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Background: To promote the decomposition of returned straw, reduce the incidence of soil-borne diseases caused by returned straw, and accelerate the conversion of straw carbon into soil carbon, we inoculated earthworms into fields with returned straw. The earthworms accelerated straw degradation and promoted carbon conversion. However, the impact of externally inoculated earthworms on the farmland soil ecosystem, especially the structure and the function of its microbial community, remains unclear.

Methods: We analyzed the effects of straw return and earthworms on the diversity of fungal populations and the community structure of dominant fungal taxa in soil by quantifying fungal population size and community composition via PCR amplification of internal transcribed spacer genes and 18S rRNA gene sequencing.

Results: The results showed that earthworm inoculation significantly accelerated the degradation of rice straw and promoted the conversion of straw carbon to soil carbon. Both fungal abundance and α-diversity (Sobs and Shannon indices) were higher in the plots with surface straw but without earthworms than in those inoculated with earthworms and in the CK. Principal component analysis indicated that straw return increased the diversity and the abundance of the fungal community, whereas earthworms inhibited this expansion of the fungal community caused by straw return. Interestingly, the overall differences in fungal community composition were smallest in plots with straw return, while the dominant fungal community features in plots inoculated with earthworms were closer to those of the CK.

Conclusion: Generally, straw return stimulated unclassified_K_fungi, Pseudeurotium, and Fusarium with strong cellulolytic ability. In contrast, the abundances of Stachybotrys, unclassified_c_Sordariomycetes, unclassified_f_Lasiosphaeriaceae, and Schizothecium were higher in the plots inoculated with earthworms and in the CK. Furthermore, evolutionary analysis showed that the evolution of soil fungal communities tended to diverge after straw return, and the evolutionary directions of fungal species in the plots inoculated with earthworms were similar to those in the CK.
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INTRODUCTION

Straw return is an important method for increasing soil organic matter in farmland ecosystems (Benbi and Senapati, 2010). This practice can improve soil structure, increase porosity, reduce bulk density, increase biodiversity, and diversify nutrient supply (Song et al., 2019). As the main sources of cellulase and ligninase, soil microbes play an important role in the degradation of straw (Rui et al., 2009). At the same time, straw return provides abundant carbon for soil microorganisms, thus promoting their growth and activity. It especially increases the proportions of fungi and bacteria (Frey et al., 2003), thus changing the soil microbial community structure (Baumann et al., 2009). Recent research shows that straw return leads to significant changes in the structure and diversity of the soil bacterial ecosystem (Fu et al., 2012; Sun et al., 2013). Soil fungi excrete a comprehensive set of enzymes that allow them to degrade returned straw and thus play an important role in its recycling (Mitchell and Zuccaro, 2006). Bardgett et al. (1993) showed that fungi play a dominant role in the degradation of returned straw, especially in the early stages of plant decomposition when fungi are more active than bacteria and actinomycetes. These findings not only suggest that fungi play an important role in the degradation of returned straw but also show that it is a protracted process (Lu et al., 2015). Therefore, if excessive amounts of straw are returned to the field, its slow rate of decomposition will lead to poor germination, poor seedling growth, and increased incidence of soil-borne diseases (Prasad et al., 2016). These problems have greatly reduced the benefits of straw return.

Earthworms are one of the most common soil animals in terrestrial ecosystems. They can accelerate the decomposition of returned straw by a series of activities, including crushing, feeding, digesting, and burrowing, and thus promote the transformation of fresh straw residues into humus (Six et al., 2004). In particular, the elevated degradative enzymatic activities in earthworm intestines can convert some difficult-to-decompose substances into easy-to-use organic materials, which are then excreted in the wormcasts to facilitate utilization by microorganisms (Hedde et al., 2013). Earthworms can thus significantly increase the rate of decomposition of low-quality straw (high C/N, high lignin and polyphenol content) (Lubbers et al., 2017). In addition, the organic matter and soil are fully mixed during the ingestion–excretion process, which promotes the transfer of surface straw carbon to the deeper layers of the soil and finally enhances soil fertility by increasing the rates of soil nutrient cycling and turnover (Verhulst et al., 2011). Therefore, we have recently inoculated earthworms into fields with returned straw, and these earthworms have promoted the rapid degradation of this straw. The intervention by earthworms obviously accelerated straw degradation. However, how do earthworms affect the soil fungal community in the process of degradation? Do earthworms stimulate fungal growth through their secretions and excrement and increase fungal population diversity and abundance, or do they replace the role of fungi in straw degradation?

Many studies have revealed direct or indirect effects of earthworms on soil microbes (Groffman et al., 2004; Suarez et al., 2004). Some studies suggest that earthworm activities (Curry and Schmidt, 2007) have changed the numbers and the activities of microorganisms (Blouina et al., 2013), which can promote their propagation and growth. The studies by Singer et al. (2001) and Cao et al. (2015) have also shown increases in the numbers of fungal propagules in wormcasts. Other studies have suggested that fungi provided food for earthworms, which reduced the soil fungal populations by eating, dispersing, and killing soil fungal spores and hyphae. Fungal spores can be killed by passage through the earthworm intestinal tract (Moody et al., 1995; Dempsey et al., 2011). Don et al. (2008) proposed that fungi, actinomycetes, and bacteria are all food for earthworms. When these microorganisms pass through the gut, fungal spores are destroyed and actinomycetes are reduced, but the bacteria increase because they can adapt to the anaerobic environment in the gut. Horn et al. (2003) suggested that a small number of fungal bands in the denaturing gradient gel electrophoresis spectrum of wormcasts might be caused by hypoxic conditions in the gut and that intestinal pH (6.9) also had a negative effect on fungi. Schönholzer (1999) suggested that the inhibition of fungi by earthworms is mainly due to the selective uptake and mechanical disintegration of fungal granules in the gut. Recent research on the influence of invasive earthworms on forest soil microbial communities (Price-Christenson et al., 2020) shows that carbon in the leaf litter layer is homogenized between the organic and the mineral horizons by invasive earthworms (Amynthas spp.) consuming and eliminating the leaf litter layer. The homogenization and the partial digestion of this carbon shifts the soil microbial community from a fungal-dominated to a bacterial-dominated community. These results demonstrate that earthworm activity has a large impact on soil microorganisms, which may alter their functions and services to the ecosystem.

