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Microbial decomposition plays a crucial role in the incorporation of straw and straw biochar (SSB) into soil. Lime concretion black soil (LCBS) is a typical low-medium crop yield soil, and it is also one of the main soil types for grain production in China. However, the link between SSB additions and soil bacterial communities in LCBS remains unclear. This study explored the effects of SSB incorporation on bacterial community composition, structure and co-occurrence network patterns at different soil depths and maize growth stages. The results showed that soil PH, soil organic matter and total nitrogen significantly affected the seasonality and stratification of the soil bacterial community. The composition and diversity of bacterial communities were significantly affected by growth period and treatment rather than soil depth. Specifically, the bacterial community diversity increased significantly with crop growth at 0–20 cm, decreased the relative abundance of Actinobacteria, and increased the relative abundance of Proteobacteria and Acidobacteria. SF (straw with fertilizer) and BF (straw biochar with fertilizer) treatments decreased bacterial community diversity. Co-occurrence networks are more complex in BF, S (straw), and SF treatments, and the number of edge network patterns is increased by 92.5, 40, and 60% at the maturity stage compared with F (fertilizer) treatment, respectively. Moreover, the positive effect of straw biochar on the bacterial network pattern increased with time, while the effect of straw weakened. Notably, we found that rare species inside keystone taxa (Gemmatimonadetes and Nitrospirae) play an indispensable role in maintaining bacterial network construction in LCBS. This study offers a comprehensive understanding of the response of soil bacterial communities to SSB addition in LCBS areas, and provides a reference for further improvement of LCBS productivity.
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Introduction

The application of chemical fertilizers in agricultural production has become very common and essential (Zhang et al., 2019). Different types of chemical fertilizers have been applied to farmland over the past few decades, and the long-term application of chemical fertilizers can have negative effects on soil, such as soil degradation and lower productivity (Adesemoye and Kloepper, 2009; Agegnehu et al., 2017). As a renewable resource, straw is rich in nutrients, and its return to the field is considered to be an effective and promising method to improve soil quality and increase soil fertility (Dikgwatlhe et al., 2014; Ma et al., 2019). Its addition not only changes the soil’s physicochemical properties, but also affects the living environment of the microbial community in the soil (Navarro-Noya et al., 2013).

Microorganisms are an important part of the soil ecosystem and are the main participants in soil physicochemical processes. They include highly diverse and complex bacteria, fungi, viruses and protozoa, of which bacteria are the most abundant (Takaku et al., 2006; Bardgett and van der Putten, 2014; de Araujo et al., 2018). Straw returning to the field provides a carbon source that is easily decomposed for microorganisms, promoting the reproduction and enriching the species of those microorganisms (Morais et al., 2019). Previous studies have shown that bacteria (such as Proteobacteria, Actinobacteria, and Acidobacteria) dominate the microbial community during the early stages of straw decomposition (Liu et al., 2019). Straw returning significantly increases bacterial biomass compared with no returning (Navarro-Noya et al., 2013; Chen et al., 2017). Morais et al. (2019) concluded that straw returning had a significant effect on soil bacteria. However, it has also been suggested that the addition of straw with a high C/N ratio leads to a shortage of nitrogen, which intensifies the fierce competition for nitrogen between the microbial community and plants, thereby inhibiting the growth of microorganisms (Kuzyakov and Xu, 2013).

As research on the effect of straw returning on soil quality has deepened, researchers have found that the decomposition rate of straw is slow (Brunetto et al., 2011), which increases farmland diseases and insect pests (Liu et al., 2022a). Therefore, some scholars have proposed generating straw biochar through high-temperature pyrolysis and then returning it to the field (Laird, 2008; Feng et al., 2021). The incorporation of biochar changes the soil’s physicochemical properties and has a direct or indirect impact on soil microbial activities (Wu et al., 2019). This positive effect is related to the porous structure and large specific surface area of biochar, which provides a suitable and favorable shelter for the microbial community while also providing unstable carbon-containing organic matter and nutrients for microbial growth and reproduction, changing microbial activity (Gomez et al., 2014; Jaafar et al., 2014; Partovi et al., 2021). Previous reports have suggested that short-term biochar addition can significantly alter soil bacterial diversity, and a combination of biochar and chemical fertilizers is considered the most beneficial treatment for soil bacteria (Yu et al., 2018b). But it does not apply to all soils and the effect is not always positive (Zhang et al., 2019). The effect of biochar on microbes is not certain and the diversity of biochar and soil types means the practical effect in different soil types cannot be generalized (Jeffery et al., 2015; Pan et al., 2016; Ginebra et al., 2022). This positive or negative effect is not clear but we do think it might be related to changes in chemical properties after biochar pyrolysis, soil PH and nutrients (Paz-Ferreiro et al., 2011; Gomez et al., 2014). In addition, most of the effects of biochar on soil microorganisms were obtained based on specific sampling times, and these results focused on specific states of soil bacteria, with few effects reported for different growth stages of crops (Zhen et al., 2014; Bello et al., 2021). Consequently, time course investigations are necessary to indicate changes in soil bacterial communities due to straw or straw char addition (Bello et al., 2021).

The North Anhui Plain is one of the important grain producing areas in China. The main soil type is lime concretion black soil (LCBS), which accounts for 54% of the total area of the region (Du et al., 2021). It is recognized as a medium and low-yielding soil, largely because of its unique dry shrinkage and wet expansion characteristics and poor water and fertilizer retention properties. Previous studies have shown that straw returning can improve the LCBS properties, such as soil bulk density and soil water content (Ruan et al., 2022). However, little is known about the effects of straw and equal proportions of straw biochar incorporation on soil microbial communities. In addition, the effects of the incorporation of straw and straw biochar (SSB) on the co-occurrence network and keystone taxa (KT) changes of soil bacteria in different growth stages of maize are still unclear. The main purpose of this study is threefold: (1) evaluate the effects of different treatments and soil depths on soil bacterial diversity and richness in growth stages of maize, (2) determine whether soil bacterial network patterns, topological properties, and KT are affected by different treatments in growth stages of maize, (3) investigate the links between environmental variables and soil bacterial genera and KT to discover the key factors mediating bacterial species succession.



Materials and methods


Study site description

The field experiment was conducted at the Wudaogou Hydrological Experiment Station in Guzhen County, Bengbu City, Anhui Province (117°21′ E, 33°9′ N), which is located in the southern part of the North Anhui Plain and is an important seed crop base for maize and wheat in China. The area is a transition zone between warm temperate and north subtropical climates. The annual average water surface evaporation, temperature and rainfall is 1,011 mm, 14.9 °C, and 885 mm, respectively, and the rainfall from June to September accounts for 60–70% of the total annual rainfall. The soil type is LCBS. The basic soil properties at 0–20 cm depth at the beginning of the experiment is shown in Table 1.


TABLE 1    Basic properties of soil at 0–20 cm.
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Field experiment

In the experiment, four field treatments were set up in randomized blocks: straw biochar with fertilizer (BF), straw (S), fertilizer (F), and straw with fertilizer (SF). Each plot was divided into three subplots with three replicates (133.3 m2). Soil pits were dug around the plots and an aluminum-plastic board was inserted vertically with 20 cm of the board above the ground to avoid the influence of soil moisture and nutrients from other plots in the field. The stubble and straw were removed manually from the plot when the wheat was harvested. Wheat straw was crushed into 3–5 cm and returned to the field using a pulverizer, and the application amount was 5,400 kg⋅ha–1. The raw material of the biochar was wheat straw, and the application amount was 1,800 kg⋅ha–1 according to the straw conversion ratio of 33%. The wheat straw was purchased from Zhengzhou Jinbang Environmental Technology Co., Ltd. On June 12, 2021, SSB was evenly spread in the soil surface of the test plot, and the rotary tiller was evenly rotated into the soil tillage layer. Base fertilizer urea (N 46.4%) and compound fertilizer (N-P2O5-K2O = 30-5-5%) were applied separately, and the application amounts were 15 and 60 g⋅m–2, respectively. On the same day, maize was artificially sown with 60 cm between each row and 27 cm between each plant. The tested maize variety was Denghai 533. When maize was sown, an open space (buffer zone) of 60 cm from the edge of the plot was left to avoid the influence of adjacent plots. All experimental plots had the same, conventional field management, such as weeding and insecticide application.



Sampling and soil physicochemical determination

Soil samples were collected at the seedling stage (SS) and maturity stage (MS) of maize using a soil auger (diameter = 5 cm), and each subplot at a depth of 0–20 cm (0–10 cm and 10–20 cm) was randomly sampled according to the five-point method. Soil samples were collected between two maize plants. Five soil samples were collected from each layer, and after manual removal of visible stones or plant debris, they were thoroughly mixed to make one composite sample. To reduce the influence of the external environment on microorganisms, sample collection was divided into two sessions. About 10 g of soil samples were collected and placed into sealed bags the first time. The samples were then placed in a foam box with dry ice, and transported to the laboratory and stored at −80°C for microbial DNA extraction. About 1,000 g of soil samples were taken during the second session to determine the soil’s physicochemical properties, including ammonia nitrogen (NH4+-N), nitrate nitrogen (NO3–-N), total nitrogen (TN), available phosphorus (AP), total phosphorus (TP), organic matter (SOM), bulk density (BD), PH, and soil water content (SWC).

