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Stover mulching, as a sustainable agricultural conservation practice, has been shown to effectively increase soil organic matter and enhance crop yields. The impact of stover mulching on soil microorganisms has been extensively studied. However, less attention has been given to endophytic and rhizospheric microorganisms that have closer relationships with crops. How do the quality and frequency of stover mulching affect the composition and structure of these endosphere and rhizosphere microbial communities? And what is their influence on critical indicators of soil health such as bacterial plant pathogen and Rhizobiales? These questions remain unresolved. Therefore, we investigated the responses of the microbial functional guilds in the endosphere and rhizosphere to maize stover mulching qualities (0%, 33%, 67%, and total stover mulching every year) and frequencies (once every 3 years and twice every 3 years) under 10-year no-till management. Results showed significant correlations between Bacillales and Rhizobiales orders and soil SOC, NO3−N, and NH4+N; Hypocreales and Eurotiales orders were significantly correlated with soil NO3−N, with the Aspergillus genus also showing a significant correlation with soil SOC. The frequency and quality of stover mulching had a significant effect on root and rhizospheric microbial communities, with the lowest relative abundance of bacterial plant pathogens and highest relative abundance of nitrogen-fixing bacteria such as Rhizobiales and Hypocreales observed under F1/3 and F2/3 conditions. The most complex structures in endosphere and rhizospheric microbial communities were found under Q33 and Q67 conditions, respectively. This research indicates that from a soil health perspective, low-frequency high-coverage stover mulching is beneficial for the composition of endosphere and rhizosphere microbial communities, while moderate coverage levels are conducive to more complex structures within these communities. This study holds significant ecological implications for agricultural production and crop protection.
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1 Introduction

Maize (Zea mays L.) is one of the world’s three principal cereal crops. As an agricultural powerhouse, China contributes to 23% of the global maize production (Wang Y. Q. et al., 2019). However, this substantial yield also generates a considerable amount of crop residue, particularly cornstalks, which require proper disposal. In the past, many farmers opted for field burning due to the high costs associated with managing these residues. This practice led to the emission of particulate matter, nitrogen oxides, sulfur dioxide, and other pollutants into the atmosphere, causing air pollution, nutrient loss, and posing health risks to humans (Wang Z. Z. et al., 2019; Cao et al., 2022). In line with sustainable agricultural development in China, it is imperative to utilize crop residue resources effectively. Stover mulching, as a key method for such utilization, has been shown to increase soil organic matter content and enhance crop yields, thus contributing positively to agricultural sustainability (Liu et al., 2010).

In soil, there exists a diverse community of microorganisms that play crucial roles in energy flow, nutrient cycling, and information exchange (Chaparro et al., 2012; Frąc et al., 2018), serving as biological indicators of soil health (Doran and Zeiss, 2000). A wealth of research has demonstrated significant differences in the microbial community composition between soils subjected to stover mulching compared to those under conventional tillage practices (Zhang et al., 2019; Yang et al., 2022). Overall, stover mulching tends to shift soil microbial communities toward a composition that is more conducive to crop growth; however, it can also introduce potential drawbacks, such as an increase in pests and diseases (Gao et al., 2022). Studies have shown that both the quantity and frequency of stover mulching directly impact the soil microbial community, with specific frequencies and quantities capable of effectively steering the microbial populations toward a composition that benefits crops (Wang et al., 2020a; Yang et al., 2022). Therefore, altering the quantity and frequency of stover mulching may be a critical strategy for optimizing this practice while minimizing potential risks.

The rhizosphere, the narrow region surrounding plant roots within a few millimeters, is a critical zone where microorganisms engage in intensive material exchange and information transfer with plants, often hosting the most active soil microbial communities (Hassan et al., 2019; Song et al., 2023). The endosphere refers to the internal plant tissues where diverse microorganisms coexist symbiotically within the plant (Adeleke et al., 2023), and endophytic microorganisms are more similar in the ecological niche to “producers” (Song et al., 2023). Compared to soil microorganisms, both endophytes and rhizosphere microbes have more direct interactions with plants, being more intimately related to plant health and functioning (Attia et al., 2021). In evaluating the impact of stover mulching on soil health, investigating changes in the endophytic and rhizosphere microbial communities are of paramount importance. However, there is currently a dearth of research specifically addressing how stover mulching affects endophytes and rhizosphere microbes within the root system. It remains uncertain whether the effects of stover mulching on endophytes and rhizosphere microbiota are merely the extension of its influence on the soil microbial community or if they involve more intricate and unique relationships. Existing studies have indeed assessed the effects of variations in stover mulching frequency and amount on nitrifying bacterial and fungal plant pathogens within both the endosphere and rhizosphere (Song et al., 2022), with some research delving down to the species level (Wang et al., 2020a,b). However, there remain substantial gaps in the research on how the quality and frequency of stover mulching influence endosphere and rhizosphere microbial communities, particularly with respect to critical groups such as rhizobia and bacterial plant pathogens.

Stover mulching is a process involving the release and mineralization of organic nutrients, with numerous factors influencing its decomposition, including soil properties, types of microorganisms, and hydrothermal conditions. Microorganisms are core elements in the cycling and transformation of soil carbon and nitrogen, and primarily rely on these organisms to decompose stover and release nutrients into the soil (Hu et al., 2012). Typically, the decomposition of initial components such as proteins and cellulose in straw is predominantly carried out by bacteria (Marschner et al., 2011), while fungi play a major role in the breakdown of more recalcitrant components like lignin during later stages. However, existing studies have shown that bacteria play a significant role throughout the entire process of straw decomposition (Lee et al., 2011; Fan et al., 2014a). Throughout the process of stover decomposition, microorganisms constantly interact with soil and plants. Their biological activities have a direct or indirect impact on soil physical properties as well as plant health and productivity (Xiong et al., 2021; Zhu et al., 2021). Research has shown that the composition and functions of endophytic and rhizospheric microbiota significantly vary across different growth stages of plants, exerting distinct ecological roles (Xiong et al., 2020, 2021). Beyond the interactions between environmental factors and microbial communities, there are also complex interrelationships among different microorganisms within these communities. Prior study have demonstrated that stover mulching can increase the complexity of microbial interaction networks (Wang et al., 2020b). Thus, it is hypothesized that the quality and frequency of stover mulching could affect the connectivity between endophytic and rhizospheric microbial populations, with varying degrees of influence. However, current research largely focuses on the impacts of mulch quantity and frequency on overall soil microbial communities (Wang et al., 2021), with relatively little attention given to their specific effects on endophytic and rhizospheric microbiota. Currently, there is a substantial body of research examining the effects of stover mulching quantity and frequency on soil microbial communities across various crops such as rice, wheat, soybeans, among others (Wang et al., 2021, 2023; Wei et al., 2021), including corn which is under investigation in our study. However, literature addressing the specific impacts of straw return on endophytic and rhizosphere microbial populations is scarce. As a result, the precise influence of different stover mulch frequencies and amounts on the composition and structure of both the endosphere and rhizosphere microbial communities remains largely unknown.