Although there are many reports on the effects of earthworms on microbial communities (Curry and Schmidt, 2007; Blouina et al., 2013), previous studies have mainly focused on forests and grasslands (Groffman et al., 2004; Suarez et al., 2004; Hale et al., 2006; Dempsey et al., 2011). There are few reports on farmland and, in particular, on the effects of earthworms on fungal population diversity and ecosystem function when straw is returned. Therefore, the mechanisms whereby earthworms change the structure and the function of fungal communities in farmlands are not clear. In view of this, we hypothesized that inoculation of earthworms in a farmland with returned straw would increase the soil fungal population richness and diversity and thus promote the decomposition of returned straw. To test this hypothesis, we assessed the influence of straw return and earthworm inoculation on the abundance, diversity, and evolution of fungal populations and the possible links between earthworm activity and fungal community ecosystem function changes using PCR of internal transcribed spacer (ITS) gene abundances and high-resolution sequencing of 18S rRNA genes based on Illumina MiSeq sequencing.



MATERIALS AND METHODS


Site Description

The experiments were performed at the Samsung Experimental Observatory of the Shanghai Academy of Agricultural Sciences (121°33′47″, 31°41′20″) on Chongming Island, Shanghai, China. The area is located in the northern subtropical zone and has a typical subtropical monsoon climate, with an annual average temperature of 15.3°C. The annual average precipitation is 1,003.7 mm, the annual average sunshine is 2,104 h, and the frost-free period is approximately 229 days. The experimental station mainly grows food crops, and the rice–wheat rotation system has a history of approximately 10 years. The experimental soil is a waterloggogenic paddy soil. Organic matter was 16.35 g⋅kg–1, total nitrogen was 0.97 g⋅kg–1, alkaline nitrogen was 88.37 mg⋅kg–1, available phosphorus was 42.39 mg⋅kg–1, and available potassium was 117.66 mg⋅kg–1, pH 8.12 (water to soil ratio, 5:1).



Experimental Materials

Rice (Oryza sativa L.) cultivar Hanyou 8 was planted at a seeding rate of 185 kg⋅hm–2 and a row spacing of 23 cm. The straw was returned from the rice crop. The C/N of the rice residues was 52.48, with 34.68, 24.55, and 17.84% cellulose, hemicellulose, and lignin content, respectively. All straw from the harvested plants was returned to the field. The part more than 5 cm above the ground was cut into 1–2-cm-sections by an automatic harvester and randomly scattered on the soil surface. The underground debris remained in the soil. The total amount of returned straw was approximately 6 t/hm2 (based on the local rice yield of approximately 6 t/hm2). The earthworm species used in the experiment was Metaphire guillelmi, which was purchased from Shanghai Funian Medicine Co., Ltd. Each earthworm weighed between 2.5 and 3.5 g. Each plot of the treatments with earthworms was inoculated with 50 kg of earthworms, resulting in a density of approximately one earthworm per 3 kg soil in the 0–20-cm soil layer. No crops were planted, no fertilizer was applied throughout the study, and weeding was done weekly to prevent weed growth. In practice, when rice was planted, in order to prevent rice paddy flooding from killing the earthworms, we set up multiple field ridges in the paddies (Additional File 1). Earthworms could migrate to the ridges when the rice paddies were flooded. The measures effectively prevented the earthworms from being drowned (Additional File 1).



Experimental Design

The experiment was started on November 26, 2017. After the rice was harvested, a total of five treatments were set up according to whether the straw was returned to the field and inoculated with earthworms:

T1: No surface straw with earthworms – Rice straw more than 5 cm above the ground was completely removed from the plot by an automatic harvester. Then, 50 g of earthworms was inoculated evenly, and the plot was not tilled during the experiment.

T2: Surface straw without earthworms – Rice straw more than 5 cm above the ground was cut into 1–2-cm sections by an automatic harvester and randomly scattered on the soil surface. No earthworms were inoculated, and the plot was not tilled during the experiment.

T3: Surface straw with earthworms – Rice straw more than 5 cm above the ground was cut into 1–2-cm sections by an automatic harvester and randomly scattered on the soil surface. Subsequently, 50 g of earthworms was inoculated evenly, and the plot was not tilled during the experiment.

T4: Straw mixed into the soil with earthworms – Rice straw more than 5 cm above the ground was cut into 1–2-cm sections by an automatic harvester, randomly scattered on the soil surface, and mixed with the soil by plowing to a depth of 20 cm in the plot. Subsequently, 50 g of earthworms was inoculated evenly.

T5 (CK): No straw, no earthworms – Rice straw more than 5 cm above the ground was completely removed from the plot by an automatic harvester. No earthworms were inoculated, and the plot was not tilled during the experiment.

Each treatment contained three replicates set up in a randomized block experimental design. Each plot was 40 m × 6 m, and the area was 240 m2. The ridges between the plots were covered with a plastic film. The upper edge width was 50 cm, the lower edge width was 70 cm, the underground depth was 60 cm, and the aboveground height was 20 cm to prevent the earthworms from escaping.



Soil Sampling

Soil samples were collected on January 10, 2018 (56 days after earthworm inoculation) when the straw of the soil surface in T3 (surface straw with earthworms) was almost completely degraded by earthworms. The rice straw on the soil surface was removed before collection, and 0–5-cm-depth surface soil was collected with a 5-cm-diameter corer in each test plot in an “S” pattern. Then, the soil at five points was collected and mixed in each plot to obtain a soil sample. The samples were kept at 4°C prior to animal and plant debris and stones being removed in the lab. The samples were sieved through a 2-mm screen and stored at −80°C before DNA extraction.