TN was determined by the Kjeldahl method. Soil NH4+-N and NO3–-N were extracted in a KCl solution and then determined using spectrophotometry (Lu, 2000). The soil AP was determined by using the molybdenum-antimony anti-colorimetric method after extraction with NaHCO3 solution. TP was determined by alkali fusion-molybdenum antimony anti-spectrophotometry. The SOM was converted by measuring the organic carbon content with TOC analyzer (XPERT-TOC/TNb, Trace Elementa, Netherlands). Soil PH was measured using a PH meter (DZS-706, INESA, Shanghai, China) in a solution with a soil/water ratio of 1:2.5 (w/v). Soil bulk density (BD) was obtained by the cutting ring method (Lu, 2000). The SWC was determined by the drying method (105°C).



DNA extraction and high-throughput sequencing

DNA samples were extracted using the DNeasy PowerSoil Kit (QIAGEN, Inc., Netherlands) in line with the manufacturer’s instructions. DNA concentration, quantity and quality were determined using a NanoDrop ND-1000 spectrophotometer (Thermo Fisher Scientific, Waltham, MA, USA) and 1.2% agarose gel electrophoresis. We performed PCR amplification of the V3-V4 region of the bacterial 16S rRNA gene by using the forward primer (338F: 5′-ACTCCTACGGGAGGCAGCA-3′) and the reverse primer (806R: 5′-GGACTACHVGGGTWTCTAAT-3′) (Ding et al., 2021). The amplification conditions were as follows: 98°C for 2 min, followed by 25 cycles consisting of 98°C for 15 s, 55°C for 30 s, and 72°C for 30 s, and a final extension at 72°C for 5 min. The final product was purified and quantified using Agencourt AMPure Beads (Beckman Coulter, Indianapolis, IN) and PicoGreen dsDNA Assay Kit (Invitrogen, Carlsbad, CA, USA), respectively. And equimolar pooling and paired-end sequencing (2 × 300 bp) were performed on the Illumina MiSeq platform (Ding et al., 2021). Furthermore, all raw reads were analyzed on the QIIME2 platform (Knight et al., 2010). The raw data were quality controlled, denoised, merged, and chimeras removed before DADA2 clustering (Callahan et al., 2016). Amplicon sequence variants (ASVs) were labeled by the ASV number in this study.



Statistical analyses

The alpha diversity of microbial communities (Chao1 and Shannon indices) was estimated using QIIME2. The significant effects of growth stage, treatment, soil depth and their interactions on microbial alpha diversity were determined using three-way analysis of variances (ANOVAs). The least significant difference (LSD) post hoc test identified significant differences between treatments in microbial alpha diversity. Comparison of bacterial beta diversity by Bray-Curtis distance was based on non-metric multidimensional scaling (NMDS) analysis and analysis of similarities (ANOSIM) using the “vegan” package (v.2.5-7) in R (v.4.0.2). The student’s t-test was used to evaluate differences between bacterial taxonomic levels under specific treatments. Correlations between soil properties and bacterial genera were analyzed by redundancy analysis (RDA), which was performed in the vegan package. Multicollinearity tests were used to remove variables with variance inflation factors (VIF) >10 (Aertsen et al., 2012), and finally, permutation tests (999 permutations) were performed to assess the significance of soil properties on bacterial communities. Network analysis was carried out using the “psych” package (v.2.1.9) and the “igraph” package (v.1.2.6) in R to explore bacterial network patterns (Csardi et al., 2006; Röttjers and Faust, 2018). The co-occurrence network was constructed based on the spearman correlation coefficient >0.7 and FDR-corrected P-values <0.05 (Ge et al., 2021; Liu et al., 2022b). The topological features of each network were calculated using the igraph package. The KT identified included high average degree, high betweenness centrality, and high closeness centrality (Banerjee et al., 2018; Ge et al., 2021). The spearman correlations between soil properties and bacterial KT were calculated and heatmaps were drawn using the psych package and the “corrplot” package (v.0.92) in R.




Results


Gene sequence data characteristics

A total of 2,058,101 bacterial non-singleton sequences were obtained from 48 soil samples, and the average read length of bacterial sequences was 417 bp (the main length ranged from 404 to 433 bp) after screening. We observed 39 phyla, 123 classes, 283 orders, 494 families, 1,027 genera, and 1,626 species in this study. The rarefaction analysis found that the number of recorded ASVs tended to be smooth, which indicated the amount of data in the sequence was reasonable (Supplementary Figure 1).



Alpha and beta-diversity of bacterial communities under the incorporation of straw and straw biochar

We used Chao1 and Shannon indices to characterize the α-diversity of soil bacterial communities (Figure 1). The analysis of the results revealed that all treatments had little effect on the α-diversity of soil bacterial at the SS of 0–20 cm. Bacterial communities tended to increase in the α-diversity over time, as measured by the Chao1 and Shannon indices. In the 0–10 cm soil layer at MS, BF and SF treatments significantly decreased the α-diversity of soil bacteria, S treatment significantly increased the α-diversity of soil bacteria, and F treatment had no significant effect on the α-diversity of soil bacteria. The F treatment significantly increased the α-diversity of soil bacteria at 10–20 cm depth at MS. Table 2 shows soil bacterial α-diversity was significantly affected by maize growth stage (p < 0.001), followed by treatment (p < 0.01), but neither was affected by soil depth or growth stage and soil depth interaction. The interaction between growth stage and treatment, treatment and soil depth, and growth stage, treatment and soil depth had a significantly greater impact on Chao1 than on Shannon index.
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FIGURE 1
Changes in 0–20 cm soil bacterial alpha diversity (Chao1 and Shannon indices) during maize growth. (A) Chao1 and (B) Shannon index. BF, S, F, and SF stand for: straw biochar with fertilizer, straw, fertilizer, and straw with fertilizer, respectively. s: Seedling stage; m: Maturity stage. 1: 0–10 cm; 2:10–20 cm. *p < 0.05, **p < 0.01, ***p < 0.001.



TABLE 2    Summary of three-way ANOVAs results for bacterial alpha diversity.
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NMDS analysis was performed to determine the effect of different treatments on the composition of the bacterial community at 0–20 cm depth in SS and MS (Figure 2). It revealed a clear difference in the soil bacterial community composition of maize at SS and MS (0–10 cm: R = 0.917, p = 0.001; 10–20 cm: R = 0.652, p = 0.001) (Figures 2Ai,Bi). At the same time, it revealed obvious differences in the bacterial community composition between 0–10 cm and 10–20 cm depths (SS: R = 0.549, p = 0.001; MS: R = 0.412, p = 0.001) (Figures 2Aiv,Biv). The bacterial community compositions of BF, S, F and SF treatments were significantly different only at the 0–10 cm depth at SS (Figures 2Aiii,Bii,iii). The results showed that sampling time and soil depth significantly affected soil bacterial community structure. Different treatments had little effect on soil bacterial community structure.
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FIGURE 2
(A) Non-metric multidimensional scaling (NMDS) analysis of soil bacterial community composition at 0–10 cm depth. (Ai) growth stages, (Aii) different treatments at seedling stage, (Aiii) different treatments at maturity stage, (Aiv) different soil depths at seedling stage. (B) NMDS analysis of soil bacterial community composition at 10–20 cm depth. (Bi) growth stages, (Bii) different treatments at seedling stage, (Biii) different treatments at maturity stage, and (Biv) different soil depths at maturity stage.




Taxonomic classification and diversity of bacterial communities

We revealed some unique genera at different growth stages and different treatments. There were 786 and 880 genera in the samples collected at SS and MS, respectively, of which 159 (60%) unique genera were observed at the mature stage (Figure 3A). BF treatment produced the highest genera at SS and MS at the 0–10 cm and 10–20 cm depths, followed by SF treatment; BF and SF treatments produced more unique genera than F and S treatments (Figures 3B–E). The top 10 bacterial phyla and genera in relative abundance for all soil samples are shown in Figure 4. The soil bacterial community was dominated by Actinobacteria (42.36%), Proteobacteria (30.02%), Acidobacteria (9.49%) and Chloroflexi (8.26%) at the phylum level, accounting for about 90% of the relative abundance of all treatments. Compared with F treatment, the relative abundance of Actinobacteria in BF treatment and SF treatment slightly increased, and S treatment decreased. The relative abundances of Acidobacteria and Chloroflexi were reduced in BF and SF treatments. From SS to MS, the relative abundances of the dominant phyla Actinobacteria and Chloroflexi decreased, while the relative abundances of Proteobacteria and Acidobacteria increased. At SS, the dominant genera of soil bacteria at 0–20 cm depth included Subgroup_6, Nocardioides, KD4-96, Streptomyces and Solirubrobacter. However, only the relative abundance of Subgroup_6 increased significantly during the MS, and the relative abundance of several other dominant genera decreased significantly. There are also some genera with relative abundance below 1% that were not noticed at 10–20 cm, such as Nocardioides, Streptomyces, and Solirubrobacter.
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FIGURE 3
Comparing bacterial genera using Venn diagrams. (A) growth stages, (B) seedling stage, 0–10 cm, (C) maturity stage, 0–10 cm, (D) seedling stage, 10–20 cm, and (E) maturity stage, 10–20 cm.
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FIGURE 4
Relative abundance of taxonomic composition at the phylum (A) and genus (B) level of soil bacterial communities in 0–20 cm under straw and biochar addition. The top 10 relative abundances were shown. BF, S, F, and SF stand for: wheat straw biochar with fertilizer, wheat straw, fertilizer, and wheat straw with fertilizer, respectively. s: Seeding; m: Maturity. 1: 0–10 cm; 2: 10–20 cm.


