and phyllosphere compartment were affected by continuous cropping. Previous studies have shown that crop rotation has the greatest effect on indicator species of rhizosphere microorganisms, and rhizosphere microorganisms can positively regulate a variety of microorganisms and contribute to crop yield (Sun et al., 2018; Kraut-Cohen et al., 2020; Fan et al., 2021; Wu et al., 2021). Natural connectivity analysis showed that crop rotation increased the competition between rhizosphere microorganisms, thereby enhancing the stability of the network (Foster and Bell, 2012; Coyte et al., 2015; Shi et al., 2020).

Compared with intercropping and continuous cropping, the increased frequency of interaction between Proteobacteria, Actinomycetes and other strains under crop rotation indicated the high frequency of interaction between them. Previous studies also found crop rotation could change soil nutrient use efficiency, and that rhizosphere and plant yield were related to productivity (de Vries et al., 2020). In summary, under the rotation system, the soybean rhizosphere had more complex microbial interactions, or more niche overlaps, than other compartments (Berry and Widder, 2014; Zhang et al., 2018). In the future studies, there should be a focus on crop rotation and rhizosphere two factors on crop growth regulation mechanism and the final economic benefits.



Community Assembly Under Cropping Systems

In the neutral community model (NCM), the dominance test showed that the models had high R2 values, and more than 82% of species had frequencies within the predicted ranges. For example, out of all compartments, rhizosphere soil had the fewest ASVs that occurred outside the prediction range, suggesting that the neutral model could better describe the frequency of bacteria in each compartment under different cropping methods. However, we should also consider some non-neutral processes. Less than 18% of bacteria in each compartment were affected by cropping, and their distribution was inconsistent with the neutral prediction (Li P. et al., 2020).

Based on the neutral theory model, we observed that the fitness value (R2) and mitigation rate (m) values of NCM in rhizosphere and endosphere were lower than those in other compartments, consistent with previous studies (Burns et al., 2016; Chen et al., 2019). Bacterial community assembly in the rootzone, rhizosphere, endosphere, and phyllosphere compartments under intercropping conditions was mainly affected by stochastic processes, which indicated that intercropping might increase some stochastic processes such as ecological drift and diversification. Combined with the results of NST, the bacterial community assembly in the rhizosphere compartment under intercropping and crop rotation was mainly affected by deterministic processes, while the bacterial community in the continuous cropping system was mainly affected by stochastic processes, which indicated that intercropping and crop rotation might drive environmental selection processes that expose rhizosphere bacteria to larger environmental filters (Vellend et al., 2014; Zhou and Ning, 2017; Li P. et al., 2020). In addition, compared with continuous cropping, crop rotation increased the deterministic processes of bacterial communities in the rootzone and endosphere, indicating that crop rotation might increase environmental heterogeneity, making bacteria more restricted by diffusion and reduce their niche breadth (Pandit et al., 2009; Vellend et al., 2014; Li et al., 2019). Increasing competition and interaction between microorganisms for resources might screen out microbial communities that were more conducive to plant growth and development (Umana et al., 2015; Chen et al., 2021).




CONCLUSIONS

In the present study, our results revealed that the effects of different cropping systems on various microbial properties (α-diversity, community structure, determinism/stochastic model, and interaction network) in different compartment niches were significantly different, and that the rhizosphere showed the greatest impact. Among them, indicator species sensitive to intercropping and crop rotation participated in nitrogen/phosphorus cycle and degradation process, respectively, which has the potential to help plant growth and improve farmland soil fertility. Moreover, crop rotation intensified the competition among root microorganisms, increased deterministic processes of the rhizosphere microbial community, and changed the heterogeneity of the rhizosphere environment. Thus, it affects plant microbial communities and, ultimately, increases the potential to change crop yields and biomass, and overall improves agricultural economic benefits. In order to achieve this goal, in our future work, we will consider screening effective strains or strains combinations that can play a key role in field conditions, and use synthetic microbial communities to analyze how plants regulate their related microbial groups from the aspects of function and mechanism, and how microbial groups feedback to the host. Finally, the complex mechanism of crop-microorganism interaction was revealed to provide insights for the improvement of sustainable agricultural productivity and future crop management.



DATA AVAILABILITY STATEMENT

The data presented in the study are deposited in the Genome Sequence Archive (Genomics, Proteomics & Bioinformatics 2017) in BIG Data Center (Nucleic Acids Research 2018), Beijing Institute of Genomics (BIG), Chinese Academy of Sciences repository, accession number PRJCA008873, and the database website is http://bigd.big.ac.cn/gsa.