Soil DNA Extraction

Total DNA was extracted from the soil using the FastDNA® SPIN Kit (MP Biomedicals, Santa Ana, CA, United States). Soil DNA was extracted from 0.5 g soil samples according to the kit instructions. The extracted DNA was tested by electrophoresis through 1.0% agarose gels, and the concentration and the quality of the DNA were measured using a NanoDrop ND-2000 analyzer (NanoDrop Technologies, Inc.). Then, the DNA sample was stored at −20°C.



PCR Amplification

The soil fungal ribosomal gene ITS1–ITS2 spacer was amplified by PCR using the fungal universal primers ITS1F (5′-CTTGGTCATTTAGAGGAAGTAA-3′) and ITS2R (5′-GCTGCGTTCCATCATATGC-3′). After the DNA was validated, it was tested using TaKaRa rTaq DNA Polymerase in 20-μl reactions consisting of 2 μl soil genomic DNA, 0.8 μl each of primer pairs ITS1F and ITS2R (5 μmol/L), 0.2 μl rTaq Polymerase, 0.2 μl bovine serum albumin, 10 ng template DNA, 2 μl 10× buffer, 2 μl 2.5 mM dNTPs, and sterile ddH2O to a final volume of 20 μl. An ABI GeneAmp® 9700 PCR machine (Thermo Fisher Scientific, Inc.) was used as follows: initial denaturation at 95°C for 3 min, followed by 35 cycles of 95°C for 30 s, 55°C for 30 s, and 72°C for 45 s, with a final extension at 72°C for 10 min. Three PCR replicates were performed for each sample.



Illumina MiSeq Sequencing

The recovered product was quantified using a QuantusTM Fluorometer (Promega, United States) after the PCR product was detected by 2% agarose gel electrophoresis. NEXTFLEX® Rapid DNA-Seq Kit was used to build libraries with the following steps: (1) linker ligation, (2) the linker self-ligated fragments were removed by screening with magnetic beads, (3) library template enrichment was performed by PCR amplification, and (4) the final library was obtained by recovering the PCR products with magnetic beads. Sequencing was performed using Illumina’s MiSeq PE300 platform (Shanghai Majorbio Bio-pharm Technology Co., Ltd.). The raw reads were deposited into the NCBI Sequence Read Archive database (accession number: SRP237677).



Processing Sequencing Data

The raw 18S rRNA gene sequencing reads were demultiplexed, quality-filtered by Trimmomatic, and merged by FLASH with the following criteria: (1) filter reads with quality scores below 20. The sliding window was set to 50 bp, and the back bases were truncated from the window if the average quality score was lower than 20; reads shorter than 50 bp after the quality control and reads containing ambiguous characters were discarded; (2) according to the overlaps between paired-end reads, the paired reads were merged into a sequence, with a minimum overlap of 10 bp; (3) the maximum permitted mismatch ratio of the overlaps was 0.2. Reads that could not be assembled were discarded; and (4) samples were distinguished according to the barcode and primers, and the sequence direction was adjusted, allowing two nucleotide mismatches in primer matching.

Operational taxonomic units (OTUs) with 97% similarity cutoff were clustered using UPARSE (version 7.1)1, and chimeric sequences were identified and removed. The taxonomy of each OTU representative sequence was analyzed by RDP Classifier2 against the 18S rRNA database – Silva (Release128)3, Fungus 18S rRNA database – Unite (Release 7.0)4, and Functional gene database – GeneBank (Release7.3)5 using a confidence threshold of 0.7.



Construction of a Phylogenetic Tree

According to the evolutionary relationship between the species in the sample, a phylogenetic tree was selected. High-abundance OTU representative sequences were selected and compared with the NCBI database online. The species were accurately annotated, and a phylogenetic tree was built based on the 16S rRNA gene sequence using the maximum likelihood method. The bootstrap value was set to 1,000 repetitions. Each branch in the phylogenetic tree represents a species. The branches are colored according to the advanced taxonomic level of the species. The length of the branch is the evolutionary distance between the two species, that is, the degree of species difference.



Statistical Analyses

Statistically significant differences in soil organic carbon (SOC), fungal alpha diversity, and relative abundances of different fungal populations in each sample were tested using one-way analysis of variance (ANOVA) in SPSS 19.0 (SPSS Institute, Inc., 2010). The alpha diversity index, including Sobs (community richness index) and Shannon (community diversity index), was calculated using QIIME software. The dominant fungal taxa were identified according to the method described by Dohrmann et al. (2013). Principal component analysis (PCA) based on Bray–Curtis similarity was performed using the R software package6. Cluster analysis of fungal colonies was performed based on Bray–Curtis differences using the “picante” and “vegan” packages in the R environment (B Development Core Team, 2006).



RESULTS


Straw Degradation

Earthworm activity significantly accelerated the degradation of rice straw. At the sampling date of the experiment, a visual comparison of T2 and T3, which were both initially covered with surface straw, showed that the straw in T3 was almost completely degraded by earthworms. In contrast, T2 was still mostly covered with straw. At the same time, T4 (straw mixed in soil with earthworms) had no visible undegraded straw. We collected and measured the residual straw in T2 and T3 and found that, after 56 days, the remaining straw in T2 was 73.64%, while it was only 18.57% in T3.