Additionally, we identified differential bacteria between BF, S, SF treatments and F treatments using two-group comparisons and analyzed the mean relative abundance of differential bacteria (Figure 5). It can be found that the difference in soil bacterial community composition gradually increased with the growth of maize, with the difference in bacteria at different taxonomic levels greatest between BF and F treatments. For example, with the soil depth of 0–10 cm in SS (Figure 5A), BF treatment significantly increased o_Gaiellales by 28.2% (p < 0.01) and f_Micrococcaceae by 32.5% (p < 0.05); S treatment significantly decreased f_Nitrosomonadaceae by 23.3% (p < 0.05), and SF treatment significantly increased f_Xanthobacteraceae 15.5% (p < 0.05), which significantly reduced c_Acidimicrobiia by 17.4% (p < 0.05).
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FIGURE 5
Inter-group difference test for relative abundance of bacteria. Panels (A–D) represent 0–10 cm seedling stage, 0–10 cm maturity stage, 10–20 cm seedling stage, and 10–20 cm maturity stage, respectively. The letters before bacterial names represent the abbreviations for different taxonomic levels (k-Kingdom, p-phylum, c-class, o-order, f-family, g-genus). The horizontal axis of histogram represents the average relative abundance of bacteria. Student’s t-test was used to assess significant differences between groups. The horizontal axis of the scatter plot represents the difference between the average relative abundances of bacteria for the two treatments, and the error bars are 95% confidence intervals. *p < 0.05, **p < 0.01.




Correlation between soil properties and bacterial community structure

Based on RDA analysis, the results showed that soil physicochemical properties (NH4+-N, NO3–-N, TN, TP, AP, SOM, PH, BD, and SWC) affected bacterial communities at different growth stages, treatments and soil depths (Figure 6). The RDA1 and RDA2 had the highest overall interpretation rate for the observed changes in soil bacterial dynamics during the growth stages, reaching 90.4–92.1% (Figures 6Ai,Bi); the total interpretation rate for different soil depths is slightly lower, reaching 77.6–84.6% (Figures 6Aiv,Biv); the total interpretation rate for different treatments reached 55.1–64.3% (Figures 6Aii,iii,Bii,iii). It is worth noting that SOM (r2 = 0.576, p-value = 0.026) at 0–10 cm depth in MS, and TN (r2 = 0.544, p-value = 0.032) and PH (r2 = 0.533, p-value = 0.038) at 10–20 cm depth in SS were observed to be the main drivers that significantly affected and controlled bacterial communities (Supplementary Table 1).
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FIGURE 6
(A) Illustrating associations between bacterial genera and environmental variables at 0–10 cm depth based on redundancy analysis (RDA). (Ai) growth stages, (Aii) different treatments at seedling stage, (Aiii) different treatments at maturity stage, (Aiv) different soil depths at seedling stage. (B) Illustrating associations between bacterial genera and environmental variables at 10–20 cm depth based on RDA. (Bi) growth stages, (Bii) different treatments at seedling stage, (Biii) different treatments at maturity stage, and (Biv) different soil depths at maturity stage.




Co-occurrence network and keystone taxa assessments

To determine the effect of straw and biochar incorporation on soil bacterial communities, we constructed a co-occurrence network of bacterial community composition under different treatments at SS and MS (Figures 7, 8). S and SF treatments increased bacterial community complexity at SS, but decreased bacterial community complexity in BF treatment (Figure 7). From SS to MS, the number of edges of network in S, F and SF treatments decreased by 46.7, 48.1 and 41.8%, respectively, reducing the complexity of bacterial community; but the number of edges of network increased by 24.2% in BF treatment (Figure 8; Table 3). The three treatments increased the number of edges in the bacterial network by 92.5% (BF), 40% (S), and 60% (SF) compared to the F treatment at MS, respectively (Table 3). SF treatment increased bacterial complexity compared to S treatment. Similarly, we found that whether SS or MS, the positive correlation between nodes and the number of edges showed a similar pattern. These results indicate that fertilizer (F) treatment and straw (S and SF) treatments reduced bacterial complexity as the crop grew, with the S and SF treatments being more affected than the F treatment. The decomposition of straw biochar increases the complexity of bacterial communities. BF, S, and SF treatments increased bacterial community complexity and positive associations in bacterial networks compared to F treatment (Figures 7, 8; Table 3).
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FIGURE 7
Network analysis showed the co-occurrence patterns of soil bacterial taxa at seedling stage in different treatments. (A) BF, (B) S, (C) F, and (D) SF. The size of each node is proportional to the relative abundance. The blue line represents a significant negative relationship (p < 0.05) between nodes, and the red line represents a significant positive relationship (p < 0.05) between nodes.
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FIGURE 8
Network analysis showed the co-occurrence patterns of soil bacterial taxa at maturity stage in different treatments. (A) BF, (B) S, (C) F, and (D) SF. The size of each node is proportional to the relative abundance. The blue line represents a significant negative relationship (p < 0.05) between nodes, and the red line represents a significant positive relationship (p < 0.05) between nodes.



TABLE 3    Key topological features of soil bacterial community co-occurrence networks under different treatments at different growth stages.
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The bacterial KT at SS and MS of maize were obtained in the four treatments (Table 4). We found that KT were significantly affected by growth stage in different treatments. Uncultured genus was the KT of the BF treatment and F treatment and was classified as Gemmatimonadetes. Solirubrobacter and Unclassified_nocardioidaceae were the KT in the S and SF treatments at SS, respectively. But they are both classified as Actinobacteria. Interestingly, we found that the KT in the BF, S, and F treatments all belonged to Actinobacteria at MS. The KT in the BF and F treatments were both Unclassified_micromonosporaceae. In addition, the KT in the SF treatment were Nitrospira and CCD24, which were quite different from the other three treatments. It indicated that biochar incorporation had little effect on bacterial KT, but straw incorporation significantly affected bacterial KT. We further analyzed the correlations between KT and environmental factors in the different treatments (Figure 9). At SS, the KT of S and SF treatments were significantly correlated with environmental factors (NO3–-N, TP, and SOM) (p < 0.05), while the other two treatments did not reach a significant level. The correlation of bacterial KT with environmental factors in the four treatments increased with maize growth. Specifically, KT in BF treatment were significantly correlated with NO3–-N (p < 0.05); KT in S treatment were significantly correlated with BD (p < 0.01); KT in F treatment were significantly correlated with SOM, TP and BD (p < 0.05); KT in SF treatment were significantly correlated with nitrogen indicators (NH4+-N, NO3–-N and TN) and SOM (p < 0.05).


TABLE 4    The keystone taxa in bacterial networks under different treatments at different growth stages.
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FIGURE 9
Correlation between keystone taxa and soil physicochemical properties under different treatments. (A) Seedling stage, (B) maturity stage. The darker the color, the stronger the correlation. BF, S, F and SF stand for: straw biochar with fertilizer, straw, fertilizer, and straw with fertilizer, respectively. NH4+-N, ammonium; NO3–-N, nitrate; TN, total nitrogen; TP, total phosphorus; AP, available phosphorus; SOM, soil organic matter; BD, bulk density; SWC, soil water content. *p < 0.05, **p < 0.01.





Discussion


Response of bacterial diversity to straw and straw biochar addition with maize growth

In this study, we found that the α-diversity and β-diversity of soil bacteria increased significantly from SS to MS, and the α-diversity of bacteria was significantly affected by treatment but not by soil depth. This suggests that certain bacterial groups have a greater ability to degrade stubborn recalcitrant compounds (Xiao et al., 2022). The soil depth and growth stage significantly affected bacterial β-diversity, according to ANOSIM analysis. It shows that changes in bacterial communities are seasonal and hierarchical. The same results were also obtained by Hellequin et al. (2021) and Yang et al. (2022). They concluded that the changes of the soil microbial community depended on the growth stage of plants and soil depth. The effect in the initial stage of plant growth is weak, and the greater the difference in soil depth, the stronger the effect. The relationship is greatest with the release of various root exudates in different growth stages of vegetation (Bello et al., 2021). Liu et al. (2022b) showed that temporal succession was the main driving force for community structure, and crop types and root exudates were the main reason for the differences in community composition during the succession period. On the other hand, the decomposition of crop SSB and the dissolution of chemical fertilizers lead to the release of many nutrients and soluble organic matter, which stimulate the growth of microorganisms and the development of diversity (Ge et al., 2021; Partovi et al., 2021). In addition, we found that bacterial diversity of the S treatment was slightly lower than that of the other treatments at SS, but higher than that of the other treatments at MS. Because the S treatment at SS did not provide sufficient nutrients for the growth of the crop, the growth rate was significantly reduced, resulting in a decrease in nutrients required by the crops, while the straw provided a carbon source for the microorganisms, increasing the advantage of competition for nutrients between microorganisms and plant for limited nutrients (Bei et al., 2018). The high nutrient requirement for maize growth in the F, SF, and BF treatments intensifies the nutrient competition between microorganisms and crops, and affects the growth of microorganisms, which may be negative (Bahram et al., 2020; Nevins et al., 2021). Meanwhile, it was also shown that the process of crops competing with microorganisms for limited nutrients is beneficial to crop growth in SF and BF treatments and enhances crop competitive advantage compared to F treatments, thus significantly reducing the bacterial diversity of SF and BF treatments. This is consistent with previous research findings (Lévesque et al., 2020). In summary, soil bacterial diversity is affected by the interaction of various factors such as crop growth status, growth stage, soil depth and treatment.