AUTHOR CONTRIBUTIONS

SJ developed the original framework. SC performed the experiments with the help of LW, JG, YW, YZ, JQ, ZP, BC, HP, ZW, and HG. Carried out the data analysis and wrote the paper with the help of SJ and GW. All authors contributed intellectual input and assistance to this study and the manuscript preparation.



FUNDING

This work was supported by the National Science Foundation of China (Grant No. 41830755), the National Key Research and Development Program of China (Grant No. 2021YFD1900500), and the National Science Foundation for Excellent Young Scholars of China (Grant No. 42122050).



SUPPLEMENTARY MATERIAL

The Supplementary Material for this article can be found online at: https://www.frontiersin.org/articles/10.3389/fmicb.2022.868307/full#supplementary-material



REFERENCES

 Agler, M. T., Ruhe, J., Kroll, S., Morhenn, C., Kim, S.-T., Weigel, D., et al. (2016). Microbial hub taxa link host and abiotic factors to plant microbiome variation. PLoS Biol. 14, e1002352. doi: 10.1371/journal.pbio.1002352

 Ai, C., Zhang, S., Zhang, X., Guo, D., Zhou, W., and Huang, S. (2018). Distinct responses of soil bacterial and fungal communities to changes in fertilization regime and crop rotation. Geoderma 319, 156–166. doi: 10.1016/j.geoderma.2018.01.010

 Banerjee, S., Walder, F., Buechi, L., Meyer, M., Held, A. Y., Gattinger, A., et al. (2019). Agricultural intensification reduces microbial network complexity and the abundance of keystone taxa in roots. ISME J. 13, 1722–1736. doi: 10.1038/s41396-019-0383-2

 Bastian, M., Heymann, S., and Jacomy, M. (2009). “Gephi: An Open Source Software for Exploring and Manipulating Networks,” in Proceedings of the International AAAI Conference on Web and Social Media (AAAI), 361–362.

 Bennett, J. A., Maherali, H., Reinhart, K. O., Lekberg, Y., Hart, M. M., and Klironomos, J. (2017). Plant-soil feedbacks and mycorrhizal type influence temperate forest population dynamics. Science 355, 181. doi: 10.1126/science.aai8212

 Berry, D., and Widder, S. (2014). Deciphering microbial interactions and detecting keystone species with co-occurrence networks. Front. Microbiol. 5, 219. doi: 10.3389/fmicb.2014.00219

 Bu, R., Ren, T., Lei, M., Liu, B., Li, X., Cong, R., et al. (2020). Tillage and straw-returning practices effect on soil dissolved organic matter, aggregate fraction and bacteria community under rice-rice-rapeseed rotation system. Agric. Ecosyst. Environ. 287, 106681. doi: 10.1016/j.agee.2019.106681

 Bulgarelli, D., Schlaeppi, K., Spaepen, S., van Themaat, E. V. L., and Schulze-Lefert, P. (2013). Structure and functions of the bacterial microbiota of plants, Annu Rev Plant Biol. 64:807–38. doi: 10.1146/annurev-arplant-050312-120106

 Burns, A. R., Stephens, W. Z., Stagaman, K., Wong, S., Rawls, J. F., Guillemin, K., et al. (2016). Contribution of neutral processes to the assembly of gut microbial communities in the zebrafish over host development. ISME J. 10, 655–664. doi: 10.1038/ismej.2015.142

 Busby, P. E., Soman, C., Wagner, M. R., Friesen, M. L., Kremer, J., Bennett, A., et al. (2017). Research priorities for harnessing plant microbiomes in sustainable agriculture. Plos Biology 15. doi: 10.1371/journal.pbio.2001793

 Cai, Y., Zheng, Y., Bodelier, P., Conrad, R., and Jia, Z. (2016). Conventional methanotrophs are responsible for atmospheric methane oxidation in paddy soils. Nat. Commun. 7, 11728. doi: 10.1038/ncomms11728

 Callahan, B. J., McMurdie, P. J., Rosen, M. J., Han, A. W., Johnson, A. J. A., and Holmes, S. P. (2016). DADA2: high-resolution sample inference from Illumina amplicon data. Nat. Methods 13, 581. doi: 10.1038/nmeth.3869

 Caporaso, J. G., Kuczynski, J., Stombaugh, J., Bittinger, K., Bushman, F. D., Costello, E. K., et al. (2010). QIIME allows analysis of high-throughput community sequencing data. Nat. Methods 7, 335–336. doi: 10.1038/nmeth.f.303