SOC

The effects of straw return and earthworm activity on SOC in the different treatments are shown in Figure 1. On the 56th day after earthworm inoculation, the SOC decreased slightly in the CK treatment (no returned straw and no earthworms) compared with the initial SOC content. The organic carbon content in the three treatments (T2, T3, and T4) with returned straw was higher than that in the CK treatment. The SOC content of T3 was 8.24% higher than that of T5 (CK), which was a significant difference (P ≤ 0.05), while the SOC contents in T2 and T4 were 5.81 and 4.62% higher than that in T5, respectively, which were not significant differences. Earthworm activity had a twofold effect on SOC. Earthworm activity increased SOC content when straw was present. The SOC content in T3 was not only significantly higher than that in T5 but also higher than that in T2 (with straw and without earthworms). When no straw was returned, the SOC content of T1 (with earthworms and without straw) was 6.92% lower than that of T5 (CK), which was a significant difference (P ≤ 0.05), indicating that earthworm activity reduced the amount of organic carbon in the soil without returned straw. There was no significant difference in SOC content between T3 (straw on the soil surface) and T4 (straw mixed in the soil), which both had earthworm activity.
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FIGURE 1. Soil organic carbon in different treatments affected by returned straw and earthworms. The treatments are as follows: T1: no surface straw with earthworms; T2: added surface straw, no earthworms; T3: added surface straw with earthworms; T4: straw mixed into soil with earthworms; T5 (CK): no surface straw, no earthworms. Values are means ± SD, n = 3. Treatments indicated by the same letter are not significantly different at P ≤ 0.05 on the basis of one-way ANOVA.




Diversity

With Illumina MiSeq sequencing of 15 soil samples from five treatments, a total of 553,440 effective sequences were generated, ranging from 37,230 to 59,787 for each sample and 61.71 to 99.10% for the effective sequence. OTU clustering was performed on non-repetitive sequences (excluding single sequences) according to 97% similarity, and 578 OTUs were obtained. The dilution curve of all samples approached a straight line (Additional File 2), and the coverage index reached 99.88%, which indicated that the detection ratio of the sample fungal community was nearly saturated, and the amount of sequencing covered most of the species in the sample. According to the fungal community diversity index (as shown in Figure 2), the Sobs index of T2 was significantly higher than that of other treatments, whereas the Sobs indices of the three treatments (T1, T3, and T4) with earthworms were not significantly different from that of the CK treatment (T5). The Shannon index of T2 was also significantly higher than that of the CK treatment. This finding indicates that the addition of straw in the absence of earthworms increased the observed fungal community richness and the diversity of the soil fungal community. In the treatments (T5 and T1) without straw, the Sob and Shannon indices of T1 with earthworms were lower than those of T5 without earthworms, but there was no significant difference, indicating that the presence of earthworms reduced the fungal community diversity. However, the difference was not significant. In T3 with straw and earthworms, Sob and Shannon indices were not significantly different from those in the CK treatment, indicating that earthworms limited the expansion of soil fungi caused by the straw.
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FIGURE 2. Sobs index (A) and Shannon index (B) of operational taxonomic unit levels in different treatments. The treatments are described in Figure 1. Values are means, n = 3. “∗” indicates significant differences at 0.01 ≤ P ≤ 0.05, and “∗∗” indicates significant differences at 0.001 ≤ P ≤ 0.01 on the basis of Student’s t-test.




Principal Component Analysis

The different shapes and the color legends in Figure 3 represent the five treatments. According to PCA, at the OTU level, there was a significant difference in fungal community composition between the T2 treatment and the three treatments with earthworms or the CK treatment 8 weeks after straw return and earthworm inoculation. In contrast, there were no obvious differences between the CK treatment and the treatments with earthworms. The measures of dispersion of the fungal community composition of the T2 treatment on the PC1 and PC2 axes were significantly higher than those of the other treatments, and the measures of dispersion in the T1 treatment (with earthworms and without straw) and the T4 treatment (with straw mixed into the soil) were lower than those of the CK treatment. These results indicated that straw return increased the diversity of soil fungal species composition, while earthworms restricted this expansion of the soil fungal species. The interpretation rate of the results for the PC1 axis and the PC2 axis was 28.23 and 13.50%, respectively.
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FIGURE 3. Principal component analysis plot of soil samples from different treatments along principal components 1 and 2, which explained 28.23% and 13.50% of the total variance, respectively.




Hierarchical Clustering Analysis

A sample hierarchical clustering analysis was carried out according to fungal species. As shown in Figure 4, all samples tested could be basically divided into three groups. The three replicates of the CK treatment (T5) were classified into one group, and the three replicates of treatment T2 (with returned straw without earthworms) were classified into one group. The remaining three treatments (T1, T3, and T4), which all contained earthworms, were classified into one group. This result indicated that straw return had a significant effect on the fungal community, which was significantly different from the CK treatment. However, the three treatments with earthworms, including T1 without returned straw, T3 with returned straw, and T4 with returned straw mixed into the soil, had no significant differences because of the presence of earthworms, which revealed that earthworm activity offset the effect of straw return on the soil fungal community. However, the fungal community of T1 with earthworms and T5 (CK) without earthworms was significantly different, indicating that earthworm presence caused the community composition of soil fungi to be significantly different from that of the CK treatment.


[image: image]

FIGURE 4. Hierarchical clustering analysis of the fungal communities in the different treatments. The treatments are described in Figure 1. Each branch represents a replication of the treatment. The distances are based on the fungal species and beta diversity distance matrix.




Fungal Abundance

ARISA-PCR identified a total of one kingdom, seven phyla, 22 classes, 51 orders, 91 families, 145 genera, and 211 species in all of the samples. As shown in Figure 5, members of phylum Ascomycota were the most abundant (57.74–95.68%), followed by Basidiomycota (0.37–33.34%), Zygomycota (0.79–6.67%), and Chytridiomycota (0–3.50%), while the sum of the other fungi was only 0.14–0.57%. The relative abundance of Ascomycota in the treatments (T1, T3, and T4) with earthworms was significantly higher than in the treatment (T2) with straw and without earthworms. The abundance of Basidiomycota in T2 was much higher than in the other treatments, and the abundance of Zygomycota and others was also higher. The abundance of Basidiomycota and Chytridiomycota in the CK treatment (T5) was lower than in the other treatments.
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FIGURE 5. Relative abundances of different fungal phyla in different treatments. The treatments are described in Figure 1.