Bacterial community structure and composition in response to straw and straw biochar with maize growth

Our study shows that the most abundant microbial phylum in soil is Actinobacteria, followed by Proteobacteria, Acidobacteria and Chloroflexi, which are considered to be the most common bacterial phyla in agricultural cultivation (Daquiado et al., 2016). But there are differences under different treatments, which is consistent with previous research results (Zhang and Lv, 2020). Actinobacteria and Acidobacteria are oligotrophic with lower growth rates, and prefer soil environments with low resource availability (Pascault et al., 2013; Liu et al., 2014). But the bacteria in Actinobacteria have the ability to produce lignocellulose, hydrolase and degrade lignocellulose, which play a particularly important role in degrading persistent compounds (Su et al., 2015; Bello et al., 2020). The relative abundance of Actinobacteria was reduced and the relative abundance of Proteobacteria and Acidobacteria increased with crop growth. Actinobacteria are a group of bacteria that easily grow on carbon-rich substances, and the decrease in Actinobacteria is attributed to the reduction of nutrients such as carbon sources along with the decomposition of straw and biochar, which limit the growth of bacteria (Ali et al., 2022). The relative abundance of Acidobacteria was decreased in SF and BF treatments. It is closely related to change in soil PH (Yin et al., 2021). This suggests that changes in bacterial survival patterns are based on resource and nutrient status acquired during decomposition (Carbonetto et al., 2014). The relative abundance of Proteobacteria increased in BF treatment compared with F and S treatments. Proteobacteria belong to eutrophic bacteria, and the decomposition of SSB provides a suitable environment for it to grow rapidly in the soil (Yang et al., 2022). In addition, the relative abundance of Chloroflexi was significantly increased in BF treatment and decreased in S and SF treatments. A possible explanation is that due to the small particle size of the straw biochar incorporated in this experiment, the soil bulk density slightly increased, forming an anaerobic environment, while the straw incorporation increased soil aeration, thereby reducing the relative abundance of Chloroflexi (Edeh and Mašek, 2021). We also found the effect of SSB addition on bacterial community composition at the bacterial genus. The species of bacterial genera and the number of unique genera were increased in BF and SF treatments compared to F treatment. The number of bacterial genera was increased in SF treatment compared with S treatment, indicating that fertilization can also alter bacterial community composition (Ge et al., 2021). Zhao et al. (2016) reported that the application of chemical fertilizers and straw returning to the field changed the structure of soil microbial community.

Previous studies have demonstrated that soil physicochemical properties are the main drivers affecting soil microbial composition and structure (Bai et al., 2020; Bello et al., 2021). It is well known that total organic carbon is the main energy source for microbial growth and activity, and significantly affects the composition and structure of microbial communities in soil (Xue et al., 2018; Araujo et al., 2021). Through RDA analysis, this study found that PH, SOM, and TN were the key factors that significantly affected bacterial community changes. The result corroborated the findings of Qi et al. (2021). Certain microorganisms can obtain C and N from SSB to grow and reproduce with appropriate C:N ratios (Li et al., 2017). Delgado-Baquerizo et al. (2018) concluded that soil PH was an important factor affecting regional soil bacterial communities. It also demonstrates that any significant deviation in pH can cause stress on unicellular microorganisms and also lead to changes in nutrients in the environment, which in turn control microbial composition and diversity in the ecosystem (Gui et al., 2022).



Co-occurrence network and keystone taxa responses of soil bacterial communities

The bacterial networks of the S and SF treatments were similar, but very different compared to the BF and F treatments at SS (Figure 7; Table 3). The S and SF treatments increased the complexity of the network compared to the F treatment. With the growth of maize, the network complexity of BF treatment increases, while the other three treatments network complexity decreases. BF treatment had the most complex bacterial network at MS, followed by SF treatment (Figure 8; Table 3). The same result was obtained by Yu et al. (2018a). It has been reported that more complex networks may be formed in nutrient-rich environments (Yang et al., 2019). It also proved that the addition of SSB had a positive effect on soil properties in LCBS. Increasingly complex networks improve material cycling in soil and information exchange between bacteria, which means greater stability and resistance of the bacterial community (Karimi et al., 2017). Wagg et al. (2019) proposed that a more developed microbial co-occurrence network pattern implies increased soil ecosystem function related to carbon and nutrient cycling. Bacterial networks are dominated by positive interactions in the different treatments (Table 3), implying that bacteria are mutually beneficial or have similar functions (Yang et al., 2022). The number of positive correlation edges was significantly increased in SSB addition compared with F treatment, because the degradation of complex organic matter requires a variety of bacteria to work together (Deng et al., 2012; Yang et al., 2022). Recent studies have also shown that organically managed farmlands have more complex microbial networks and more keystone taxa (Banerjee et al., 2019).

The KT play specific roles in the cycling of different substances and have important effects on the structure and function of soil microorganisms (Banerjee et al., 2016; Yu et al., 2018a). KT were classified as Gemmatimonadetes and Actinobacteria at SS. KT were classified as Actinobacteria, Nitrospirae and Proteobacteria at MS, with Actinobacteria predominating. We believe that bacterial community succession may be affected by affecting KT at different growth stages of maize under SSB additions. This observation is consistent with existing studies (Sun et al., 2020). Gemmatimonadetes are thought to be more prone to oligotrophic taxa with higher C: N, which are related to the decomposition of complex organic matter, such as the initial stage of biochar returning to the field (Carbonetto et al., 2014). Actinobacteria are considered to mainly decompose straw and become a KT in straw treatment (Su et al., 2015). It is significantly correlated with organic matter and is extensively involved in carbon assimilation (Sun et al., 2020). Proteobacteria and Nitrospirae were significantly negatively correlated with N indices in the SF treatment. Zhang et al. (2021a) suggested that the addition of high nitrogen had a strong negative effect on Proteobacteria under straw returning. Nitrospirae, the most prevalent nitrite oxidizing bacteria, are primarily responsible for the biogeochemical nitrogen cycle and tend to thrive in low carbon and nitrogen conditions (Le Roux et al., 2016). But straw and fertilizer addition helped to increase soil TN and SOM content, which can stimulate decomposer activity, indicating that the coupled effect of carbon and nitrogen on Nitrospirae should be considered in future studies (Zhang et al., 2021b; Xiao et al., 2022). Notably, the same taxa were not observed to appear as KT in the bacterial networks of the different treatments. However, we found taxa from the same genus as the KT in multiple bacterial co-occurrence network patterns, namely ASV_114014, ASV_228348 and ASV_113785. These findings revealed that many species have similar functions (Han et al., 2022) and that KT are constantly changing with conditions (Bello et al., 2020; Ge et al., 2021). Interestingly, the bacterial KT Gemmatimonadetes and Nitrospirae had lower relative abundances. It shows that rare taxa are also very important in maintaining the microbial co-occurrence network. Similarly, previous studies have illustrated that rare species often have different functional characteristics than abundant species and make greater contributions to the ecosystem (Chapman et al., 2018; Kurm et al., 2019; Ma et al., 2021).




Conclusion

This study determined the response of the bacterial community composition, structure and co-occurrence network pattern to the soil physicochemical properties under different combination applications in LCBS during maize growth. The dominant phyla of soil bacteria were Actinobacteria, Proteobacteria, Acidobacteria, and Chloroflexi in all treatments. Bacterial communities showed distinct seasonality and stratification, and the main drivers for this change from soil PH, SOM, and TN changes. Overall, SSB incorporation decreased bacterial community diversity under fertilization conditions. However, the incorporation of SSB stimulated positive information exchange and synergistic effects between soil bacteria and promoted soil material circulation. Thus, more complex and stable bacterial networks were induced, described by more nodes, edges and centrality. Not only that, the positive effect of straw biochar on microbial network patterns gradually increased with time. Finally, we identified bacterial keystone taxa with low relative abundance, which play an important role in maintaining soil ecological stability. The study highlights the importance of SSB addition to improve soil quality and maintain microbial diversity in LCBS.



Data availability statement

The datasets presented in this study can be found in online repositories. The names of the repository/repositories and accession number(s) can be found below: NCBI, PRJNA861886.



Author contributions

MD: data curation and writing—original draft. JZ: conceptualization, methodology, resources, and writing—review and editing. GW: conceptualization, writing—review and editing, and acquisition of funding. CL: formal analysis and supervision. ZW: data curation and supervision. All authors contributed to the article and approved the submitted version.



Funding

This study has been financially supported by the National Natural Science Foundation of China, China (41830863, 52121006, 51879162, 92047301, and 52079026), and the Belt and Road Fund on Water and Sustainability of the State Key Laboratory of Hydrology-Water Resources and Hydraulic Engineering, China (2020nkzd01 and 2021490211).