 Chen, Q.-L., Hu, H.-W., Yan, Z.-Z., Li, C.-Y., Nguyen, B.-A. T., Sun, A.-Q., et al. (2021). Deterministic selection dominates microbial community assembly in termite mounds. Soil Biol. Biochem. 152, 108073. doi: 10.1016/j.soilbio.2020.108073

 Chen, W., Ren, K., Isabwe, A., Chen, H., Liu, M., and Yang, J. (2019). Stochastic processes shape microeukaryotic community assembly in a subtropical river across wet and dry seasons. Microbiome 7, 1–16. doi: 10.1186/s40168-019-0749-8

 Cordovez, V., Dini-Andreote, F., Carrión, V. J., and Raaijmakers, J. M. (2019). Ecology and Evolution of Plant Microbiomes. Annu Rev Microbiol. 73:69–88. doi: 10.1146/annurev-micro-090817-062524

 Coyte, K. Z., Schluter, J., and Foster, K. R. (2015). The ecology of the microbiome: networks, competition, and stability. Science 350, 663–666. doi: 10.1126/science.aad2602

 Crowther, T. W., Riggs, C., Lind, E. M., Borer, E. T., Seabloom, E. W., Hobbie, S. E., et al. (2019). Sensitivity of global soil carbon stocks to combined nutrient enrichment. Ecol. Lett. 22, 936–945. doi: 10.1111/ele.13258

 Cuartero, J., Pascual, J., Vivo, J.-M., Özbolat, O., Sánchez-Navarro, V., Egea-Cortines, M., et al. (2022). A first-year melon/cowpea intercropping system improves soil nutrients and changes the soil microbial community. Agric. Ecosyst. Environ. 328, 107856. doi: 10.1016/j.agee.2022.107856

 Cui, Z., Chen, X., and Zhang, F. (2013). Development of regional nitrogen rate guidelines for intensive cropping systems in China. Agron. J. 105, 1411–1416. doi: 10.2134/agronj2012.0398

 Dang, K., Gong, X., Zhao, G., Wang, H., Ivanistau, A., and Feng, B. (2020). Intercropping alters the soil microbial diversity and community to facilitate nitrogen assimilation: A potential mechanism for increasing proso millet grain yield. Front Microbiol. 11:601054. doi: 10.3389/fmicb.2020.601054

 De Caceres, M., Legendre, P., and Moretti, M. (2010). Improving indicator species analysis by combining groups of sites. Oikos 119, 1674–1684. doi: 10.1111/j.1600-0706.2010.18334.x

 de Vries, F. T., Griffiths, R. I., Bailey, M., Craig, H., Girlanda, M., Gweon, H. S., et al. (2018). Soil bacterial networks are less stable under drought than fungal networks. Nat. Commun. 9, 3033. doi: 10.1038/s41467-018-05516-7

 de Vries, F. T., Griffiths, R. I., Knight, C. G., Nicolitch, O., and Williams, A. (2020). Harnessing rhizosphere microbiomes for drought-resilient crop production. Science 368, 270–274. doi: 10.1126/science.aaz5192

 Delgado-Baquerizo, M., Maestre, F. T., Reich, P. B., Jeffries, T. C., Gaitan, J. J., Encinar, D., et al. (2016). Microbial diversity drives multifunctionality in terrestrial ecosystems. Nat. Commun. 7, 320–325. doi: 10.1038/ncomms10541

 Dixon, P. (2003). VEGAN, a package of R functions for community ecology. J. Veg. Sci. 14, 927–930. doi: 10.1111/j.1654-1103.2003.tb02228.x

 Duran, P., Thiergart, T., Garrido-Oter, R., Agler, M., Kemen, E., Schulze-Lefert, P., et al. (2018). Microbial interkingdom interactions in roots promote arabidopsis survival. Cell 175, 973. doi: 10.1101/354167

 Fan, K., Delgado-Baquerizo, M., Guo, X., Wang, D., Zhu, Y.-G., and Chu, H. (2020). Microbial resistance promotes plant production in a four-decade nutrient fertilization experiment. Soil Biol. Biochem. 141, 107679. doi: 10.1016/j.soilbio.2019.107679

 Fan, K., Delgado-Baquerizo, M., Guo, X., Wang, D., Zhu, Y.-g., and Chu, H. (2021). Biodiversity of key-stone phylotypes determines crop production in a 4-decade fertilization experiment. ISME J. 15, 550–561. doi: 10.1038/s41396-020-00796-8

 Fierer, N. (2017). Embracing the unknown: disentangling the complexities of the soil microbiome. Nat. Rev. Microbiol. 15, 579–590. doi: 10.1038/nrmicro.2017.87