Previous studies on soil microbial communities showed that a high-frequency while small-quantity mulch is more beneficial for soil microbial communities (Kou et al., 2020; Yang et al., 2022). Thus, our research hypothesis is that this phenomenon will continue to endophytic and rhizosphere microbial communities, where a high-frequency while small-quantity mulch is also beneficial to endophytic and rhizosphere microbial communities. This study aims to investigate the effects of different stover mulching frequencies and qualities on the composition and structure of endophytic and rhizospheric microbial communities at the order and lifestyle levels. The objective is to identify optimal frequencies and quantities of straw return from a perspective of maintaining and promoting the health of microbial communities, which holds significant ecological implications for the protection and enhancement of agricultural production.



2 Materials and methods


2.1 Experimental design

Field trials were conducted in the spring of 2010 in a maize cropping system in Aohan, Inner Mongolia (42.26′N, 119.70′E). Maize stover was used in the field trials. The local average annual temperature is 6°C and the average annual precipitation is 384 mm, with more than 70% of the total precipitation falling between June and September. It has a monsoon, continental and semi-arid climate, and the soil is yellow-brown clay loam.

The land was plowed for 10 years. The trial has conducted over 9 years with six randomized treatments (Supplementary Figure S1): Q0 (no return control), Q33 (33% stover mulched per year), Q67 (67% stover mulched per year), Q100 (100% stover mulched per year), F1/3 (stover mulched in the first year of the three-year cycle) and F2/3 (stover mulched in the first 2 years of the three-year cycle). Compound fertilizer (N-P2O5-K2O, 26%–12%) was applied at a rate of 900 kg/ha before maize was sown. After maize was harvested, plant parts other than residual stubble (about 30 cm high) were crushed and then mulched to the soil surface according to the proportion of the experimental treatments, with a maximum application rate (Q100) of 7.5 t/ha.



2.2 Field sampling and laboratory analysis

The soil was sampled continuously in 2020 at the time of jointing (May to June), flowering (July) and mature (September) stages of maize, and the roots of five plants were randomly collected as samples in each plot. After removing dead leaves, stones and other impurities, in order to isolate the rhizosphere soil, fine roots less than 2 mm in diameter were packed into 2 mL sterile tubes with sterile water, shaken for 15 min then centrifuged at 10,000 r/min. At the end of centrifugation, the fine roots were rinsed more than 3 times with deionized sterile water to ensure that all soil on the root surface was washed, and then stored at −80°C together with the rhizosphere soil obtained by centrifugation. Soil for chemical analyses was sampled instead by using an auger to collect undisturbed bulk soil, sieved through a 2 mm sieve and stored at 4°C. The soil was analyzed using the method described by Kou et al. (2020) for the determination of total soil nitrogen (TN), nitrate nitrogen (NO3−N) and ammonium nitrogen (NH4+N), and the wet oxidation method was used for the determination of soil organic carbon (SOC).



2.3 DNA extraction

DNA extraction was performed using the method of Song et al. (2020). Maize roots were to be pre-treated, submerged in liquid nitrogen, and then MO BIO’s PowerSoil DNA isolation kit (Qiagen, Germany)was used to extracted DNA (0.5 g) from rhizosphere soil and root samples, following the manufacturer’s instructions. The concentration of extracted DNA was determined using a NanoDrop 2000 spectrophotometer (Waltham, Massachusetts, United States). To study the bacterial and fungal communities, targeted amplification of the V4 region of bacterial 16S rRNA and the ITS2 region of fungal ITS DNA, respectively, was performed with the universal primers 515F (GTGCCAGCMGCCGCGGGTAA) and 806R (GGACTACHVGGGGTWTCTAAT; for bacterial 16SrRNA) and 5.8SFun (AACTTTYRRCAAYGGGATCWCT) and ITS4Fun (AGCCTCCGCTTATTGATATGCTTAART; for fungal ITS regions). A mixture consisting of 1 μL DNA, 2.5 μL forward and reverse primers, and 5 μL PCR buffer was added to the PCR system. The PCR procedure consisted of a 3-min maintenance at 95°C (denaturation); then three stages of 30-s maintenance at 95°C, 30-s maintenance at 55°C, and 45-s maintenance at 72°C in one cycle, which was repeated 27 times; and a final extension of 72°C for 10 min. The PCR reaction process and product purification were performed according to the method described by Taş et al. (2014). Amplicon libraries were sequenced using the Illumina MiSeq platform (Illumina, United States) with a paired-end sequencing strategy.



2.4 Bioinformatic analysis

Valid sequences were first filtered from the raw data; sequences that were too short in length (<230 bp), had low quality scores (≤20), contained indeterminate bases, or primer sequences that did not exactly match the barcode tag were disregarded and removed with sample-specific barcode sequences. Sequences obtained from the sequencer were processed using the QIIME2 pipeline (Caporaso et al., 2010). After removal of barcodes and primers, ambiguous reads and low quality sequences were removed to improve sequence quality. Paired ends of 16S rRNA and ITS reads were merged using the FLASH tool (Magoc and Salzberg, 2011). Chimeric sequences were removed and valid sequences with more than 97% similarity were grouped into operational taxonomic units (OTUs) using UPARSE. Representative sequences for each bacterial and fungal OTU were searched for taxonomic similarity using the SILVA 138 SSU Ref NR99 and UNITE 8.2 databases (Nilsson et al., 2018). The entire database has been submitted to the NCBI Sequence Read Archive (SRA) database under accession number PRJNA758631.



2.5 Statistical analyses

Statistical analyses were performed using the R (4.0.2) platform and data visualization was performed using the R package “ggplot2” (3.3.6). The aov() function and corr.test() function in the statistical package (version 4.0.2) were used to perform ANOVA to assess the significance of microbial abundance among treatments and Spearman’s correlation analysis to predict the relationship between microbial communities and soil chemical properties, respectively. Species composition was analyzed by histograms using the R software packages psych (2.2.5), and correlation heatmaps were generated using pheatmap (1.0),. Tukey’s HSD test was used if differences between groups were significant. Bacterial and fungal functions were delineated separately using FAPROTAX and FungalTraits (Louca et al., 2016; Põlme et al., 2020). Symbiotic patterns of bacterial and fungal communities were assessed through network analyses using maximum information coefficient (MIC) scores from the MINE statistic (Shannon et al., 2003). The networks were then visualized in Cytoscape version 3.4.0 (Reshef et al., 2011). The NetworkAnalyzer tool was used to calculate network topology parameters (see Romdhane et al., 2022 for details).




3 Results


3.1 Effects of stover mulching quantity and frequency on soil microbial lifestyle

Overall, different stover mulching treatments showed a suppressive effect on the relative abundance of bacterial plant pathogens, particularly within the endosphere. F1/3 had significantly lower relative abundances of bacterial plant pathogens compared Q0 in the endosphere (Figure 1A). During the jointing stage, the relative abundance of bacterial plant pathogens was significantly lower in the endosphere under the F1/3 and F2/3 treatments, while within the rhizosphere, there was a comparably lower relative abundance of bacterial plant pathogens observed under the F1/3, F2/3, and Q100 treatment regimens. At the flowering stage, the relative abundances of plant pathogens in the endosphere were significantly lower in the F1/3, Q67, and Q100 than in the Q0, with all experimental groups showing decreased relative abundances of bacterial plant pathogens in both the endosphere and rhizosphere as compared to Q0 (Figure 1A). However, during the mature stage, the impact of various stover mulching qualities and frequencies on the relative abundance of bacterial plant pathogens was not as significant (Figure 1B).
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FIGURE 1
 Relative abundance of bacterial plant pathogen in the endosphere (A) and rhizosphere (B) at different time periods and at different quantities and frequencies of stover mulching. Different letter means a statistical significance: p < 0.05.