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.2022.999399/full#supplementary-material



References

Adesemoye, A. O., and Kloepper, J. W. (2009). Plant–microbes interactions in enhanced fertilizer-use efficiency. Appl. Microbiol. Biot. 85, 1–12.

Aertsen, W., Kint, V., De Vos, B., Deckers, J., Van Orshoven, J., and Muys, B. (2012). Predicting forest site productivity in temperate lowland from forest floor, soil and litterfall characteristics using boosted regression trees. Plant Soil 354, 157–172. doi: 10.1007/s11104-011-1052-z

Agegnehu, G., Srivastava, A. K., and Bird, M. I. (2017). The role of biochar and biochar-compost in improving soil quality and crop performance: A review. Appl. Soil Ecol. 119, 156–170. doi: 10.1016/j.apsoil.2017.06.008

Ali, I., Yuan, P., Ullah, S., Iqbal, A., Zhao, Q., Liang, H., et al. (2022). Biochar amendment and nitrogen fertilizer contribute to the changes in soil properties and microbial communities in a paddy field. Front. Microbiol. 13:834751. doi: 10.3389/fmicb.2022.834751

Araujo, A. S. F., Oliveira, L. M. D. S., Melo, V. M. M., Antunes, J. E. L., Araujo, F. F., and Mendes, L. W. (2021). Distinct taxonomic composition of soil bacterial community across a native gradient of Cerrado-Ecotone-Caatinga. Appl. Soil Ecol. 161, 103874.

Bahram, M., Netherway, T., Hildebrand, F., Pritsch, K., Drenkhan, R., Loit, K., et al. (2020). Plant nutrient−acquisition strategies drive topsoil microbiome structure and function. New Phytol. 227, 1189–1199. doi: 10.1111/nph.16598

Bai, N. L., Zhang, H. L., Zhou, S., Sun, H. F., Zhao, Y. H., Zheng, X. Q., et al. (2020). Long-term effects of straw return and straw-derived biochar amendment on bacterial communities in soil aggregates. Sci. Rep. 10:7891. doi: 10.1038/s41598-020-64857-w

Banerjee, S., Kirkby, C. A., Schmutter, D., Bissett, A., Kirkegaard, J. A., and Richardson, A. E. (2016). Network analysis reveals functional redundancy and keystone taxa amongst bacterial and fungal communities during organic matter decomposition in an arable soil. Soil Biol. Biochem. 97, 188–198. doi: 10.1016/j.soilbio.2016.03.017

Banerjee, S., Schlaeppi, K., van der Heijden, M. G. A., Interactions, P. M., and Interactions, S. P. (2018). Keystone taxa as drivers of microbiome structure and functioning. Nat. Rev. Microbiol. 16, 567–576. doi: 10.1038/s41579-018-0024-1

Banerjee, S., Walder, F., Büchi, 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

Bardgett, R. D., and van der Putten, W. H. (2014). Belowground biodiversity and ecosystem functioning. Nature 515, 505–511. doi: 10.1038/nature13855

Bei, S. K., Zhang, Y. L., Li, T. T., Christie, P., Li, X. L., and Zhang, J. L. (2018). Response of the soil microbial community to different fertilizer inputs in a wheat-maize rotation on a calcareous soil. Agric. Ecosyst. Environ. 260, 58–69. doi: 10.1016/j.agee.2018.03.014

Bello, A., Han, Y., Zhu, H. F., Deng, L. T., Yang, W., Meng, Q. X., et al. (2020). Microbial community composition, co-occurrence network pattern and nitrogen transformation genera response to biochar addition in cattle manure-maize straw composting. Sci. Total Environ. 721, 137759–137759. doi: 10.1016/j.scitotenv.2020.137759

Bello, A., Wang, B., Zhao, Y., Yang, W., Ogundeji, A., Deng, L., et al. (2021). Composted biochar affects structural dynamics, function and co-occurrence network patterns of fungi community. Sci. Total Environ. 775:145672. doi: 10.1016/j.scitotenv.2021.145672

Brunetto, G., Ventura, M., Scandellari, F., Ceretta, C. A., Kaminski, J., de Melo, G. W., et al. (2011). Nutrient release during the decomposition of mowed perennial ryegrass and white clover and its contribution to nitrogen nutrition of grapevine. Nutr. Cycl. Agroecosys. 90, 299–308. doi: 10.1007/s10705-011-9430-8

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, 581–583. doi: 10.1038/nmeth.3869

Carbonetto, B., Rascovan, N., Álvarez, R., Mentaberry, A., Vázquez, M. P., and Treseder, K. (2014). Structure, composition and metagenomic profile of soil microbiomes associated to agricultural land use and tillage systems in Argentine Pampas. PLoS One 9:e99949. doi: 10.1371/journal.pone.0099949

Chapman, A. S. A., Tunnicliffe, V., Bates, A. E., Kühn, I., and Kühn, I. (2018). Both rare and common species make unique contributions to functional diversity in an ecosystem unaffected by human activities. Divers. Distrib. 24, 568–578. doi: 10.1111/ddi.12712

Chen, Z. M., Wang, H. Y., Liu, X. W., Zhao, X. L., Lu, D. J., Zhou, J. M., et al. (2017). Changes in soil microbial community and organic carbon fractions under short-term straw return in a rice-wheat cropping system. Soil Till. Res. 165, 121–127. doi: 10.1016/j.still.2016.07.018

Csardi, G., Nepusz, T., and Others. (2006). The igraph software package for complex network research. Inter. J. Complex Syst. 1695, 1–9.

Daquiado, A. R., Kuppusamy, S., Kim, S. Y., Kim, J. H., Yoon, Y. E., Kim, P. J., et al. (2016). Pyrosequencing analysis of bacterial community diversity in long-term fertilized paddy field soil. Appl. Soil Ecol. 108:84e91. doi: 10.1016/j.apsoil.2016.08.006

de Araujo, A. S. F., Mendes, L. W., Lemos, L. N., Antunes, J. E. L., Beserra, J. E. A. Jr., de Lyra, M. D. C. C. P., et al. (2018). Protist species richness and soil microbiome complexity increase towards climax vegetation in the Brazilian Cerrado. Commun. Biol. 1:135. doi: 10.1038/s42003-018-0129-0

Delgado-Baquerizo, M., Oliverio, A. M., Brewer, T. E., Benavent-González, A., Eldridge, D. J., Bardgett, R. D., et al. (2018). A global atlas of the dominant bacteria found in soil. Science 359, 320–325. doi: 10.1126/science.aap9516

Deng, Y., Jiang, Y. H., Yang, Y. F., He, Z. L., Luo, F., and Zhou, J. Z. (2012). Molecular ecological network analyses. BMC Bioinform. 13:113. doi: 10.1186/1471-2105-13-113

Dikgwatlhe, S. B., Chen, Z. D., Lal, R., Zhang, H. L., and Chen, F. (2014). Changes in soil organic carbon and nitrogen as affected by tillage and residue management under wheat–maize cropping system in the North China Plain. Soil Till. Res. 144, 110–118. doi: 10.1016/j.still.2014.07.014

Ding, S., Zhou, D. P., Wei, H. W., Wu, S. H., and Xie, B. (2021). Alleviating soil degradation caused by watermelon continuous cropping obstacle: Application of urban waste compost. Chemosphere 262:128387. doi: 10.1016/j.chemosphere.2020.128387

Du, M. C., Zhang, J. Y., Wang, Y., Liu, H. W., Wang, Z. L., Liu, C. S., et al. (2021). Evaluating the contribution of different environmental drivers to changes in evapotranspiration and soil moisture, a case study of the Wudaogou Experimental Station. J. Contam. Hydrol. 243:103912. doi: 10.1016/j.jconhyd.2021.103912

Edeh, I. G., and Mašek, O. (2021). The role of biochar particle size and hydrophobicity in improving soil hydraulic properties. Eur. J. Soil Sci. 73:e13138. doi: 10.1111/ejss.13138

Feng, W. Y., Yang, F., Cen, R., Liu, J., Qu, Z. Y., Miao, Q. F., et al. (2021). Effects of straw biochar application on soil temperature, available nitrogen and growth of corn. J. Environ. Manage. 277:111331. doi: 10.1016/j.jenvman.2020.111331

Ge, Z., Li, S. Y., Bol, R., Zhu, P., Peng, C., An, T. T., et al. (2021). Differential long-term fertilization alters residue-derived labile organic carbon fractions and microbial community during straw residue decomposition. Soil Till. Res. 213:105120. doi: 10.1016/j.still.2021.105120

Ginebra, M., Muñoz, C., Calvelo-Pereira, R., Doussoulin, M., and Zagal, E. (2022). Biochar impacts on soil chemical properties, greenhouse gas emissions and forage productivity: A field experiment. Sci. Total Environ. 806:150465. doi: 10.1016/j.scitotenv.2021.150465

Gomez, J. D., Denef, K., Stewart, C. E., Zheng, J., and Cotrufo, M. F. (2014). Biochar addition rate influences soil microbial abundance and activity in temperate soils: Biochar addition stimulates microbial activity proportionally. Eur. J. Soil Sci. 65, 28–39. doi: 10.1111/ejss.12097

Gui, H., Fan, L., Wang, D., Yan, P., Li, X., Pang, Y., et al. (2022). Variations in soil nutrient dynamics and bacterial communities after the conversion of forests to long-term tea monoculture systems. Front. Microbiol. 13:896530. doi: 10.3389/fmicb.2022.896530