 Finkel, O. M., Salas-Gonzalez, I., Castrillo, G., Conway, J. M., Law, T. F., Teixeira, P. J. P. L., et al. (2020). A single bacterial genus maintains root growth in a complex microbiome. Nature 587, 103. doi: 10.1038/s41586-020-2778-7

 Foster, K. R., and Bell, T. (2012). Competition, not cooperation, dominates interactions among culturable microbial species. Curr. Biol. 22, 1845–1850. doi: 10.1016/j.cub.2012.08.005

 Foster, K. R., Chluter, J. S., Oyte, K. Z. C., and Rakoff-Nahoum, S. (2017). The evolution of the host microbiome as an ecosystem on a leash. Nature 548, 43–51. doi: 10.1038/nature23292

 Fu, Z.-d., Zhou, L., Chen, P., Du, Q., Pang, T., Song, C., et al. (2019). Effects of maize-soybean relay intercropping on crop nutrient uptake and soil bacterial community. J. Integrative Agric. 18, 2006–2018. doi: 10.1016/S2095-3119(18)62114-8

 Gao, H., Meng, W., Zhang, C., van der Werf, W., Zhang, Z., Wan, S., et al. (2020). Yield and nitrogen uptake of sole and intercropped maize and peanut in response to N fertilizer input. Food Energy Secur. 9, e187. doi: 10.1002/fes3.187

 Hacquard, S., Garrido-Oter, R., Gonzalez, A., Spaepen, S., Ackermann, G., Lebeis, S., et al. (2015). Microbiota and host nutrition across plant and animal kingdoms. Cell Host Microbe 17, 603–616. doi: 10.1016/j.chom.2015.04.009

 Hartman, K., van der Heijden, M. G. A., Wittwer, R. A., Banerjee, S., Walser, J.-C., and Schlaeppi, K. (2018). Cropping practices manipulate abundance patterns of root and soil microbiome members paving the way to smart farming. Microbiome 6, 1–14. doi: 10.1186/s40168-017-0389-9

 Hartmann, M., Frey, B., Mayer, J., Maeder, P., and Widmer, F. (2015). Distinct soil microbial diversity under long-term organic and conventional farming. ISME J. 9, 1177–1194. doi: 10.1038/ismej.2014.210

 Hassani, M. A., Duran, P., and Hacquard, S. (2018). Microbial interactions within the plant holobiont. Microbiome 6, 1–17. doi: 10.1186/s40168-018-0445-0

 Hu, L., Robert, C. A. M., Cadot, S., Zhang, X., Ye, M., Li, B., et al. (2018). Root exudate metabolites drive plant-soil feedbacks on growth and defense by shaping the rhizosphere microbiota. Nat. Commun. 9, e55731. doi: 10.1038/s41467-018-05122-7

 Ichihashi, Y., Date, Y., Shino, A., Shimizu, T., and Nihei, N. (2020). Multi-omics analysis on an agroecosystem reveals the significant role of organic nitrogen to increase agricultural crop yield. Proc. Nat. Acad. Sci. U.S.A. 117, 201917259. doi: 10.1073/pnas.1917259117

 Jiang, Y., Luan, L., Hu, K., Liu, M., Chen, Z., Geisen, S., et al. (2020). Trophic interactions as determinants of the arbuscular mycorrhizal fungal community with cascading plant-promoting consequences. Microbiome 8, 142. doi: 10.1186/s40168-020-00918-6

 Jiao, S., Du, N., Zai, X., Gao, X., Chen, W., and Wei, G. (2019b). Temporal dynamics of soil bacterial communities and multifunctionality are more sensitive to introduced plants than to microbial additions in a multicontaminated soil. Land Degrad. Develop. 30, 852–865. doi: 10.1002/ldr.3272

 Jiao, S., Liu, Z., Lin, Y., Yang, J., Chen, W., and Wei, G. (2016). Bacterial communities in oil contaminated soils: Biogeography and co-occurrence patterns. Soil Biol. Biochem. 98, 64–73. doi: 10.1016/j.soilbio.2016.04.005

 Jiao, S., Peng, Z., Qi, J., Gao, J., and Wei, G. (2021). Linking bacterial-fungal relationships to microbial diversity and soil nutrient cycling. Msystems 6, e01052-20. doi: 10.1128/mSystems.01052-20

 Jiao, S., Xu, Y., Zhang, J., Hao, X., and Lu, Y. (2019a). Core microbiota in agricultural soils and their potential associations with nutrient cycling. mSystems 4, e00313-18. doi: 10.1128/mSystems.00313-18

 Kraut-Cohen, J., Zolti, A., Shaltiel-Harpaz, L., Argaman, E., Rabinovich, R., Green, S. J., et al. (2020). Effects of tillage practices on soil microbiome and agricultural parameters. Sci. Total Environ. 705, 135791. doi: 10.1016/j.scitotenv.2019.135791