In addition to the effect at the phylum level, a comparison of the CK and T2 treatments (with straw and without earthworms) showed that the presence of straw significantly increased the abundance of fungal taxa such as Eurotiales, Pseudeurotiaceae, Melanosporales, Melanosporaceae, Cystofilobasidiales, Cystofilobasidiaceae, Hypocreales, Ceratostomataceae, and Nectriaceae and significantly decreased the abundance of Sordariomycetes, Hypocreales, Stachybotryaceae, Sordariales, and Lasiosphaeriaceae (Additional File 2). However, in the three treatments (T1, T3, and T4) with earthworms, the only significant increases in abundance compared to the CK were observed in Sordariomycetes, Hypocreales, and Stachybotryaceae, which became the dominant fungal taxa, accounting for 28.47–40.23% of the total. At the same time, earthworms decreased the abundance of fungal taxa such as Sordariales, Chaetomiaceae, Pleosporales, and Sporomiaceae. Compared to the T2 treatment (with straw and without earthworms), the presence of earthworms significantly reduced the abundances of Pseudeurotiaceae, Melanosporaceae, Cystofilobasidiaceae, Ceratostomataceae, and Nectriaceae, whereas it greatly increased the abundances of Hypocreales, Stachybotryaceae, Sordariales, and Chaetomiaceae.

At the genus level (as shown in Figure 6), the 14 most abundant genera accounted for 91.26% of the total sequence data in the CK treatment (T5), 91.01, 92.59, and 88.31% in the T1, T3, and T4 treatments with earthworms, respectively, and only 78.94% in the T2 treatment (with straw and without earthworms). The remaining 131 fungal genera only constituted 7.41–21.06% of the total sequence data. Thus, a few dominant taxa accounted for the majority of the recovered sequences. Among them, as shown in Table 1, the Humicola genus had the highest abundance in the CK treatment (no earthworms, no straw) and was much higher than in the other treatments, followed by the genera unclassified_c_Sordariomycetes and Stachybotrys and genera with an abundance of more than 5%, including unclassified_f_Lasiosphaeriaceae and Zopfiella. In the three treatments with earthworms (T1, T3, and T4), Stachybotrys was the most abundant (37.79–54.74%), which was significantly higher than in the CK and T2 treatments, followed by unclassified_c_Sordariomycetes (8.92–23.83%), unclassified_f_Lasiosphaeriaceae (5.36–7.78%), and Schizothecium (4.91–7.62%). The abundance of various fungal genera in the T2 treatment (with straw and without earthworms) was very different from that of the CK and the treatments with earthworms. In the T2 treatment, unclassified_k_Fungi was the dominant genus at 33.59%, which was much higher than in the other treatments, followed by the genera Pseudeurotium (12.82%), Melanospora (7.38%%), Fusarium (7.14%), and Guehomyces (5.82%). The abundances of these fungal genera were significantly higher than in the CK and the treatments with earthworms. The remaining 8.97% of the total abundance in this treatment came from other fungal genera, which individually accounted for less than 1% of the total. This fraction was much higher than the 2.49% in the CK treatment and in the treatments with earthworms (1.29–3.12%).
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FIGURE 6. Relative abundances of different fungal genera in different treatments. The treatments are described in Figure 1.



TABLE 1. The abundances of 14 dominant fungal genera in the different treatments. The treatments are described in Figure 1.

[image: Table 1]


Phylogenetic Analysis

A phylogenetic tree of the dominant fungal community was constructed using the approximate maximum-likelihood method by selecting sequences corresponding to the classification information at the species level. As shown in Figure 7, the abundance of various fungal species in the different treatments is presented after the species name. The results showed that the evolution of the soil fungal communities tended to diverge after straw return. Compared with the CK treatment, the proportions of unclassified_Fungi, Pseudeurotium_hygrophilum, Melanospora_tiffanii, unclassified_Fusarium, and Guehomyces_pullulans were significantly increased. However, the evolutionary direction of fungal species in the treatments with earthworms was closer to the CK treatment. The key differences are that the proportions of unclassified_Humicola and unclassified_Sporormiaceae were much higher in the CK treatment, while Candida_ethanolica was only detected in the T1 treatments, Stachybotrys_elegans had a higher proportion in the T1 and T3 treatments, and Pyrenochaetopsis_leptospora was higher in the T1, T3, and T4 treatments.
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FIGURE 7. Phylogenetic tree of the dominant fungal species based on 18S rRNA gene sequence comparisons. Bootstrap values from 1,000 replications are indicated at the branches. The abundance of various fungal species in the different treatments is presented after the species name. The treatments are described in Figure 1. The taxa are based on the fungal genus.




DISCUSSION


Diversity

Fungi are eukaryotic microorganisms that are widely distributed and diverse. Fungi are also the main components of the soil microflora. They play a vital role in maintaining the balance of the ecosystem, supplying plant nutrients, and decomposing organic matter (Hannula et al., 2020). Crop straw is mainly composed of dense carbohydrates coalesced by lignin, cellulose, hemicellulose, etc., which can provide abundant carbon and nitrogen sources for microorganisms during the degradation process. Fungi are the dominant fauna degrading crop straw. Returning straw to the field can increase the diversity and the activity of soil fungi, especially the ratio of fungi to bacteria (Yang et al., 2020b). In this study, the presence of straw significantly increased the Sobs and Shannon indices, indicating that straw return increased the diversity of soil fungi. Returned straw provided an organic carbon source and other nutrients for the fungi. The straw also carried plant-parasitic fungi, and the release of nutrients and the increase in population size increased the community density and diversity of the soil fungi (Holland and Coleman, 1987). However, the Sobs index of the three treatments with earthworms was significantly lower than that of the treatment with straw without earthworms, which shows that rice straw return in the presence of earthworms did not increase the diversity of soil fungi. Thus, the presence of earthworms limited the expansion in numbers and diversity of soil fungi due to straw return. There may be two reasons for this: on the one hand, studies have proven that many fungi are the main food sources of earthworms, especially endogeic and epigeic earthworms. These earthworms feed on fungi and destroy mycelium to inhibit fungal populations and reduce diversity and density (Hoeffner et al., 2018). On the other hand, earthworms change the quality of fungal food resources by feeding on and breaking up organic residues (Gong et al., 2019), which may also affect the succession mode, diversity, and quantity of fungi on plant residues that are being decomposed. For example, studies have shown that, in high-carbon soils, earthworm activity accelerates the consumption of organic matter, reduces the soil microbial biomass, and generally reduces the soil fungus-to-bacteria ratio (Chang et al., 2017). The results of PCA (Figure 3) also showed that the dispersion of fungi on the first principal component axis after adding straw was significantly higher than that of other treatments, while the distribution of fungal populations after inoculation with earthworms was closer to that in the CK treatment, which also showed that the addition of straw increased the fungal diversity, and the inoculation of earthworms limited the expansion of the fungal population to a certain extent.