Han, Z. Q., Xu, P. S., Li, Z. T., Lin, H. Y., Zhu, C., Wang, J. Y., et al. (2022). Microbial diversity and the abundance of keystone species drive the response of soil multifunctionality to organic substitution and biochar amendment in a tea plantation. Glob. Change Biol. Bioenergy 14, 481–495. doi: 10.1111/gcbb.12926

Hellequin, E., Binet, F., Klarzynski, O., Hallin, S., Juhanson, J., Daburon, V., et al. (2021). Shaping of soil microbial communities by plants does not translate into specific legacy effects on organic carbon mineralization. Soil Biol. Biochem. 163:108449. doi: 10.1016/j.soilbio.2021.108449

Jaafar, N. M., Clode, P. L., and Abbott, L. K. (2014). Microscopy observations of habitable space in biochar for colonization by fungal hyphae from soil. J. Integr. Agr. 13, 483–490. doi: 10.1016/S2095-3119(13)60703-0

Jeffery, S., Meinders, M. B. J., Stoof, C. R., Bezemer, T. M., van de Voorde, T. F. J., Mommer, L., et al. (2015). Biochar application does not improve the soil hydrological function of a sandy soil. Geoderma 252, 47–54. doi: 10.1016/j.geoderma.2015.03.022

Karimi, B., Maron, P. A., Chemidlin-Prevost Boure, N., Bernard, N., Gilbert, D., and Ranjard, L. (2017). Microbial diversity and ecological networks as indicators of environmental quality. Environ. Chem. Lett. 15, 265–281. doi: 10.1007/s10311-017-0614-6

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

Kurm, V., Geisen, S., and Gera Hol, W. H. (2019). A low proportion of rare bacterial taxa responds to abiotic changes compared with dominant taxa. Environ. Microbiol. 21, 750–758. doi: 10.1111/1462-2920.14492

Kuzyakov, Y., and Xu, X. L. (2013). Competition between roots and microorganisms for nitrogen: Mechanisms and ecological relevance. New Phytol. 198, 656–669. doi: 10.1111/nph.12235

Laird, D. A. (2008). The charcoal vision: A win-win-win scenario for simultaneously producing bioenergy, permanently sequestering carbon, while improving soil and water quality. Agron. J. 100, 178–181.

Le Roux, X., Bouskill, N. J., Niboyet, A., Barthes, L., Dijkstra, P., Field, C. B., et al. (2016). Predicting the responses of soil nitrite-oxidizers to multi-factorial global change: A trait-based approach. Front. Microbiol. 7:628. doi: 10.3389/fmicb.2016.00628

Lévesque, V., Rochette, P., Hogue, R., Jeanne, T., Ziadi, N., Chantigny, M. H., et al. (2020). Greenhouse gas emissions and soil bacterial community as affected by biochar amendments after periodic mineral fertilizer applications. Biol. Fert. Soils 56, 907–925. doi: 10.1007/s00374-020-01470-z

Li, F., Chen, L., Zhang, J. B., Yin, J., and Huang, S. M. (2017). Bacterial community structure after long-term organic and inorganic fertilization reveals important associations between soil nutrients and specific taxa involved in nutrient transformations. Front. Microbiol. 8:187. doi: 10.3389/fmicb.2017.00187

Liu, B., Arlotti, D., Huyghebaert, B., and Tebbe, C. C. (2022b). Disentangling the impact of contrasting agricultural management practices on soil microbial communities-Importance of rare bacterial community members. Soil Biol. Biochem. 166:108573. doi: 10.1016/j.soilbio.2022.108573

Liu, J. J., Sui, Y. Y., Yu, Z. H., Shi, Y., Chu, H. Y., Jin, J., et al. (2014). High throughput sequencing analysis of biogeographical distribution of bacterial communities in the black soils of northeast China. Soil Biol. Biochem. 70, 113–122. doi: 10.1016/j.soilbio.2013.12.014

Liu, X., Zhou, F., Hu, G. Q., Shao, S., He, H. B., Zhang, W., et al. (2019). Dynamic contribution of microbial residues to soil organic matter accumulation influenced by maize straw mulching. Geoderma 333, 35–42. doi: 10.1016/j.geoderma.2018.07.017

Liu, Y., Li, J., Jiao, X. Y., Li, H. D., Hu, T. S., Jiang, H. Z., et al. (2022a). Effects of biochar on water quality and rice productivity under straw returning condition in a rice-wheat rotation region. Sci. Total Environ. 819:152063. doi: 10.1016/j.scitotenv.2021.152063

Lu, R.K. (2000). Methods for Soil Agrochemistry Analysis. Beijing: China Agricultural Science and Technology Press.

Ma, L. J., Kong, F. X., Wang, Z., Luo, Y., Lv, X. B., Zhou, Z. G., et al. (2019). Growth and yield of cotton as affected by different straw returning modes with an equivalent carbon input. Field Crop. Res. 243:107616. doi: 10.1016/j.fcr.2019.107616

Ma, Y. Y., Weisenhorn, P., Guo, X. S., Wang, D. Z., Yang, T., Shi, Y., et al. (2021). Effect of long-term fertilization on bacterial communities in wheat endosphere. Pedosphere 31, 538–548. doi: 10.1016/S1002-0160(19)60838-6

Morais, M. C., Ferrari, B. M., Borges, C. D., Cherubin, M. R., Tsai, S. M., Cerri, C. C., et al. (2019). Does sugarcane straw removal change the abundance of soil microbes? Bioenerg. Res. 12, 901–908. doi: 10.1007/s12155-019-10018-5

Navarro-Noya, Y. E., Gómez-Acata, S., Montoya-Ciriaco, N., Rojas-Valdez, A., Suárez-Arriaga, M. C., Valenzuela-Encinas, C., et al. (2013). Relative impacts of tillage, residue management and crop-rotation on soil bacterial communities in a semi-arid agroecosystem. Soil Biol. Biochem. 65, 86–95. doi: 10.1016/j.soilbio.2013.05.009

Nevins, C. J., Inglett, P. W., and Strauss, S. L. (2021). Biological soil crusts structure the subsurface microbiome in a sandy agroecosystem. Plant Soil 462, 311–329. doi: 10.1007/s11104-021-04868-2

Pan, F. X., Li, Y. Y., Chapman, S. J., Khan, S., and Yao, H. Y. (2016). Microbial utilization of rice straw and its derived biochar in a paddy soil. Sci. Total Environ. 559, 15–23. doi: 10.1016/j.scitotenv.2016.03.122

Partovi, Z., Ramezani Etedali, H., and Kaviani, A. (2021). Effects of applying biochar and straw on nitrate leaching and maize yield production. Water Environ. J. 35, 943–950. doi: 10.1111/wej.12684

Pascault, N., Ranjard, L., Kaisermann, A., Bachar, D., Christen, R., Terrat, S., et al. (2013). Stimulation of different functional groups of bacteria by various plant residues as a driver of soil priming effect. Ecosystems 16, 810–822. doi: 10.1007/s10021-013-9650-7

Paz-Ferreiro, J., Gascó, G., Gutiérrez, B., and Méndez, A. (2011). Soil biochemical activities and the geometric mean of enzyme activities after application of sewage sludge and sewage sludge biochar to soil. Biol. Fert. Soils 48, 511–517. doi: 10.1007/s00374-011-0644-3

Qi, Y. Q., Liu, H. L., Wang, J. H., and Wang, Y. P. (2021). Effects of different straw biochar combined with microbial inoculants on soil environment in pot experiment. Sci. Rep. 11:14685. doi: 10.1038/s41598-021-94209-1

Röttjers, L., and Faust, K. (2018). From hairballs to hypotheses-biological insights from microbial networks. FEMS Microbiol. Rev. 42, 761–780. doi: 10.1093/femsre/fuy030

Ruan, R. J., Zhang, Z. B., Wang, Y. K., Guo, Z. C., Zhou, H., Tu, R. F., et al. (2022). Long-term straw rather than manure additions improved least limiting water range in a Vertisol. Agr. Water Manage. 261:107356. doi: 10.1016/j.agwat.2021.107356

Su, J. Q., Wei, B., Ou Yang, W. Y., Huang, F. Y., Zhao, Y., Xu, H. J., et al. (2015). Antibiotic Resistome and Its Association with Bacterial Communities during Sewage Sludge Composting. Environ. Sci. Technol. 49, 7355–7362. doi: 10.1021/acs.est.5b01012

Sun, Y. F., Liu, Z., Zhang, Y. Q., Lai, Z. R., She, W. W., Bai, Y. X., et al. (2020). Microbial communities and their genetic repertoire mediate the decomposition of soil organic carbon pools in revegetation shrublands in a desert in northern China. Eur. J. Soil Sci. 71, 93–105. doi: 10.1111/ejss.12824

Takaku, H., Kodaira, S., Kimoto, A., Nashimoto, M., and Takagi, M. (2006). Microbial communities in the garbage composting with rice hull as an amendment revealed by culture-dependent and -independent approaches. J. Biosci. Bioeng. 101, 42–50. doi: 10.1263/jbb.101.42

Wagg, C., Schlaeppi, K., Banerjee, S., Kuramae, 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