 Legrand, F., Picot, A., Cobo-Diaz, J. F., Carof, M., Chen, W., and Le Floch, G. (2018). Effect of tillage and static abiotic soil properties on microbial diversity. Appl. Soil Ecol. 132, 135–145. doi: 10.1016/j.apsoil.2018.08.016

 Li, B., Li, Y.-Y., Wu, H.-M., Zhang, F.-F., Li, C.-J., Li, X.-X., et al. (2016). Root exudates drive interspecific facilitation by enhancing nodulation and N-2 fixation. Proc. Natl. Acad. Sci. U.S.A. 113, 6496–6501. doi: 10.1073/pnas.1523580113

 Li, C., Hoffland, E., Kuyper, T. W., Yu, Y., Li, H., Zhang, C., et al. (2020). Yield gain, complementarity and competitive dominance in intercropping in China: a meta-analysis of drivers of yield gain using additive partitioning. Euro. J. Agronomy 113, 125987. doi: 10.1016/j.eja.2019.125987

 Li, H., La, S., Zhang, X., Gao, L., and Tian, Y. (2021). Salt-induced recruitment of specific root-associated bacterial consortium capable of enhancing plant adaptability to salt stress. ISME J. 15:2865–2882. doi: 10.1038/s41396-021-00974-2

 Li, M., Guo, J., Ren, T., Luo, G., Shen, Q., Lu, J., et al. (2021). Crop rotation history constrains soil biodiversity and multifunctionality relationships. Agric. Ecosyst. Environ. 319, 107550. doi: 10.1016/j.agee.2021.107550

 Li, P., Li, W., Dumbrell, A. J., Liu, M., Li, G., Wu, M., et al. (2020). Spatial variation in soil fungal communities across paddy fields in subtropical China. Msystems 5, e00704-19. doi: 10.1128/mSystems.00704-19

 Li, P., Liu, J., Jiang, C., Wu, M., Liu, M., and Li, Z. (2019). Distinct successions of common and rare bacteria in soil under humic acid amendment - a microcosm study. Front. Microbiol. 10, 2271. doi: 10.3389/fmicb.2019.02271

 Li, Y., Li, T., Zhao, D., Wang, Z., and Liao, Y. (2021). Different tillage practices change assembly, composition, and co-occurrence patterns of wheat rhizosphere diazotrophs. Sci. Total Environ. 767, 144252. doi: 10.1016/j.scitotenv.2020.144252

 Louca, S., Parfrey, L. W., and Doebeli, M. (2016). Decoupling function and taxonomy in the global ocean microbiome. Science 353, 1272–1277. doi: 10.1126/science.aaf4507

 Lupatini, M., Korthals, G. W., de Hollander, M., Janssens, T. K. S., and Kuramae, E. E. (2017). Soil microbiome is more heterogeneous in organic than in conventional farming system. Front. Microbiol. 7, 2064. doi: 10.3389/fmicb.2016.02064

 Ma, B., Zhao, K., Lv, X., Su, W., Dai, Z., Gilbert, J. A., et al. (2018). Genetic correlation network prediction of forest soil microbial functional organization. ISME J. 12, 2492–2505. doi: 10.1038/s41396-018-0232-8

 Magoč, T., and Salzberg, S. L. (2011). FLASH: fast length adjustment of short reads to improve genome assemblies. Bioinformatics 27, 2957–2963. doi: 10.1093/bioinformatics/btr507

 Massoni, J., Bortfeld-Miller, M., Widmer, A., and Vorholt, J. A. (2021). Capacity of soil bacteria to reach the phyllosphere and convergence of floral communities despite soil microbiota variation. Proc. Natl. Acad. Sci. U.S.A. 118:e2100150118. doi: 10.1073/pnas.2100150118

 McMurdie, P. J., and Holmes, S. (2013). phyloseq: an R package for reproducible interactive analysis and graphics of microbiome census data. PLoS ONE 8, e0061217. doi: 10.1371/journal.pone.0061217

 Metcalf, J. L., Xu, Z. Z., Weiss, S., Lax, S., Van Treuren, W., Hyde, E. R., et al. (2016). Microbial community assembly and metabolic function during mammalian corpse decomposition. Science 351, 158–162. doi: 10.1126/science.aad2646

 Micheli, E., Schad, P., and Spaargaren, O. (2006). WRB 2006 World Reference Base for Soil Resources 2006. A Framework for International Classification, Correlation and Communication: World Soil Resources Reports No. 103. Rome: FAO.