3.2 The effect of stover mulching on the composition of soil microbial community


3.2.1 Effects on bacterial community

In the rhizosphere, both F1/3 and F2/3 increased the relative abundance of Rhizobiales totally period compared to Q0 (Figure 2H). And in the rhizosphere, F1/3 also demonstrated an elevated relative abundance of Rhizobiales throughout their entire growth period compared to Q0 (Figure 2H). Within the endosphere, during the jointing stage, all experimental groups showed a slight increase in the relative abundance of Rhizobiales compared to Q0, with F2/3 demonstrating the most pronounced enhancement (Figure 2A). On the mature stage, only F2/3 exhibited a higher relative abundance of Rhizobiales compared to Q0 (Figure 2C). In the rhizosphere, the laws for the jointing and flowering stages were consistent with that observed in the endosphere, with differences emerging only at the mature stage. During this stage, an apparent promotional effect on the relative abundance of Rhizobiales was seen in F1/3 and F2/3 (Figure 2G).
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FIGURE 2
 Relative abundance of root endosphere (A–D) and rhizosphere (E–H) bacteria at the level of the order of magnitude at the stage of jointing (A,E), at the stage of flowering (B,F), at the stage of mature (C,G), and throughout the growth period (D,H).


Overall, the relative abundance of Pseudomonadales was not notably high (Figure 2). However, it showed distinct distribution patterns within the endosphere during the jointing stage and in the rhizosphere during the flowering stage. During the flowering stage, within the rhizosphere, F1/3 and F2/3 displayed a higher relative abundance of Pseudomonadales compared to Q0 control (Figure 2F).



3.2.2 Effects on fungal community

Overall, the total relative abundance of Hypocreales in the endosphere was not significantly affected by different types of stover mulching to the field (Figure 3D). However, at different growth stages, distinct mulches were observed due to these various practices. Relative to Q0, during the jointing stage, F2/3 notably promoted the relative abundance of Hypocreales (Figure 3A). At the flowering stage, only F1/3 increased the relative abundance of Hypocreales; conversely In the rhizosphere, throughout the entire growth period, the relative abundance of Hypocreales was higher in all experimental groups than in Q0 (Figure 3H). Among them, F1/3, Q67, and Q100 had more evident promoting effects on the relative abundance of Hypocreales. During the jointing and flowering stages, almost all experimental groups showed varying degrees of increase in the relative abundance of Hypocreales as compared to Q0, with the highest increments observed in the F1/3 and Q100 (Figures 3E,F).
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FIGURE 3
 Relative abundance of root endosphere (A–D) and rhizosphere (E–H) fungi at the level of the order of magnitude at the stage of jointing (A,E), at the stage of flowering (B,F), at the stage of mature (C,G), and throughout the growth period (D,H).


During the jointing and flowering stages, the relative abundance of Eurotiales in Q0 was highest among all groups for both the endosphere and rhizosphere (Figure 3). And by the mature stage, the relative abundance of Eurotiales was notably diminished (Figures 3C,G). In the endosphere, F1/3 exerted the most suppressive effect on the relative abundance of Eurotiales, maintaining the lowest relative abundance among all groups from the jointing stage through to the mature stage (Figures 3A–D).




3.3 The relationship between microbial communities and soil carbon and nitrogen


3.3.1 Bacterial community

Figure 4 visually depicted the correlations between various bacterial orders in different growth stages and soil components including SOC, TN, NO3−N, and NH4+N. During the jointing stage, Bacillales within the endosphere showed a significant positive correlation with soil NO3−N levels (p < 0.05; Figure 4A). At the flowering stage, Bacillales in the rhizosphere exhibited a similarly significant positive correlation with soil NO3−N (p < 0.05; Figure 4F). In the mature stage, there were no significant correlations observed between any bacterial orders and the four measured soil properties (Figures 4C,G). Considering the entire growth period, Bacillales within the endosphere demonstrated a significant positive correlation with both soil NO3−N and NH4 + -N concentrations (p < 0.05; Figure 4D). Furthermore, Rhizobiales within the endosphere had a highly significant positive correlation with soil NO3−N (p < 0.01; Figure 4D), while those in the rhizosphere showed a significant positive correlation with soil SOC (p < 0.05; Figure 4H) and an extremely significant positive correlation with both NO3−N and NH4+N (p < 0.001; Figure 4H).
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FIGURE 4
 The Spearman correlation coefficients between bacterial communities at the order level in the endosphere (A–D) and rhizosphere (E–H) across different growth stages: jointing stage (A,E), flowering stage (B,F), mature stage (C,G), and throughout the entire growth period (D,H) with soil organic carbon (SOC), total nitrogen (TN), nitrate nitrogen (NO3−N), and ammonium nitrogen (NH4+-N). Statistical significance is denoted as follows: *p < 0.05; **p < 0.01; ***p < 0.001.




3.3.2 Fungal community

Figure 5 illustrated the correlations between various fungal orders at different growth stages and soil properties, including SOC, TN, NO3−N, and NH4+N. Overall, in the endosphere, Hypocreales showed a significant negative correlation with soil NO3−N levels (p < 0.01; Figure 5D), while Eurotiales exhibited an extremely significant positive correlation with soil NO3−N (p < 0.001; Figure 5D). In the rhizosphere, Eurotiales had a significant positive correlation with soil NO3−N (p < 0.01; Figure 5H). Regarding the Penicillium genus, endophytic Penicillium had a significant positive correlation with soil NO3−N during the jointing stage (p < 0.05) and a significant negative correlation with soil SOC during the flowering stage (p < 0.05). Considering the entire growth period, endospheric Penicillium demonstrated an extremely significant positive correlation with soil NO3−N (p < 0.001), while rhizospheric Penicillium showed a significant positive correlation with soil NO3−N (p < 0.01).
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FIGURE 5
 The Spearman correlation coefficients between fungi communities at the order level in the endosphere (A–D) and rhizosphere (E–H) across different growth stages: jointing stage (A,E), flowering stage (B,F), mature stage (C,G), and throughout the entire growth period (D,H) with soil organic carbon (SOC), total nitrogen (TN), nitrate nitrogen (NO3−N), and ammonium nitrogen (NH4+N). Statistical significance is denoted as follows: *p < 0.05; **p < 0.01; ***p < 0.001.





3.4 Effects of stover mulching quantity and frequency on microbial community structure


3.4.1 Effects on bacterial structure

At different stover return quantity and frequency, the topological structures of bacterial community networks exhibited distinct differences (Figure 6). At the lifestyle level, the bacterial community network in the endosphere under Q100 treatment comprised 69 nodes connected by 313 edges, and the average number of neighbors in the network under Q100 treatment was higher than that of the other three networks, indicating a closer relationship among bacterial taxa (Figure 6A). Under F1/3 treatment, the endosphere community network comprised 65 nodes and 534 edges, with both its average number of neighbors and average clustering coefficient significantly higher than that of the network in the F2/3 treatment (Figure 6A). The rhizosphere bacterial community network under Q33 treatment consisted of 73 nodes and 1,498 edges, featuring a higher average number of neighbors compared to the networks under other treatments. The rhizosphere bacterial network in the F2/3 treatment group consisted of 69 nodes with 748 edges, and having a higher average number of neighbors than that of the F1/3 treatment (Figure 6B).
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FIGURE 6
 The bacterial community networks at the level of lifestyle (A,B) and genus (C,D) in the endosphere (A,C) and rhizosphere (B,D) under varying quantities and frequencies of mulches.