Wu, Z., Zhang, X., Dong, Y. B., Li, B., and Xiong, Z. Q. (2019). Biochar amendment reduced greenhouse gas intensities in the rice-wheat rotation system: Six-year field observation and meta-analysis. Agr. Forest Meteorol. 278:107625. doi: 10.1016/j.agrformet.2019.107625

Xiao, D., He, X. Y., Wang, G. H., Xu, X. C., Hu, Y. J., Chen, X. B., et al. (2022). Network analysis reveals bacterial and fungal keystone taxa involved in straw and soil organic matter mineralization. Appl. Soil Ecol. 173:104395. doi: 10.1016/j.apsoil.2022.104395

Xue, P. P., Carrillo, Y., Pino, V., Minasny, B., and McBratney, A. B. (2018). Soil properties drive microbial community structure in a large scale transect in South Eastern Australia. Sci. Rep. 8:11725. doi: 10.1038/s41598-018-30005-8

Yang, W., Jing, X. Y., Guan, Y. P., Zhai, C., Wang, T., Shi, D. Y., et al. (2019). Response of fungal communities and co-occurrence network patterns to compost amendment in black soil of Northeast China. Front. Microbiol. 10:1562. doi: 10.3389/fmicb.2019.01562

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

Yin, D., Li, H., Wang, H., Guo, X., Wang, Z., Lv, Y., et al. (2021). Impact of different biochars on microbial community structure in the rhizospheric soil of rice grown in albic soil. Molecules 26:4783. doi: 10.3390/molecules26164783

Yu, J. L., Deem, L. M., Crow, S. E., Deenik, J. L., and Penton, C. R. (2018a). Biochar application influences microbial assemblage complexity and composition due to soil and bioenergy crop type interactions. Soil Biol. Biochem. 117, 97–107. doi: 10.1016/j.soilbio.2017.11.017

Yu, L., Yu, M. J., Lu, X., Tang, C. X., Liu, X. M., Brookes, P. C., et al. (2018b). Combined application of biochar and nitrogen fertilizer benefits nitrogen retention in the rhizosphere of soybean by increasing microbial biomass but not altering microbial community structure. Sci. Total Environ. 641, 1221–1230. doi: 10.1016/j.scitotenv.2018.06.018

Zhang, H. J., Wang, S. J., Zhang, J. X., Tian, C. J., and Luo, S. S. (2021b). Biochar application enhances microbial interactions in mega-aggregates of farmland black soil. Soil Till. Res. 213:105145. doi: 10.1016/j.still.2021.105145

Zhang, L., and Lv, J. P. (2020). Metagenomic analysis of microbial community and function reveals the response of soil respiration to the conversion of cropland to plantations in the Loess Plateau of China. Glob. Ecol. Conserv. 23:e01067. doi: 10.1016/j.gecco.2020.e01067

Zhang, M. Y., Riaz, M., Zhang, L., El-Desouki, Z., and Jiang, C. C. (2019). Biochar induces changes to basic soil properties and bacterial communities of different soils to varying degrees at 25 mm rainfall: More effective on acidic soils. Front. Microbiol. 10:1321. doi: 10.3389/fmicb.2019.01321

Zhang, S. J., Zhang, G., Wu, M., Wang, D. J., and Liu, Q. (2021a). Straw return and low N addition modify the partitioning of dissimilatory nitrate reduction by increasing conversion to ammonium in paddy fields. Soil Biol. Biochem. 162:108425. doi: 10.1016/j.soilbio.2021.108425

Zhao, S., Li, K., Wei, Z., Qiu, S., Huang, S., and Ping, H. (2016). Changes in soil microbial community, enzyme activities and organic matter fractions under long-term straw return in north-central China. Agric. Ecosyst. Environ 216:82e88. 028 doi: 10.1016/j.agee.2015.09

Zhen, Z., Liu, H. T., Wang, N., Guo, L. Y., Meng, J., Ding, N., et al. (2014). Effects of manure compost application on soil microbial community diversity and soil microenvironments in a temperate cropland in China. PLoS One 9:e108555. doi: 10.1371/journal.pone.0108555



OPS/images/fmicb-13-999399-t003.jpg
Pos.edges (percentage)
neg.edges (percentage)
num.nodes

num.edges
num.vertices
average.degree
Connectance
average.path.length
graph.density
clustering.coefficient
Diameter
centralization.betweenness

centralization.degree

Maturity stage

Seedling stage
BF S F SF BF
62 (100) 100 (95) 76 (99) 110 (100) 76 (99)
0(0) 5(5) 1(1) 0(0) 1(1)
47 49 45 51 44
62 105 77 110 77
47 49 45 51 44
2.64 429 3.42 431 3.50
0.06 0.09 0.08 0.09 0.08
242 3.77 477 3.05 2.64
0.06 0.09 0.08 0.09 0.08
0.57 047 0.55 0.51 0.53
6 10 13 7 8
0.05 0.19 026 0.10 0.05
0.12 0.12 0.13 0.1 0.15

S F
49 (88) 40 (100)
7 (12) 0(0)
36 33
56 40
36 33
3.11 2.42
0.09 0.08
3.74 3.59
0.09 0.08
0.36 0.59
11 9
0.24 0.13
0.11 0.08

SF

62 (97)
2(3)
41
64
41
3.12
0.08
2.67
0.08
0.63

0.04
0.12





OPS/images/fmicb-13-999399-t002.jpg
Growth stage Treatment Soil depth GxT GxD TxD GxTxD

F P F P F P F P F P F P F P

Chaol 2549 0.000 7ol 0.001 0.1 0.792 5.0 0.006 1.5 0.223 4.0 0.020 33 0.034
Shannon 95.2 0.000 52 0.005 0.0 0.970 34 0.028 0.0 0.968 1.6 0.215 1.1 0.352





OPS/images/fmicb-13-999399-t001.jpg
Soil
depth
(cm)

0-10
10-20

PH

75
7.6

Total
nitrogen

(mg-kg™!)

876.0
867.0

Total Available
phosphorus phosphorus
(mg-kg™!)  (mg-kg™")
561.9 9.9
5372 6.1

Organic Bulk
matter density

(g-kg™ b (g-cm_z’)

15.1 1.18
134 1.60

Soil particle distribution (%)

<0.002
mm

15.1
14.7

0.002-0.02
mm

237
224

0.02-2
mm

61.3
62.9





OPS/images/fmicb-13-999399-t004.jpg
Stage Treatment ASV_ID Phylum Genus Degree Closeness Betweenness

centrality centrality

Seedling stage BF ASV_114014 Gemmatimonadetes Uncultured 8 0.030 61
S ASV_242313 Actinobacteria Solirubrobacter 10 0.134 190

F ASV_114014 Gemmatimonadetes Uncultured 9 0.088 26

SF ASV_66802 Actinobacteria Unclassified_nocardioidaceae 10 0.067 50

Maturity stage BF ASV_228348 Actinobacteria Unclassified_micromonosporaceae 10 0.044 37
S ASV_296676 Actinobacteria Streptomyces 7 0.119 174

F ASV_113785 Actinobacteria Unclassified_micromonosporaceae 5 0.059 78

SF ASV_92735 Nitrospirae Nitrospira 8 0.040 26

ASV_302974 Proteobacteria CCD24 8 0.040 26






OPS/images/fmicb-13-999399-g008.jpg
g unclassified Micrococcaceae

g Rare groups

g Streptomyces

g Bradyrhizobium

g uncultured

g Lechevalieria

g CCD24

g Rhizocola

g unclassified Micromonosporaceae

c v ‘.". D % % g Virgisporangium
oo
%o oo —— pos.cor
—— neg.cor
> i

F co—occurrence network SF co—occurrence network

240 TR Gy
o @é%

BF co—occurrence network S co—occurrence network






OPS/xhtml/Nav.xhtml




Contents





		Cover



		Response of bacterial community composition and co-occurrence network to straw and straw biochar incorporation



		Introduction



		Materials and methods



		Study site description



		Field experiment



		Sampling and soil physicochemical determination



		DNA extraction and high-throughput sequencing



		Statistical analyses







		Results



		Gene sequence data characteristics



		Alpha and beta-diversity of bacterial communities under the incorporation of straw and straw biochar



		Taxonomic classification and diversity of bacterial communities



		Correlation between soil properties and bacterial community structure



		Co-occurrence network and keystone taxa assessments







		Discussion



		Response of bacterial diversity to straw and straw biochar addition with maize growth



		Bacterial community structure and composition in response to straw and straw biochar with maize growth



		Co-occurrence network and keystone taxa responses of soil bacterial communities







		Conclusion



		Data availability statement



		Author contributions



		Funding



		Conflict of interest



		Publisher’s note



		Supplementary Material



		References

















OPS/images/fmicb-13-999399-g007.jpg
g unclassified Micrococcaceae
g KD4-96

g Streptomyces

g Bradyrhizobium

g Rare groups

g Blastococcus

g Agromyces

g uncultured

g Nocardioides

g JG30-KF-CM45

BF co—occurrence network S co—occurrence network

C D
o® o
o ..

—— pos.cor
—— neg.cor

F co—occurrence network SF co—occurrence network





OPS/images/fmicb-13-999399-g009.jpg
A BF S F SF B

NH4+-N..