 Müller, DB, Vogel, C, Bai, Y, and Vorholt, JA (2016). The Plant Microbiota: Systems-Level Insights and Perspectives. Annu Rev Genet. 50:211–234. doi: 10.1146/annurev-genet-120215-034952

 Murtaza, B., Murtaza, G., Imran, M., Amjad, M., Naeem, A., Shah, G. M., et al. (2017). Yield and nitrogen use efficiency of rice-wheat cropping system in gypsum amended saline-sodic soil. J. Soil Sci. Plant Nutr. 17, 686–701. doi: 10.4067/S0718-95162017000300011

 Ning, D., Deng, Y., Tiedje, J. M., and Zhou, J. (2019). A general framework for quantitatively assessing ecological stochasticity. Proc. Natl. Acad. Sci. U.S.A. 116, 16892–16898. doi: 10.1073/pnas.1904623116

 Oksanen, J., Blanchet, F. G., Friendly, M., Kindt, R., Legendre, P., Minchin, P., et al. (2015). Vegan: Community Ecology Package. R Package Version 2.2-1 2, 1–2. Available online at: https://CRAN.R-project.org/package=vegan

 Pandit, S. N., Kolasa, J., and Cottenie, K. (2009). Contrasts between habitat generalists and specialists: an empirical extension to the basic metacommunity framework. Ecology 90, 2253–2262. doi: 10.1890/08-0851.1

 Peiffer, J. A., Spor, A., Koren, O., Jin, Z., Tringe, S. G., Dangl, J. L., et al. (2013). Diversity and heritability of the maize rhizosphere microbiome under field conditions. Proc. Natl. Acad. Sci. U.S.A. 110, 6548–6553. doi: 10.1073/pnas.1302837110

 Ramirez, K. S., Geisen, S., Morrien, E., Snoek, B. L., and van der Putten, W. H. (2018). Network analyses can advance above-belowground ecology. Trends Plant Sci. 23, 759–768. doi: 10.1016/j.tplants.2018.06.009

 Schmidt, J. E., Kent, A. D., Brisson, V. L., and Gaudin, A. C. M. (2019). Agricultural management and plant selection interactively affect rhizosphere microbial community structure and nitrogen cycling. Microbiome 7, 146. doi: 10.1186/s40168-019-0756-9

 Segata, N., Boernigen, D., Morgan, X. C., and Huttenhower, C. (2013). PhyloPhlAn is a new method for improved phylogenetic and taxonomic placement of microbes. Nat. Commun. 4, 1–11. doi: 10.1038/ncomms3304

 Semenov, M., Krasnov, G., Semenov, V., Ksenofontova, N., Zinyakova, N., and van Bruggen, A. (2021). Does fresh farmyard manure introduce surviving microbes into soil or activate soil-borne microbiota? J. Environ. Manage. 294, 113018. doi: 10.1016/j.jenvman.2021.113018

 Shi, Y., Zhang, K., Li, Q., Liu, X., He, J.-S., and Chu, H. (2020). Interannual climate variability and altered precipitation influence the soil microbial community structure in a Tibetan Plateau grassland. Sci. Total Environ. 714, 136794. doi: 10.1016/j.scitotenv.2020.136794

 Siddig, A. A. H., Ellison, A. M., Ochs, A., Villar-Leeman, C., and Lau, M. K. (2016). How do ecologists select and use indicator species to monitor ecological change? Insights from 14 years of publication in Ecological Indicators. Ecol. Indic. 60, 223–230. doi: 10.1016/j.ecolind.2015.06.036

 Sloan, W., Lunn, M., Woodcock, S., Head, I., Nee, S., and Curtis, T. (2006). Quantifying the roles of immigration and chance in shaping prokaryote community structure. Environ. Microbiol. 8, 732–740. doi: 10.1111/j.1462-2920.2005.00956.x

 Sun, A., Jiao, X.-Y., Chen, Q., Wu, A.-L., Zheng, Y., Lin, Y.-X., et al. (2021). Microbial communities in crop phyllosphere and root endosphere are more resistant than soil microbiota to fertilization. Soil Biol. Biochem. 153, 108113. doi: 10.1016/j.soilbio.2020.108113

 Sun, R., Li, W., Dong, W., Tian, Y., Hu, C., and Liu, B. (2018). Tillage changes vertical distribution of soil bacterial and fungal communities. Front. Microbiol. 9, 699. doi: 10.3389/fmicb.2018.00699

 Teste, F. P., Kardol, P., Turner, B. L., Wardle, D. A., Zemunik, G., Renton, M., et al. (2017). Plant-soil feedback and the maintenance of diversity in Mediterranean-climate shrublands. Science 355, 173. doi: 10.1126/science.aai8291