At the genus level, the endosphere bacterial community network under Q0 treatment consisted of 173 nodes and 1,398 edges, while it had 190 nodes and 1,165 edges in Q67 treatment, 174 nodes and 1,857 edges in Q100 treatment, and under Q33 treatment, the network featured 188 nodes connected by 1,876 edges with an average number of neighbors higher than the other three networks, indicating a more complex network structure (Figure 6C). In F1/3 treatment, the network comprised 167 nodes and 821 edges, and for F2/3 treatment, there were 169 nodes and 867 edges (Figure 6C). The rhizosphere bacterial network under Q0 treatment consisted of 191 nodes and 1,766 edges. Under Q33 treatment, it had 192 nodes connected by 1,394 edges. The network for Q67 treatment comprised 199 nodes with 2,189 edges, and in Q100 treatment, it featured 203 nodes and 1,343 edges. Obviously, both the average number of neighbors and the average clustering coefficient in Q67 network were higher than those in the other three treatments (Figure 6D). The network for the F1/3 group consisted of 194 nodes and 1,373 edges, indicating better associations among bacterial genera compared to the F2/3, which had 184 nodes and 1,198 edges. And the network for the F1/3 group also featured a higher average number of neighbors (Figure 6D).



3.4.2 Effects on fungal community structure

Under different quantity and frequency of stover mulching, there were also significant differences in the topology of fungal networks (Figure 7). At the genus level, the endosphere fungal community network suggested that a stover return quantity of Q67 result in stronger associations among different genera (Figure 7C). Regarding the rhizosphere fungal community network, under Q33 treatment, it was composed of 238 nodes and 709 edges, with both its average number of neighbors and average clustering coefficient higher than the other three treatments, indicating that Q0 enhanced the associations among fungal genera (Figure 7D). The network had better inter-genera associations when the straw return frequency was at F1/3 (Figure 7D). The rhizosphere fungal community network consisted of 238 nodes and 709 edges in Q0 treatment, and the network had a higher average number of neighbors and average clustering coefficient compared to the other three treatments, suggesting that Q0 enhanced the associations among fungal genera (Figure 7D). The stover mulching frequency of F1/3 led to stronger inter-genera associations among fungi (Figure 7D).
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FIGURE 7
 The fungi community networks at the level of lifestyle (A,B) and genus (C,D) in the endosphere (A,C) and rhizosphere (B,D) under varying quantities and frequencies of mulches.






4 Discussion


4.1 Frequency and quantity of stover mulching affected the composition and structure of microbial community

Compared to the control group, the bacterial community structures within the rhizosphere and endosphere in different experimental groups were relatively similar, while the fungal community structures exhibited greater variations. Research by Wakelin et al. (2007) suggests that the impact of stover mulching on fungal community structures in the soil is more pronounced than its impact on bacterial community structures. This phenomenon was still applicable both within the endosphere and rhizosphere. Additionally, within the fungal community, the influence of stover mulching on the endosphere was stronger than its impact on the rhizosphere, whereas no such trend was observed in bacterial communities. This may be explained by the morphology of fungi in the soil. Fungi can form a mycelial network with plant roots, facilitating the connection between roots and soil. Hence, they are more susceptible to soil environment changes compared to bacterial communities in the endosphere and rhizosphere (Song et al., 2023). The microbial communities within the endosphere and rhizosphere can be categorized into two systems based on their ecological niches. The endophytic microbial community in the endosphere often engages in symbiosis with plants, while the rhizospheric microbial community serves as a bridge between plant roots and the soil (Song et al., 2023). The fungal community in the endosphere relies more on the mycelial network; therefore, changes in the mycelial network result in more noticeable variations in the fungal community of the endosphere.

Some studies suggest that a high-frequency while small-quantity mulch is more beneficial for soil microbial communities (Kou et al., 2020; Yang et al., 2022). However, in our current study, the enrichment of Rhizobiales in the conditions of high-frequency mulch did not exist both in the endosphere and in the rhizosphere. Although the high-frequency while small-quantity mulch benefits the soil microbial community, it may not necessarily favor the microbial communities within the endosphere and rhizosphere. Studies have shown that certain members of the Rhizobiales order exhibit nitrogen-fixing capabilities and can form stable symbiotic relationships with plants, stimulating plant growth and enhancing productivity (Yang et al., 2022). The observation that F1/3 and F2/3 increase the relative abundance of Rhizobiales in both the endosphere and rhizosphere suggests that F1/3 and F2/3 may be beneficial to the composition of endophytic and rhizosphere microbial communities. And we found that stover mulching effectively inhibited the relative abundance of bacterial plant pathogen, while F1/3 had the most obvious inhibition among experimental groups. Similarly, literature indicates that F1/3 and F2/3 exhibit the lowest abundance of nitrifying bacteria and anaerobic nitrifying bacteria, the highest abundance of nitrogen-fixing bacteria, and F2/3 significantly reduces the relative abundance of fungi plant pathogens in the rhizosphere (Song et al., 2022). Multiple lines of evidences suggest that frequency but not the quantity of stover mulching plays a dominant role in influencing the microbial communities within the endosphere and rhizosphere. Moreover, the low-frequency while high-intensity mulch leads to a healthier microbial composition in the endosphere and rhizosphere.

Some research has revealed that the quantity of stover mulching is a crucial factor influencing the correlation of soil microbial communities. In comparison to other levels of stover mulching, a moderate level of stover mulching leads to a more complex network of soil microbial community, while a small quantity of stover mulching (less than 50% mulching) reduces the complexity of the network (Wang et al., 2021). In our current study, we found that Q33 reduced the complexity of the rhizospheric bacterial genus-level community network, similar to the trends observed in soil microbial networks (Wang et al., 2021). However, the bacterial community network at the genus level within the endosphere was found to be most complex under the stover mulching quantity of Q33, while Q67 significantly reduced the interconnectivity among communities, even resulting in lower association levels than those observed in the Q0 group. This could be attributed to the differences between endophytic and rhizospheric microorganisms, where plants exhibit a stronger selectivity for endophytic microorganisms (Hardoim et al., 2008; Berendsen et al., 2012). Unlike rhizospheric microorganisms, endophytic microorganisms experience fewer biotic and abiotic stresses within plant tissues, and their abundance is less influenced by soil nutrient levels (Wang et al., 2016; Chen et al., 2020). Furthermore, this explains why, in comparison to rhizospheric microorganisms, the impact of stover mulching frequency on the correlation of endophytic microorganisms at the genus level is not as significant. Our study indicates that microbial community correlations vary significantly under different quantities and frequencies of stover mulching, and there is substantial dissimilarity between endophytic and rhizospheric microorganisms. In this study, the stover mulching quantities that resulted in the most complex bacterial community networks at the genus level for endophytic and rhizospheric microorganisms were Q33 and Q67, respectively. More complex community networks may signify stronger interactions among microorganisms, allowing more microorganisms to share ecological niches (Berry and Widder, 2014), thereby promoting the improvement of plant endophytic or rhizospheric environments.