Fungal Community Abundance

Soil fungi are all fungi groups that exist in soil, including Zygomycetes, Basidiomycetes, Ascomycetes, and Deuteromycetes. The natural ecological environment, vegetation types, and agricultural management methods will affect the population and community structure of soil fungi (Hu et al., 2019). The straw is decomposed, and plant carbon is fixed in the soil carbon pool by microorganisms, thereby increasing soil organic matter, and soil fungi play a key role in this process. However, how the addition of straw affects the fungal community has not been conclusively determined. Studies have found that the soil fungal community changes significantly after the rice straw is returned to the field, and the number of fungal populations increases significantly (Liu et al., 2019; Yang et al., 2020a). Some strong cellulose-decomposing fungi, such as Penicillium (Penicillium) and Aspergillus (Aspergillus), have become the dominant taxa. However, studies by Banerjee et al. (2016) and Li et al. (2017) showed that the addition of crop straw increased the number of Chaetomium, Fusarium, and Acremonium spp. with cellulose-degrading ability. The results of this study showed that the addition of straw significantly increased the abundance of unclassified_k_Fungi fungi with cellulose degradation ability and increased Pseudeurotium, Melanospora, and Fusarium. Returning straw to the field changed the community structure of soil fungi and promoted the proliferation of soil fungi related to straw decomposition. However, earthworm activity clearly exerted a negative influence, inhibiting the fungal community and density, resulting in reduced diversity of fungal populations compared with the treatment with straw return only. The dominant fungal community also changed from unclassified_k_Fungi (T2) to Ascomycota Stachybotrys (Figure 6). At the same time, the fungi of genera Pseudeurotium, Melanospora, Fusarium, and Guehomyces decreased. Most fungi can form a large number of mycelia, and the sporangia or spores are borne on mycelia. Do earthworms reduce fungal diversity and population sizes because their feeding and digestive machinery destroy the hyphae that can form spores and thus limit fungal reproduction and growth? Bonkowski et al. (2000) believed that the mechanisms by which earthworms inhibited fungal communities included their feeding on fungal spores and hyphae. Gange and Brown (2003) suggested that physical interference with fungal hyphae by earthworm burrowing reduced soil organic matter. Lawrence et al. (2003) and Gormsen et al. (2004) also demonstrated that direct consumption and physical interference disrupted fungal colonies, reduced fertility, and had a negative impact on fungal feeding. Seifert et al. (2009) proposed that the soil fungi stopped growing due to the destruction of foraging hyphae. Earthworms also replace the fungi in completing the process of soil C exchange, resulting in the loss of fungal vitality and abundance. Consequently, the diversity of soil fungal communities decreases over time. Although many studies have reported the negative effects of earthworms on soil fungi, some studies have suggested that earthworms have a positive effect on certain soil fungi (Aira et al., 2010; Eisenhauer, 2010; Lavelle, 2012). This is probably because wormcasts are important microsites that provide nutrients and beneficial conditions for fungal growth. The fungi that are not inhibited by earthworm feeding and mechanical destruction may use the nutrients in wormcasts to become the dominant fungal community.



Fungal Community Functions

Our results show that straw return increased the abundance and the diversity of soil fungi. In contrast, earthworms offset this amplification effect of straw addition. These changes in community abundance and diversity also changed the community structure. Under normal circumstances, the order of fungal development in farmland soil is as follows: fungi that decompose humus → fungi that decompose cellulose → fungi that decompose hemicellulose and pectin (Yang et al., 1992). In our results, the dominant fungal communities in the CK treatment were closely related to the decomposition of humus. In contrast, after straw return, the dominant genera were unclassified_k_Fungi, Pseudeurotium, Melanospora, and Fusarium. Many species within these genera have strong cellulose decomposition activity. Song et al.’s (2018) research proved that unclassified_k_Fungi were the main agents affecting the C/N ratio of decomposed organic matter and were closely involved in cellulose decomposition. However, earthworm activity significantly changed the fungal diversity and influenced the role of fungi in the decomposition of rice straw. The rice straw was almost completely degraded on the 56th day after the addition of straw and earthworms, while most of the soil was still covered with straw without earthworms. This result indicated that earthworms degraded the rice residues much more rapidly than fungi. In this process, the roles of fungi in the decomposition of plant residues and carbon flow were also reduced. Moreover, the results of the hierarchical clustering analysis (Figure 4) showed that the fungal community structure was more similar in the three treatments with earthworms, and there was a significant difference with the treatment without earthworms. This finding shows that the differences in fungal community structure caused by straw return were attenuated by the earthworms. Thus, earthworms played an important role in regulating the structure and the function of the fungal community. Many studies have reported the effects of earthworms on SOC conversion, but these mainly focused on the effects of earthworms on SOC sequestration and mineralization (Zhang et al., 2013; Wachendorf et al., 2014; Lubbers et al., 2017). Our results indicated that the driving force for plant straw degradation when earthworms were present was mainly feeding and digestion by earthworms, and microorganisms played a minor role. The straw was converted into a more easily digestible carbon source, which supplied nutrients to the microorganisms, especially bacteria. This process fueled their growth and reproduction, accelerating the mineralization of unstable carbon sources. In contrast, in the absence of earthworms, straw residues were mainly degraded by microorganisms, and fungi played an important role, but this process took longer (Aira et al., 2019). Wardle (2002) also believed that earthworm activity has led to the transformation of soil ecosystems with fungal-based and slower nutrient turnover into a system dominated by bacteria and rapid turnover of nutrients. This process also indicates that the presence of earthworms alters the role and the function of fungi in SOC conversion.