 Thilakarathna, M. S., McElroy, M. S., Chapagain, T., Papadopoulos, Y. A., and Raizada, M. N. (2016). Erratum to: Belowground nitrogen transfer from legumes to non-legumes under managed herbaceous cropping systems. A review. Agronomy Sustain. Dev. 36, 65. doi: 10.1007/s13593-016-0403-9

 Tiemann, L., Grandy, S., Atkinson, E., Marin-Spiotta, E., and McDaniel, M. (2015). Crop rotational diversity enhances belowground communities and functions in an agroecosystem. Ecol. Lett. 18. doi: 10.1111/ele.12453

 Tkacz, A., Bestion, E., Bo, Z., Hortala, M., and Poole, P. S. (2020). Influence of plant fraction, soil, and plant species on microbiota: a multikingdom comparison. MBio 11, e02785-19. doi: 10.1128/mBio.02785-19

 Toju, H., Tanabe, A. S., and Sato, H. (2018). Network hubs in root-associated fungal metacommunities. Microbiome 6, 1–16. doi: 10.1186/s40168-018-0497-1

 Treonis, A. M., Austin, E. E., Buyer, J. S., Maul, J. E., Spicer, L., and Zasada, I. A. (2010). Effects of organic amendment and tillage on soil microorganisms and microfauna. Appl. Soil Ecol. 46, 103–110. doi: 10.1016/j.apsoil.2010.06.017

 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. doi: 10.1038/s41579-020-0412-1

 Umana, M. N., Zhang, C., Cao, M., Lin, L., and Swenson, N. G. (2015). Commonness, rarity, and intraspecific variation in traits and performance in tropical tree seedlings. Ecol. Lett. 18, 1329–1337. doi: 10.1111/ele.12527

 van der Heijden, M. G. A. (2010). Mycorrhizal fungi reduce nutrient loss from model grassland ecosystems. Ecology 91, 1163–1171. doi: 10.1890/09-0336.1

 van der Heijden, M. G. A., and Hartmann, M. (2016). Networking in the Plant Microbiome. PLoS Biol. 14, e1002378. doi: 10.1371/journal.pbio.1002378

 van der Werf, W., Li, C., Cong, W. F., and Zhang, F. (2020). Intercropping enables a sustainable intensification of agriculture. Front. Agr. Sci. Eng. 7, 254–256. doi: 10.15302/J-FASE-2020352

 Vellend, M., Srivastava, D. S., Anderson, K. M., Brown, C. D., Jankowski, J. E., Kleynhans, E. J., et al. (2014). Assessing the relative importance of neutral stochasticity in ecological communities. Oikos 123, 1420–1430. doi: 10.1111/oik.01493

 Wagg, C., Schlaeppi, K., Banerjee, S., Kuramae, E. E., and van der Heijden, M. G. A. (2019). Fungal-bacterial diversity and microbiome complexity predict ecosystem functioning. Nat. Commun. 10:4841. doi: 10.1038/s41467-019-12798-y

 Wagner, M. R., Lundberg, D. S., del Rio, T. G., Tringe, S. G., Dangl, J. L., and Mitchell-Olds, T. (2016). Host genotype and age shape the leaf and root microbiomes of a wild perennial plant. Nat. Commun. 7, 12151. doi: 10.1038/ncomms12151

 Wang, Q., Xu, J., Lin, H., Zou, P., and Jiang, L. (2017). Effect of rice planting on the nutrient accumulation and transfer in soils under plastic greenhouse vegetable-rice rotation system in southeast China. J. Soils Sediments 17, 204–209. doi: 10.1007/s11368-016-1495-1

 Wang, S., Yang, L., Su, M., Ma, X., Sun, Y., Yang, M., et al. (2019). Increasing the agricultural, environmental and economic benefits of farming based on suitable crop rotations and optimum fertilizer applications. Field Crops Res. 240, 78–85. doi: 10.1016/j.fcr.2019.06.010

 Wu, X., Liu, Y., Shang, Y., Liu, D., Liesack, W., Cui, Z., et al. (2021). Peat-vermiculite alters microbiota composition towards increased soil fertility and crop productivity. Plant Soil. 470, 21–34. doi: 10.1007/s11104-021-04851-x

 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

 Xiong, C., Singh, B. K., He, J.-Z., Han, Y.-L., Li, P.-P., Wan, L.-H., et al. (2021a). Plant developmental stage drives the differentiation in ecological role of the maize microbiome. Microbiome 9, 1–15. doi: 10.1186/s40168-021-01118-6