4.2 Relationship between microbial communities and soil carbon and nitrogen

Many microorganisms have a significant impact on plant growth and soil physicochemical properties. Under natural conditions, Rhizobiales generally do not form nodules with non-leguminous plants but can colonize the endosphere or rhizosphere such as rice and corn, acting as Plant Growth-Promoting Rhizobacteria (PGPR) to enhance plant growth (Baset Mia and Shamsuddin, 2010). Therefore, the relative abundance of Rhizobiales in the rhizosphere was highly significant correlated with soil NO3−N and NH4+N levels. Previous research has shown that many groups within Bacillales can fix atmospheric nitrogen, explaining the significant positive correlation observed in this study between the relative abundance of endophytic and rhizospheric Bacillales and soil NO3−N levels (Ding et al., 2005; Yousuf et al., 2017). Bacillales have been reported to be used as Plant Growth-Promoting Rhizobacteria (PGPR) in the cultivation of various crops and horticultural plants, contributing to the solubilization of mineral elements. Many species within Bacillales, such as Bacillus subtilis and Bacillus amyloliquofaciens, can produce various antibiotics. They also support plant growth by producing plant hormones, releasing ammonia from nitrogen-containing organic compounds, and increasing the plant’s demand for nutrients, thereby promoting nitrogen uptake by plants (Goswami et al., 2014). This explains the significant positive correlation observed in this study between the relative abundance of endophytic Bacillales and soil NH4+N levels.

Corn stover organic matter undergoes two processes in the soil, mineralization and humification. Mineralization involves the breakdown of organic matter into simple inorganic compounds through microbial action, which is a crucial pathway for Soil Organic Carbon (SOC) loss (Thuriès et al., 2001). Humification is a process that retains nutrients in the soil, and humus is the most stable component of soil organic matter (Adam et al., 1985; Pei et al., 2015). The decomposition of cellulose in corn stover is a vital step in its degradation. Some strains of filamentous fungi from Penicillium exhibit strong secretion capabilities of cellulolytic enzymes, and they have advantages in terms of enzyme performance and strain growth rate (Gusakov, 2011). Research has shown that the relative abundance of endophytic Penicillium is significantly negatively correlated with SOC levels during the flowering stage, which may be related to the secretions produced by endophytic Penicillium. When interacting with plants, these fungi secrete antibiotics and other biocontrol agents that positively influence plant growth, thereby promoting nutrient release in the soil (Bashan and De-Bashan, 2010). Stover mulching can both enhance SOC recovery and improve soil fertility through increasing carbon input (Fan et al., 2014b); however, it may also indirectly decrease SOC content due to the promotion of plant growth by specific fungi like Penicillium. The effect of stover mulching on soil carbon sequestration is dual-sided, and how to regulate the balance between carbon storage and release remains an area for further research.




5 Conclusion

The study found that the quality and frequency of stover mulching significantly influence the composition and structure of endophytic and rhizospheric microbial communities. Nitrogen-fixing bacteria and rhizosphere-promoting microorganisms showed significant correlations with SOC, NO3−N, and NH4+N. Cellulose-degrading fungi were notably related to SOC content. Different amounts and frequencies of stover mulching had varying impacts on the microbiota within both the endosphere and rhizosphere. The conditions F1/3 and F2/3 proved most beneficial for the composition of endophytic and rhizospheric microbial communities, while Q33 and Q67 were optimal for the structural complexity of endophytic and rhizospheric microbial communities, respectively.

Stover mulching has a dual impact on soil carbon sequestration, and the balance between carbon fixation and release is likely to be a focal point of future research. This study highlights that certain stover mulching conditions that are favorable to overall soil microbiota may not necessarily be advantageous for the composition of endophytic and rhizospheric microbial communities, and conditions that promote a beneficial composition in these root-associated microbiota might not always favorably influence their structural organization. The underlying reasons for this phenomenon require further exploration. This research holds significant ecological implications for agricultural production and conservation practices.



Data availability statement

The datasets presented in this study can be found in online repositories. The names of the repository/repositories and accession number(s) can be found in the article/Supplementary material.



Author contributions

HL: Data curation, Formal Analysis, Investigation, Writing – original draft. YZ: Data curation, Formal Analysis, Investigation, Writing – original draft. WS: Conceptualization, Methodology, Project administration, Writing – review & editing. JX: Data curation, Formal Analysis, Writing – review & editing. JG: Funding acquisition, Project administration, Resources, Writing – review & editing.



Funding

The author(s) declare financial support was received for the research, authorship, and/or publication of this article. This study was sponsored by the Fundamental Research Funds for the Central Universities (10301-2021000301), National Natural Science Foundation of China (41901063) and the National Training Pro-gram of Innovation and Entrepreneurship for Undergraduates (URTP2023110011).



Conflict of interest

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



Publisher’s note

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



Supplementary material

The Supplementary material for this article can be found online at: https://www.frontiersin.org/articles/10.3389/fmicb.2024.1372471/full#supplementary-material



References

 Adam, F., Haider, K., and Malik, K. A. (1985). Transformation of 14C labeled plant components in soil in relation to immobilization-remineralization of N fertilizer. Plant and Soil 86, 15–25. doi: 10.1007/BF02185021

 Adeleke, B. S., Muller, D., and Babalola, O. O. (2023). A metagenomic lens into endosphere microbial communities, promises, and discoveries. Lett. Appl. Microbiol. 76:ovac030. doi: 10.1093/lambio/ovac030

 Attia, S. M., Russel, J., Mortensen, M. S., Madsen, J. S., and Srensen, S. J. (2021). Unexpected diversity among small-scale sample replicates of defined plant root compartments. IMSE J. 16, 997–1003. doi: 10.1038/s41396-021-01094-7 

 Baset Mia, M. A., and Shamsuddin, Z. H. (2010). Rhizobium as a crop enhancer and biofertilizer for increased cereal production. Afr. J. Biotechnol. 9, 6001–6009. doi: 10.5897/AJBx09.010

 Bashan, Y., and De-Bashan, L. E. (2010). How the plant growth-promoting bacterium Azospirillum promotes plant growth—A critical assessment. Adv. Agron. 108, 77–136. doi: 10.1016/s0065-2113(10)08002-8

 Berendsen, R. L., Pieterse, C. M. J., and Bakker, P. A. H. M. (2012). The rhizosphere microbiome and plant health. Trends Plant Sci. 17, 478–486. doi: 10.1016/j.tplants.2012.04.001

 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 

 Cao, Z. N., Zhao, Z. D., Zhang, H. L., Ning, X. H., Ouyang, Y., and Cao, L. N. (2022). Status and Prospect of returning Rice straw to field in Heilongjiang Province. China Rice. 28, 20–23. doi: 10.3969/j.issn.1006-8082.2022.02.004

 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 

 Chaparro, J. M., Sheflin, A. M., Manter, D. K., and Vivanco, J. M. (2012). Manipulating the soil microbiome to increase soil health and plant fertility. Biol. Fertil. Soils 48, 489–499. doi: 10.1007/s00374-012-0691-4

 Chen, J., Xu, D. L., Chao, L. M., Liu, H. J., and Bao, Y. Y. (2020). Microbial assemblages associated with the rhizosphere and endosphere of an herbage. Leymus chinensis. Microb. Biotechnol. 13, 1390–1402. doi: 10.1111/1751-7915.13558 

 Ding, Y., Wang, J., Liu, Y., and Chen, S. (2005). Isolation and identification of nitrogen-fixing bacilli from plant rhizospheres in Bejing region. J. Appl. Microbiol. 99, 1271–1281. doi: 10.1111/i.1365-2672.2005.02738.x 