CONCLUSION

In summary, we used PCR and high-throughput sequencing methods to analyze the effects of straw return and earthworm inoculation on fungal community diversity and abundance of the dominant populations. The results demonstrated that straw return in the absence of earthworms stimulated the expansion of soil fungal populations, and the community diversity increased significantly. However, earthworms replaced fungi in straw residue decomposition, which had a negative impact on the dominant fungal community that degraded straw cellulose. These results negated our previous hypothesis that earthworm inoculation in the field of straw return would increase the abundance and the diversity of fungal populations. Instead we demonstrated that earthworms did not accelerate the degradation of straw by stimulating the expansion of soil fungi but, rather, via their own feeding and digestion, which improved the efficiency of conversion of straw carbon into soil carbon. In this process, the ecosystem functions and services related to soil biota may also have changed due to changes in the evolutionary trends of fungal populations. Therefore, further research is needed to determine the selective pressure of earthworms on different fungal genera and to assess the functional changes in fungal populations caused by this stress.



DATA AVAILABILITY STATEMENT

The datasets generated for this study can be found in the NCBI with number SRA: SRP237677, bioproject accession: PRJNA595813.



AUTHOR CONTRIBUTIONS

KS, WL, and YX designed this research. KS, YS, and XZ assisted with the design and implementation of the field work. QQ and LS completed the lab experiments and data analysis. KS and YS wrote the manuscript. WT and YX contributed substantially to writing and editing. All the authors have contributed to the final manuscript.



FUNDING

This study was supported by the Shanghai Agriculture Applied Technology Development Program (2020-02-08-00-12-F01457 and 2121859) and the Shanghai Academy of Agricultural Sciences Program for Excellent Research Teams (SPERT-2017A03).



SUPPLEMENTARY MATERIAL

The Supplementary Material for this article can be found online at: https://www.frontiersin.org/articles/10.3389/fmicb.2020.594265/full#supplementary-material


FOOTNOTES

1http://drive5.com/uparse/

2http://rdp.cme.msu.edu/

3http://www.arb-silva.de

4http://unite.ut.ee/index.php

5http://fungene.cme.msu.edu/

6https://www.r-project.org/


REFERENCES

Aira, M., Lazcano, C., Gómez-Brandón, M., and Domínguez, J. (2010). Ageing effects of casts of Aporrectodea caliginosa on soil microbial community structure and activity. Appl. Soil Ecol. 46, 143–146. doi: 10.1016/j.apsoil.2010.06.001

Aira, M., Pérez-Losada, M., and Domínguez, J. (2019). Microbiome dynamics during cast ageing in the earthworm Aporrectodea caliginosa. Appl. Soil Ecol. 139, 56–63. doi: 10.1016/j.apsoil.2019.03.019

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

Bardgett, R. D., Frankland, J. C., and Whittaker, J. B. (1993). The effects of agricultural management on the soil biota of some upland grasslands. Agric. Ecosyst. Environ. 45, 25–45. doi: 10.1016/0167-8809(93)90057-V

Baumann, K., Marschner, P., Smernik, R. J., and Baldock, J. A. (2009). Residue chemistry and microbial community structure during decomposition of eucalypt, wheat and vetch residues. Soil Biol. Biochem. 41, 1966–1975. doi: 10.1016/j.soilbio.2009.06.022

Benbi, D. K., and Senapati, N. (2010). Soil aggregation and carbon and nitrogen stabilization in relation to residue and manure application in rice–wheat systems in northwest India. Nutr. Cycl. Agroecosyst. 87, 233–247. doi: 10.1007/s10705-009-9331-2

Blouina, M., Hodson, M. E., Delgado, E. A., Baker, G., Brussaard, L., Butt, K. R., et al. (2013). A review of earthworm impact on soil function and ecosystem services. Eur. J. Soil Sci. 64, 161–182. doi: 10.1111/ejss.12025

Bonkowski, M., Griffiths, B. S., and Ritz, K. (2000). Food preferences of earthworms for soil fungi. Pedobiologia 44, 666–676. doi: 10.1078/S0031-4056(04)70080-3

Cao, J., Wang, C., and Huang, Y. (2015). Interactive impacts of earthworms (Eisenia fetida) and arbuscular mycorrhizal fungi (Funneliformis mosseae) on the bioavailability of calcium phosphates. Plant Soil 396, 45–57. doi: 10.1007/s11104-015-2588-0

Chang, C. H., Szlavecz, K., and Buyer, J. S. (2017). Amynthas agrestis invasion increases microbial biomass in Mid-Atlantic deciduous forests. Soil Biol. Biochem. 114, 189–199. doi: 10.1016/j.soilbio.2017.07.018

Curry, J. P., and Schmidt, O. (2007). The feeding ecology of earthworms – a review. Pedobiologia 50, 463–477. doi: 10.1016/j.pedobi.2006.09.001

Dempsey, M. A., Fisk, M. C., and Fahey, T. J. (2011). Earthworms increase the ratio of bacteria to fungi in Northern Hardwood Forest soils, primarily by eliminating the organic horizon. Soil Biol. Biochem. 43, 2135–2141. doi: 10.1016/j.soilbio.2011.06.017

Dohrmann, A. B., Küting, M., Jünemann, S., Jaenicke, S., Schlüter, A., and Tebbe, C. C. (2013). Importance of rare taxa for bacterial diversity in the rhizosphere of Bt- and conventional maize varieties. ISME J. 7, 37–49. doi: 10.1038/ismej.2012.77