 Xiong, C., Zhu, Y.-G., Wang, J.-T., Singh, B., Han, L.-L., Shen, J.-P., et al. (2021b). Host selection shapes crop microbiome assembly and network complexity. New Phytol. 229, 1091–1104. doi: 10.1111/nph.16890

 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. doi: 10.1016/j.soilbio.2017.12.011

 Zhang, C., Shu, D., and Wei, G. (2021). Soybean cropping patterns affect trait-based microbial strategies by changing soil properties. Appl. Soil Ecol. 167, 104095. doi: 10.1016/j.apsoil.2021.104095

 Zhang, H., Bai, N., Sun, H., Zhou, S., Zheng, X., Li, S., et al. (2019). Spatial and temporal responses of ammonia-oxidizing bacteria and archaea to organic amendments in rice-wheat rotation system. Appl. Soil Ecol. 139, 94–99. doi: 10.1016/j.apsoil.2019.03.023

 Zhang, H., Jiang, Z., Liu, L., Zheng, X., Li, S., Zhang, J., et al. (2015). Effects of intercropping on microbial community function and diversity in continuous watermelon cropping soil. Fresenius Environ. Bull. 24, 3288–3294.

 Zhang, W.-P., Liu, G.-C., Sun, J.-H., Fornara, D., Zhang, L.-Z., Zhang, F.-F., et al. (2017). Temporal dynamics of nutrient uptake by neighbouring plant species: evidence from intercropping. Funct. Ecol. 31, 469–479. doi: 10.1111/1365-2435.12732

 Zhou, J., and Ning, D. (2017). Stochastic community assembly: does it matter in microbial ecology? Microbiol. Mol. Biol. Rev. 81, e00002-17. doi: 10.1128/MMBR.00002-17

 Zhou, Q., Chen, J., Xing, Y., Xie, X., and Wang, L. (2019). Influence of intercropping Chinese milk vetch on the soil microbial community in rhizosphere of rape. Plant Soil 440, 85–96. doi: 10.1007/s11104-019-04040-x

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.

Copyright © 2022 Chen, Wang, Gao, Zhao, Wang, Qi, Peng, Chen, Pan, Wang, Gao, Jiao and Wei. This is an open-access article distributed under the terms of the Creative Commons Attribution License (CC BY). The use, distribution or reproduction in other forums is permitted, provided the original author(s) and the copyright owner(s) are credited and that the original publication in this journal is cited, in accordance with accepted academic practice. No use, distribution or reproduction is permitted which does not comply with these terms.



OPS/images/fmicb-13-868307-g003.gif
Buk sod

Modoue a1 Ao 3% Aacesiers g 13
D oGl CR ot —Neia ookl oMoAME sl et

? sﬁi,!,v »\gg:: -::...s m’i‘ o

emmen o W awoﬁgmmmu E R ]






OPS/images/fmicb-13-868307-g004.gif





OPS/xhtml/Nav.xhtml




Contents





		Cover



		Agricultural Management Drive Bacterial Community Assembly in Different Compartments of Soybean Soil-Plant Continuum



		Introduction



		Materials and Methods



		Field Trial and Treatments



		Sample Collection



		Bacterial DNA Extraction and 16S rRNA Gene Amplification



		Bioinformatic Analysis



		Statistical Analysis







		Results



		Diversity and Composition of Bacterial in Soil-Plant Continuum Under Different Cropping Systems



		Identification of Indicator Species in the Soil-Plant Continuum Under Different Cropping Systems



		Cropping System Effects on Bacterial Co-occurrence Patterns in Different Compartments of Soil-Plant Continuum



		Bacterial Community Assembly Process Under Three Cropping Systems







		Discussion



		Bacterial Community Characteristics in Different Cropping Systems



		Cropping Systems Sensitive Microbes



		Cropping System Effects on Bacteria Co-occurrence



		Community Assembly Under Cropping Systems







		Conclusions



		Data Availability Statement



		Author Contributions



		Funding



		Supplementary Material



		References

















OPS/images/cover.jpg
& frontiers | Frontiers in Microbiology

Agricultural Management Drive
Bacterial Community Assembly in
Different Compartments of Soybean
Soil-Plant Continuum





OPS/images/fmicb-13-868307-g001.gif
. Bukeod | [ Rootsone | [ Rhzsphers | [ Endoshers | [ Phyloshers |

;.m,?,..m_,”.,w. e -

@n S






OPS/images/fmicb-13-868307-g002.gif









OPS/images/crossmark.jpg
©

2

i

|





OPS/images/logo.jpg
& frontiers | Frontiers in Microbiology