 Doran, J. W., and Zeiss, M. R. (2000). Soil health and sustainability: managing the biotic component of soil quality. Appl. Soil Ecol. 15, 3–11. doi: 10.1016/s0929-1393(00)00067-6

 Fan, J. L., Ding, W. X., Xiang, J., Qin, S. W., Zhang, J., and Ziadi, N. (2014b). Carbon sequestration in an intensively cultivated sandy loam soil in the North China plain as affected by compost and inorganic fertilizer application. Geoderma 230-231, 22–28. doi: 10.1016/j.geoderma.2014.03.027

 Fan, F. L., Yin, C., Tang, Y. J., Li, Z. J., Song, A., Wakelin, S. A., et al. (2014a). Probing potential microbial coupling of carbon and nitrogen cycling during decomposition of maize residue by 13C-DNA-SIP. Soil Biol. Biochem. 70, 12–21. doi: 10.1016/j.soilbio.2013.12.002

 Frąc, M., Hannula, S. E., Bełka, M., and Jędryczka, M. (2018). Fungal biodiversity and their role in soil health. Front. Microbiol. 9:707. doi: 10.3389/fmicb.2018.00707 

 Gao, S. L., Zhu, Y. R., He, P., Zuo, M. X., Wei, Y. F., Chen, Q. J., et al. (2022). Soil microbial community affected by treatments on soybean plants grown at tea plantations. Fujian J Agric Sci. 37, 1354–1361. doi: 10.19303/j.issn.1008-0384.2022.010.015

 Goswami, D., Dhandhukia, P., Patel, P., and Thakker, J. N. (2014). Screening of PGPR from saline desert of Kutch: growth promotion in Arachis hypogea by Bacillus licheniformis A2. Microbiol. Res. 169, 66–75. doi: 10.1016/j.micres.2013.07.004 

 Gusakov, A. V. (2011). Alternatives to Trichoderma reesei in biofuel production. Trends Biotechnol. 29, 419–425. doi: 10.1016/j.tibtech.2011.04.004

 Hardoim, P. R., van Overbeek, L. S., and van Elsas, J. D. (2008). Properties of bacterial endophytes and their proposed role in plant growth. Trends Microbiol. 16, 463–471. doi: 10.1016/j.tim.2008.07.008 

 Hassan, M. K., McInroy, J. A., and Kloepper, J. W. (2019). The interactions of rhizodeposits with plant growth-promoting rhizobacteria in the rhizosphere: a review. Agriculture 9:142. doi: 10.3390/agriculture9070142

 Hu, H. X., Chen, Y., Ma, Y. H., Yu, X. S., and Xiang, J. X. (2012). Decomposition characteristics of returned rapeseed straw in soil and effects on soil fertility. Chin. J. Chem. 20, 297–302. doi: 10.3724/SP.J.1011.2012.00297

 Kou, X. C., Ma, N. N., Zhang, X. K., Xie, H. T., Zhang, X. D., Wu, Z. F., et al. (2020). Frequency of Stover mulching but not amount regulates the decomposition pathways of soil micro-foodwebs in a no-tillage system. Soil Biol. Biochem. 144:107789. doi: 10.1016/j.soilbio.2020.107789

 Lee, C. J., Watanabe, T., Sato, Y. S., Murase, J., Asakawa, S., and Kimura, M. (2011). Bacterial populations assimilating carbon from 13C-labeled plant residue in soil: analysis by a DNA-SIP approach. Soil Biol. Biochem. 43, 814–822. doi: 10.1016/j.soilbio.2010.12.016

 Liu, E. K., Yan, C. R., Mei, X. R., He, W. Q., Bing, S. H., Ding, L. P., et al. (2010). Long-term effect of chemical fertilizer, straw, and manure on soil chemical and biological properties in Northwest China. Geoderma 158, 173–180. doi: 10.1016/j.geoderma.2010.04.029

 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

 Magoc, 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 

 Marschner, P., Umar, S., and Baumann, K. (2011). The microbial community composition changes rapidly in the early stages of decomposition of wheat residue. Soil Biol. Biochem. 43, 445–451. doi: 10.1016/j.soilbio.2010.11.015

 Nilsson, R. H., Larsson, K. H., Taylor, A. F. S., Bengtsson-Palme, J., Jeppesen, T. S., Schigel, D., et al. (2018). The UNITE database for molecular identification of fungi: handling dark taxa and parallel taxonomic classifications. Nucleic Acids Res. 47, D259–D264. doi: 10.1093/nar/gky1022

 Pei, J. B., Li, H., Li, S. Y., An, T. T., Farmer, J., Fu, S. F., et al. (2015). Dynamics of maize carbon contribution to soil organic carbon in association with soil type and fertility level. PLoS One 10:e0120825. doi: 10.1371/journal.pone.0120825 

 Põlme, S., Abarenkov, K., Henrik, N. R., Lindahl, B. D., Clemmensen, K. E., Kauserud, H., et al. (2020). FungalTraits: a user-friendly traits database of fungi and fungus-like stramenopiles. Fungal Divers. 107, 129–132. doi: 10.1007/s13225-021-00470-0

 Reshef, D. N., Reshef, Y. A., Finucane, H. K., Grossman, S. R., McVean, G., Turnbaugh, P. J., et al. (2011). Detecting novel associations in large datasets. Science 334, 1518–1524. doi: 10.1126/science.1205438 

 Romdhane, S., Spor, A., Banerjee, S., Breuil, M. C., Bru, D., Chabbi, A., et al. (2022). Land-use intensification differentially affects bacterial, fungal and protist communities and decreases microbiome network complexity. Environ. Mirobiome. 17, 1–15. doi: 10.1186/s40793-021-00396-9

 Shannon, P., Markiel, A., Ozier, O., Baliga, N. S., Wang, J. T., Ramage, D., et al. (2003). Cytoscape: A software environment for integrated models of biomolecular interaction networks. Genome Res. 13, 2498–2504. doi: 10.1101/gr.1239303 

 Song, W. C., Tong, X. J., Liu, Y. H., and Li, W. K. (2020). Microbial community, newly sequestered soil organic carbon, and δ15N variations driven by tree roots. Front. Microbiol. 11:314. doi: 10.3389/fmicb.2020.00314 

 Song, W. C., Wang, J., and Hou, L. (2022). Effects of frequency and amount of Stover mulching on soil nitrogen and the microbial functional guilds of the endosphere and rhizosphere. Front. Microbiol. 13:976154. doi: 10.3389/fmicb.2022.976154 

 Song, W. C., Wang, Y., Peng, B., Yang, L. Y., Gao, J., Xiao, C. W., et al. (2023). Structure and function of microbiomes in the rhizosphere and endosphere response to temperature and precipitation variation in Inner Mongolia steppes. Front. Plant Sci. 14:1297399. doi: 10.3389/fpls.2023.1297399 

 Taş, N., Prestat, E., McFarland, J. W., Wickland, K. P., Knight, R., Berhe, A. A., et al. (2014). Impact of fire on active layer and permafrost microbial communities and metagenomes in an upland Alaskan boreal forest. ISME J. 8, 1904–1919. doi: 10.1038/ismej.2014.36 