NO3™-N -.-
TN..
el Bl
AP-- N
SOM -.-.
PH | -.-
d | Bl
SWC e

-1 —-05 0 0.5 -1 —-05 0 0.5






OPS/images/fmicb-13-999399-g004.jpg
[®))
(=)
|

Relative Abundance/(%)
S
| L

[\
(e}
|

[ Actinobacteria

0 =
F g o (g o P aplgd o e

Treatment

7 Proteobacteria  Acidobacteriall8l Chloroflexi

| Gemmatimonadetes.  Bacteroidetes [l Firmicutes || Nitrospirae

[ Patescibacteria

[ Rokubacteria I Low abundance

B Blrii41
MNDI1 -

67-14 - o

Gaiella - ©
Halomonas

Solirubrobacter | @
Streptomyces -| @
KD4-96 4 ®
Nocardioides — .

Subgroup 6 4 ®

I I I I I I I I I I I I I [ I
g@\ > g cﬁé‘b«g&\ 96\\ Q&\gg&\ 9?‘”3’ o g %Q@%Q& 5& Qﬁ&’%«gﬁa’

Treatment

Relative abundance/(%)

o

8
4

Treatment

BF
S
F
SF





OPS/images/fmicb-13-999399-g003.jpg
A Maturity stage Seedling stage

0-10 cm 10-20 cm
66 68
3 &
38 93
<$ 18 S qu)
@@ &
, %, 459 y
0% | 4 820 S
%, % S v S
% 8 i
_ 779
800 a7 710
600 g
400 5
200 ]
0 I I T -
Seedling Maturity Seedling Maturity
stage stage stage stage
D 0-10 cm 10-20 cm
S F
28 46
g R X
47 44
29 20
360
18 20
15 Ydb
BF 18 SF
007 519 500 521 514
400 H
200 —
0 I | I |

BF S F SF

B
S F
24 34
19 10 17
35 38
24 15
341
10 13
2 hvdd
BF 10 SF
500 - 4381 465 474 476
400 -
300
200 -
100 -
O | | | |
BF S F SF
E S F
42 43
12 19 8
66 54
2 16
391
15 14
3y 4>

BF 24 SF

6004 83 541 542 560
400 -

200 —

S F
39 38
14 16 12
51 S
23 22
350
18 13
26y
BF 18 SF
o00 1 325 502 505 518
400
200
0 | | | |






OPS/images/fmicb-13-999399-g006.jpg
RDA2( 8.64 %)

RDA2(4.57 %)

Aii Aiii Aiv
. 0.61 . SWC . SOM
- ,.I.N -
! - I TN| 04 - - Ot
. @ soMm| _ 037 SO — - -
. = . 1 c\c . ’ o\o
. & g SWC g \- = 0.0
L .. ,‘(‘ - L. g 0.0_. W G e G i N T G D a 0.0-I " m = m ®m ®m E E ®mE N B " " m ®m E ®m N E ®m ® E
: 2 ’ z Z
. NO;-N a . @ . a
. PH . ® S -0.4 . : .
2 : I Seedling stage AP . A F 1 2 : & 0-10cm
» . Matllrlty Stage _0.6 b § L] ‘ SF NH4+—N SF _0.8 4 5 NH4+'N . 10—200m
1.0 -0 0.0 0.5 1.0 . —0.4 0.0 0.4 -0.4 0.0 0.4 ] -0.5 0.0 0.5
RDA1( 81.71 %) Bii RDA1(32.71 %) Biii RDA1( 40.39 %) Biv RDA1( 69.81 %)
0.8
TN : 0.6- : SOM NO3-.N:l :
. . 0.50 L PH .
- _ 031 . - _ TP ‘ _ 0.4 .
= X PH ; X 025- ; ¢ X y +N _NO;-N
- [o%) - i ¥ L] v L]
- BD | 2 ; sl - 3 = ; AP
" @ = ®m ®E = ®m ®mE ®m ® = n | N L (@\] —10_0-!! CORC I ]
i PH ?\l/ 00-. ' ' ' ' ' ' ' ' ' ' ' i ' ' ' ' . ' ' ' \N/ 000-! - - - - - - - L ] - - - - - - - - L ] L ?\l/ BD 5 SOM
NH,"-N AP ) oo é SWC é ' é A TP
i BF . .
N . 05 - . _ . @ BF —0.4- SWC . N TN
. . S - 025' N . S y .
* [ Seedling stage d AP - F M 0-10cm i
i : SF TN . it n
: ¢ Maturity stage 0 * NH,*-N : 0,504 @ : @ & SF i © 10—20cm :
-1.0 0.5 0.0 0.5 ’ —0.5 0.0 0.5 0.5 0.0 0.5 T -1.0 0.5 0.5 1.0

RDAI1( 87.54 %) RDAI1( 41.64 %) RDAI1( 40.72 %) RDA1( 60.43 %)





OPS/images/fmicb-13-999399-g005.jpg
c_Deltaproteobacteria [

f Micrococcaceae o e — — %
o_Gaiellales F 4 %ok

o_Pseudonocardiales s — — %
f Pseudonocardiaceae —— %
g_Gaiella _- F A4 <
p_Nitrospirae [§ 4t %

| ] | | | | ] ] |

0 2 4 6 8-4 -2 0 2

f Nitrosomonadaceae P o %
| | | | | ] |

0 1 2- -1 0 2

¢_Acidimicrobiia [— e %
f Xanthobacteraceae frr HeH %
| | ] | 1 | | |

0 2 4 6-2 -1 0 2

NS

o *
0o_Myxococcales [ @] -
p_Chloroflexi N —e— *
f Pseudonocardiaceae —@—— i
o_Pseudonocardiales —— %
_KD4-96 I, oA *
f KD4-96 il @ %
¢_KD4-96 il F %
_Nitrospirae & 1k x>
p_Patescibacteria II | | . | OI sk
=B 28 2S99
Ho— %
| L | | |
________________ 2h_ = _3__ 2
o_Propionibacteriales —o— %
f Nocardioidaceae I-I | . | I—Q—II *
0 2 4 6 -1 0 1 2
p_Chloroflexi e —e— %
o_Betaproteobacteriales P O %
p_Nitrospirae f§ 1t %
p_Patescibacteria § 4t 0%
| ] | | | | ] |
0 4 8 12 6 -3 0 6
0_Myxococcales H—o— %
1 | ] | | | | |
0 4 8 12 -6 4 -2 2
f Xanthobacteraceae Fr ™ o S
| ] ] ] | ] ] ]
0 4 8 12 0 1 2 3






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

Response of bacterial
community composition
and co-occurrence network
to straw and straw biochar
incorporation












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







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





OPS/images/fmicb-13-999399-g002.jpg
A| stress : 0.075
R =00917
B = {).001
0.3
|
g m ~
004 @@ »=nvvnons B e a s
s oo $
[
. i}
~0.3{ ® Maturity - a
® Seeding
—0.25 0.00 0.25 0.50 0.
Bi NMDSI1
0.50
stress: 0.071m
= 0652
P =(].001
0.254
) . :
= .. 8. .... ey SO I
S 0007 -2k
Z ]
- -
—0.254
u  Maturity
® Seeding 0
—0.50 . : "
-0.2 0.0 0.4

A“ stress : 0.123
0.2 R=0.299 "
P=0.01
0 A o
0.1
(‘U\)l ®
% 00+4--& . i, R
Z m
B
-0.1 BE 5 "
® F
—0.2 A S *
¢ SF :
-0.4 42 0.0 0.2
Bii NMDS1
stress : 0.148
021 R=-0.009 ° =
P=0.53 . 4
= L 2
° :
%‘ 00+ «scncrsancacannna R R A e
p= = :
Z :
m 1 o
: e F
b & 5
—0.44 . ¢ SF
~0.50 -0.25 0.00 0.25
NMDS1

NMDS2

A!)lzl stress : 0.109
' ° R =0.173
BP =0(.131
0.1{ A *
@
- =
8 IR O AT
= [ ]
=
Z " A
—0.1 1
= BF %
e F
-024 A4S
¢ SF * =
—0.50 —0.25 0.00 0.25
B|" NMDS1
2e—04
stress : 0
R=0.108
. P=0.139
1le—04 1 .
2
a L
8 .
= 0e+00+ == = ==« s ‘ .................. -
Z a m BF
e F
—1e—04+ A S
¢ SF
—2e—04 - b
NMDS1

: tress:0.131
0.50- . -
g R = 0.549
: P=10.001
0.251 :
: L] ®
(o] | | .
[
8 L ' ® o
2 0.00+ - = =m - EEEEEEEE e . .
Z [ .
= g °
] o
—0.251 Y - ° &
® 0-10cm ¢
® 10-20cm *
R 0.00 0.25 0.50
Biv NMDSI1
stress : 0.134
. =0412
. ; P=0.001
0.251 - e
- . .
)
. ®
LI
000+ «=====ux== a6 2 s s 2 v s n s anm
a : é .
o = L
m =
—0.251 :
L ® 0-10 cm
2 ® 10-20cm
-0.25 0.00 0.25 0.50
NMDS1





OPS/images/fmicb-13-999399-g001.jpg
skekok

keksk
Kk

Kk

{IEF B SF

¢
| I ¥ 1 . | Y 1 Aw
Q) m (@) \O on S
Xopul uouueys
*
il
*
¥ *
*
*
*
‘|
2
nn
fy
M

12k -
4k -

[oey)

Treatment

Treatment