 Thuriès, L., Pansu, M., Feller, C., Herrmann, P., and Remy, J. (2001). Kinetics of added organic matter decomposition in a Mediterranean sandy soil. Soil Biol. Biochem. 33, 997–1010. doi: 10.1016/s0038-0717(01)00003-7

 Wakelin, S. A., Colloff, M. J., Harvey, P. R., Marschner, P., Gregg, A. L., and Rogers, S. L. (2007). The effects of stubble retention and nitrogen application on soil microbial community structure and functional gene abundance under irrigated maize. FEMS Microbiol. Ecol. 59, 661–670. doi: 10.1111/j.1574-6941.2006.00235.x 

 Wang, Y. Q., Gao, F. L., Gao, G. Y., Zhao, J. Y., Wang, X. G., and Zhang, R. (2019). Production and cultivated area variation in cereal, Rice, wheat and maize in China (1998–2016). Agronomy 9:222. doi: 10.3390/agronomy9050222

 Wang, H. H., Guo, Q. C., Li, X., Li, X., Yu, Z. X., Li, X. Y., et al. (2020b). Effects of long-term no-tillage with different straw mulching frequencies on soil microbial community and the abundances of two soil-borne pathogens. Appl. Soil Ecol. 148:103488. doi: 10.1016/j.apsoil.2019.103488

 Wang, H. H., Li, X., Li, X., Wang, J., Li, X. Y., Guo, Q. C., et al. (2020a). Long-term no-tillage and different residue amounts alter soil microbial community composition and increase the risk of maize root rot in Northeast China. Soil Tillage Res. 196:104452. doi: 10.1016/j.still.2019.104452

 Wang, E. Z., Lin, X. L., Tian, L., Wang, X. G., Ji, L., Jin, F., et al. (2021). Effects of short-term Rice straw return on the soil microbial community. Agriculture 11:561. doi: 10.3390/agriculture11060561

 Wang, Y. J., Wu, Y. X., Cao, C. Y., Han, S., Zhao, W. S., Li, Q. S., et al. (2023). Effects of fertilizer reduction coupled with straw returning on soil fertility, wheat root endophytic bacteria, and the occurrence of wheat crown rot. Front. Microbiol. 14, 1164–302X. doi: 10.3389/fmicb.2023.1143480 

 Wang, M., Yang, P., and Falcão Salles, J. (2016). Distribution of root-associated bacterial communities along a salt-marsh primary succession. Front. Plant Sci. 6:1188. doi: 10.3389/fpls.2015.01188 

 Wang, Z. Z., Zhao, J. J., Xu, J. W., Jia, M. R., Li, H., and Wang, S. J. (2019). Influence of straw burning on urban air pollutant concentrations in Northeast China. Int. J. Environ. Res. Public Health 16:1379. doi: 10.3390/ijerph16081379 

 Wei, L. F., Zhang, R. Q., Yao, B., Zhang, J. H., Xiong, X. Y., Dai, Z. L., et al. (2021). Effect of rotating soybean and its straw returning on Chinese cabbage clubroot disease. Acta Agric. Univ. Jiangxiensis 43, 52–62. doi: 10.13836/j.jjau.2021007

 Xiong, C., Singh, B. K., He, J. Z., Han, Y. L., Li, P. P., Wan, L. H., et al. (2021). Plant developmental stage drives the differentiation in ecological role of the maize microbiome. Microbiome. 9:171. doi: 10.1186/s40168-021-01118-6 

 Xiong, C., Zhu, Y. G., Wang, J. T., Singh, B. K., Han, L. L., Shen, J. P., et al. (2020). Host selection shapes crop microbiome assembly and network complexity. New Phytol. 229, 1091–1104. doi: 10.1111/nph.16890 

 Yang, Y. L., Bao, X. L., Xie, H. T., He, H. B., Zhang, X. D., Shao, P. S., et al. (2022). Frequent Stover mulching builds healthy soil and sustainable agriculture in Mollisols. Agric. Ecosyst. Environ. 326:107815. doi: 10.1016/j.agee.2021.107815

 Yousuf, J., Thajudeen, J., Rahiman, M., Krishnankutty, S., Alikunj, P., and Abdulla, M. H. (2017). Nitrogen fixing potential of various heterotrophic Bacillus strains from a tropical estuary and adjacent coastal regions. J. Basic Microbiol. 57, 922–932. doi: 10.1002/jobm.201700072 

 Zhang, T. T., Chen, S. T., Wang, J., Wang, Z. H., and Hu, Z. H. (2019). Effects of warming and straw application on soil microbial biomass carbon and nitrogen and bacterial community structure. Environ. Sci. 40, 4718–4724. doi: 10.13227/j.hjkx.201902035 

 Zhu, Y. G., Peng, J. J., Wei, Z., Shen, Q. R., and Zhang, F. S. (2021). Linking the soil microbiome to soil health. Sci. China Ser. C. 51, 1–11. doi: 10.1360/SSV-2020-0320


Copyright
 © 2024 Li, Zou, Song, Xin and Gao. 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-15-1372471-g005.jpg
B c "
|| Hypocrcales Hypocreales Hypocreales Hypocreales [ 0.5
Eurotiales Eurotiales Eurotiales Eurotiales I 06
Glomerales Glomerales Glomerales Glomerales g:
Pezizales Pezizales Pezizales Pezizales .
Microascales Microascales | | Microascales Microascales 0.2
Sordariales H Sordariales Sordariales Sordariales I z:‘a
Mortierellales Mortirellales ||| h Mortierellales Mortirellales [l o ¢
% WuEY, sk,
o e 5t 6 50
b le, 29 gy 39 gk
A Y%y 0%y
Hypocreales Hypocreales Hypocreales Hypocreales ;.s
Eurotiales Eurotiales Eurotiales Eurotiales 0.6
Glomerales Glomerales Glomerales Glomerales g::
Pezizales Pezizales Pezizales Pezizales o
Microascales Microascales Microascales Microascales | -02
Sordariales Sordariales Sordariales Sordariales I :g::
Mortierellales .: Mortierellales Mortierellales Mortierellales 08

2,701,
%@@@ o o
é‘%@@,

Y, Sy,

Y

N

4.5,

v





OPS/images/fmicb-15-1372471-g006.jpg
A Q
lifestyle -

Nodes: 68 Edges232

v Neigh.499
Ave Clust CofT0.639
B
NodesT0 Edges1254
Avg Neigh:38.710
Ave Clust 0564
c
Genus
Nodes173 Edges1398
Ave Neigh20.175
Ave Clus ol 455
D .

Avg Neigh21.952
Avg Clust Coefl.0.483

Nodes:62 Edges:175
Ave Neight6.495
Avg Clust CocfF0.736

Nodes:73 Edges:1498
Ave Neigh:44.035
Avg Clust CoefT0812

Nodes:188 Edges:1876
Avg Neigh24.459
Ave Clust CoefF0492

Nodes:192 Edges:1394
Avg Neigh18.054
Avg Clust CocfT0.48

_ Nodest199 Edges2189

Nodesi60 Edges:174 Nodesi69 Edges:313 Nodes:65 EdgesS34
Ave Neig Ave Neight10433 Ave Neight19.700
Avg Clust Cocf0.696. Avg Clust CocfF0.657 Avg Clust Coefi

Nodes:73 Edges:1156 Nodes:70 Edges 854 Nodesi66 Edges:656.
Ave Neight3siall Ave Neight27.996 Ave Neigh23.301
Avg Clust Coef0.854 Avg Clust Coef0.791 Avg Clust CoefT0.715

Nodes:167 Bdgesi$21
24304 Avg Neight12.793
Ave Clust CoefF0.518 Avg Clust CoefF0.391

Nodes:190 Edges:1165 Nodes:174 Bdges:1857
Avg Neigh15.078 Avg Neig
Ave Clust CoefF0441

Nodes:203 Edges:1343
Avg Neight15 840
Avg Clust Coeff:0.423

Nodes:194 Edges:1373
Avg Neight17.775
Avg Clust Coeff0.396

Ave Neight26.550
Avg Clust CocfT0.315

Nodes:62 Edges:258.
Ave Neight9.795
Avg Clust CocfF0.640

Nodes:69 Edges:748.
Ave Neight26.632
Avg Clust CoefT0.704

Nodes:169 EdgesiS67
Avg Neight12766
Avg Clust CoefF0.387

Nodes:184 Edges:1195.
Avg Neight13.355
Avg Clust CoefT0.433





OPS/images/fmicb-15-1372471-g003.jpg
Am

c

p E
|8

; | V | =

i

i
|

” |

E

o E

”||‘|||.
=
|
=

o |

va

r
!
i

i i

u i:
%‘l‘l“ ::‘
| :
| .

i





OPS/images/fmicb-15-1372471-g004.jpg
Bactlaies [] Bacillies [ mocines Bacilles 08
Betproicobacirials Betproteobacteriales Betaproteobacteriales Betaproteobaceriakc ::
Closrdisies Closrdies Closidises Closidines 5
fre— [— P— Micocoscais o
[— [E— [S— [— o
Raisobies Riivies Roiobits Raiobiis o
Stcpomcsaes prem— Lr— Sucpromyetls s
Collvibrionales. Celivibrionales. [ ] Cellvibrionales Cellvibrionales .
Frakies Frankaes Frankins Frankiis
Croptagaes Coptagaks Croptagaes Cyoptagaes
EeT— Scpogpoangnes ER— E—
fr— pr— Mcccces Mysococales
Propionaccis Propiontaceies Propionaciries Propiontacries
Spingomonadies Sphingomonadaes Sphingomonadies Spingomonadies
Micromonspoacs Micomonospsies Micomonospraes Micomonosraes
Encobceries L— [— Encrobcris
P ] — f— —
[— Vermonicrises Vemwomicobaes (—
Chloonisi Chloatss Chioes it et Chicoes i
L— L— Lo— [RE—
i ’ i " "
pamm—
.
%,
A
F G H .
Bacities [T T Jocinaes Bl o8
Besprocomcres I——— [E——— [En— 06
Closidises (] S— [ it Closidines &
[ P— om— — Micococcals o
L— [E— [R— [— 02
Raizbies Raiotiaies - Raizobies B
Supomceales sucpromycls Sucpromyecls Sucpromyeele 08
— Cttrionses cobrionses foneN— “
Frankis Frankiais Frankiaies Frankiis
Croptagaes (Croptagaes Croptagaes Coptagaes
Sucplogormgiales pe— sucprospoungiles Suplogormgaes
Mynoccces Mysococcies Mysococcies fr—
Propontacies L —— Propionisccines Propontacries
[ sphingomonsdses Sphingomonsdaes Sphingomonsdales Spingomonadiles
Micomonosgraes Micomonosprses Miromonosprses Micomonosgraes
L— prs— ] Encomciciles Encruceriaes
LE——. [R—— Fisobacerils Finaboerils
|| [—— Vemomicailes Vemsomicaies (—
matured Chorones s ([0 | [ scsored i e P — P
L  pancomyesates L—
et Fimics s - ;
ERT—— DR— pRT——






OPS/images/fmicb-15-1372471-g007.jpg
Q Q33 Q67 Q100 FI3
Nodes's Edges$ Nodes Edges's
Avg Neigh:3.467 Avg Neigh:2.000
Ave Clust Cof0.367 Ave ClstCocf1.000

Nodes:3 Edges:3
Avg Neigh2.000
Ave Clust Coeff:1.000

Lu-:ﬂ : =

Nodes:205. Edges:351 Nodes:212 Edges:s32

Ave Neighis 309 Ave Neights 430 Ave Neight6.550 Ave Nei
Avg Clust Coef0.193

Avg Clust CoefT0,196 Avg Clust Coef0.166

Nodesi238 Edges709 Nodes254 Edges:619 "Nodes:243 Edges:d23 Nodesi262 EdgesiS08
Ave Neighi 587 Ave Neighi7070 Ave Neighis 070 Ave Neight6 090
Ave Clust Cocf0263 ‘Avg Clust CocfF0.188 Ave Clust CocfF0.191 AVECHSICoelf0163  AveClust CoefF0.159

Nodes:207 Edges:4d6 Nodes:206 Edges:397

Avg Clust Coef0.182

F2/3

Nodes:3 Edgest3
Ave Neigh:2.000
Avg Clust Coeff:1.000

Nodes217 Edges:399
Ave Neighis 912
Avg Clust Coef0.160

Nodes:245 Edges:éd1
Ave Neigh6.343
Avg Clust Coef0.188





OPS/xhtml/Nav.xhtml




Contents





		Cover



		Effects of frequency and amount of stover mulching on the microbial community composition and structure in the endosphere and rhizosphere



		1 Introduction



		2 Materials and methods



		2.1 Experimental design



		2.2 Field sampling and laboratory analysis



		2.3 DNA extraction



		2.4 Bioinformatic analysis



		2.5 Statistical analyses









		3 Results



		3.1 Effects of stover mulching quantity and frequency on soil microbial lifestyle



		3.2 The effect of stover mulching on the composition of soil microbial community



		3.2.1 Effects on bacterial community



		3.2.2 Effects on fungal community









		3.3 The relationship between microbial communities and soil carbon and nitrogen



		3.3.1 Bacterial community



		3.3.2 Fungal community









		3.4 Effects of stover mulching quantity and frequency on microbial community structure



		3.4.1 Effects on bacterial structure



		3.4.2 Effects on fungal community structure















		4 Discussion



		4.1 Frequency and quantity of stover mulching affected the composition and structure of microbial community



		4.2 Relationship between microbial communities and soil carbon and nitrogen









		5 Conclusion



		Data availability statement



		Author contributions



		Funding



		Conflict of interest



		Publisher’s note



		Supplementary material



		References



















OPS/images/fmicb-15-1372471-g001.jpg
=
=

Relative Abundance(%) >
S

e
°

e

»
N N »
®»
& @
®» - -
I I . I IIi .I

jointing flowering ‘mature

total

e
©

o
i

(=
o

Relative Abundance(%)
> =y

2
°

Jjointing flowering ‘mature

Taxonomy
F113
F23
Qo

=

| aer

|

Q100

Taxonomy
F113
F23

[

B o

Q67
Q100





OPS/images/fmicb-15-1372471-g002.jpg
cvm
£ *IEZN £ | —
H | W £ s
i | B e : | fo—
° = - =
Emu

il il

LARRRRNIE | 1=

i = =4

7 ili:. “ =
iil u‘,m,m,m,w,m,m,






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

Effects of frequency and amount
of stover mulching on the
microbial community
composition and structure in the
endosphere and rhizosphere












OPS/images/crossmark.jpg
©

2

i

|






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