Don, A., Steinberg, B., Schöning, I., Pritsch, K., Joschko, M., Gleixner, G., et al. (2008). Organic carbon sequestration in earthworm burrows. Soil Biol. Biochem. 40, 1803–1812. doi: 10.1016/j.soilbio.2008.03.003

Eisenhauer, N. (2010). The action of an animal ecosystem engineer: identification of the main mechanisms of earthworm impacts on soil microarthropods. Pedobiologia 53, 343–352. doi: 10.1016/j.pedobi.2010.04.003

Frey, S. D., Six, J., and Elliott, E. T. (2003). Reciprocal transfer of carbon and nitrogen by decomposer fungi at the soil–litter interface. Soil Biol. Biochem. 35, 1001–1004. doi: 10.1016/s0038-0717(03)00155-x

Fu, Q., Liu, C., Ding, N., Lin, Y., Guo, B., Luo, J., et al. (2012). Soil microbial communities and enzyme activities in a reclaimed coastal soil chronosequence under rice–barley cropping. J. Soils Sediments 12, 1134–1144. doi: 10.1007/s11368-012-0544-7

Gange, A. C., and Brown, V. K. (2003). “Actions and interactions of soil invertebrates and arbuscular mycorrhizal fungi in affecting the structure of plant communities,” in Mycorrhizal Ecology, eds M. G. A. van der Heijden and I. R. Sanders (Berlin: Springer), 321–344. doi: 10.1007/978-3-540-38364-2_13

Gong, X., Wang, S., Wang, Z., Jiang, Y., Hu, Z., Zheng, Y., et al. (2019). Earthworms modify soil bacterial and fungal communities through enhancing aggregation and buffering pH. Geoderma 347, 59–69. doi: 10.1016/j.geoderma.2019.03.043

Gormsen, D., Olsson, P. A., and Hedlund, K. (2004). The influence of collembolans and earthworms on AM fungal mycelium. Appl. Soil Ecol. 27, 211–220. doi: 10.1016/j.apsoil.2004.06.001

Groffman, P. M., Bohlen, P. J., Fisk, M. C., and Fahey, T. J. (2004). Exotic earthworm invasion and microbial biomass in temperate forest soils. Ecosystems 7, 45–54. doi: 10.1007/s10021-003-0129-9

Hale, C. M., Frelich, L. E., and Reich, P. B. (2006). Changes in hardwood forest understory plant communities in response to European earthworm invasions. Ecology 87, 1637–1649. doi: 10.1890/0012-9658(2006)87[1637:cihfup]2.0.co;2

Hannula, S. E., Morriën, E., van der Putten, W. H., and de Boer, W. (2020). Rhizosphere fungi actively assimilating plant-derived carbon in a grassland soil. Fungal Ecol. 48:100988. doi: 10.1016/j.funeco.2020.100988

Hedde, M., Bureau, F., Delporte, P., Cécillon, L., and Decaëns, T. (2013). The effects of earthworm species on soil behaviour depend on land use. Soil Biol. Biochem. 65, 264–273. doi: 10.1016/j.soilbio.2013.06.005

Hoeffner, K., Monard, C., Santonja, M., and Cluzeau, D. (2018). Feeding behaviour of epi-anecic earthworm species and their impacts on soil microbial communities. Soil Biol. Biochem. 125, 1–9. doi: 10.1016/j.soilbio.2018.06.017

Holland, E. A., and Coleman, D. C. (1987). Litter placement effects on microbial and organic matter dynamics in an agroecosystem. Ecology 68, 425–433. doi: 10.2307/1939274

Horn, M. A., Schramm, A., and Drake, H. L. (2003). The earthworm gut: an ideal habitat for ingested N2O-producing microorganisms. Appl. Environ. Microbiol. 69, 1662–1669. doi: 10.1128/aem.69.3.1662-1669.2003

Hu, Y., Veresoglou, S. D., Tedersoo, L., Xu, T., Ge, T., Liu, L., et al. (2019). Contrasting latitudinal diversity and co-occurrence patterns of soil fungi and plants in forest ecosystems. Soil Biol. Biochem. 131, 100–110. doi: 10.1016/j.soilbio.2019.01.001

Lavelle, P. (2012). “Soils as a habitat,” in Soil Ecology and Ecosystem Services, eds D. H. Wall, R. D. Bardgett, V. Behan-Pelletier, J. E. Herrick, T. H. Jones, J. Six, et al. (Oxford: Oxford University Press), 7–27. doi: 10.1007/bf02989462

Lawrence, B., Fisk, M. C., Fahey, T. J., and Suarez, E. R. (2003). Influence of nonnative earthworms on mycorrhizal colonization of sugar maple (Acer saccharum). New Phytol. 157, 145–153. doi: 10.1046/j.1469-8137.2003.00649.x

Li, P., Li, Y. C., Shi, J. L., Zheng, X. Q., Wu, G. G., Jiang, W., et al. (2017). Rice straw return of different decomposition days altered soil fungal community structure. Acta Ecol. Sin. 37, 4309–4317.

Liu, J., Yao, Q., Li, Y., Zhang, W., Mi, G., Chen, X., et al. (2019). Continuous cropping of soybean alters the bulk and rhizospheric soil fungal communities in a Mollisol of Northeast PR China. Land Degrad. Dev. 30, 1725–1738. doi: 10.1002/ldr.3378

Lu, P., Lin, Y. H., Yang, Z. Q., Xu, Y. P., Tan, F., Jia, X. D., et al. (2015). Effects of application of corn straw on soil microbial community structure during the maize growing season. J. Basic Microbiol. 55, 22–32. doi: 10.1002/jobm.201300744

Lubbers, I. M., Pulleman, M. M., and Van Groenigen, J. W. (2017). Can earthworms simultaneously enhance decomposition and stabilization of plant residue carbon? Soil Biol. Biochem. 105, 12–24. doi: 10.1016/j.soilbio.2016.11.008

Mitchell, J. I., and Zuccaro, A. (2006). Sequences, the environment and fungi. Mycologist 20, 62–74. doi: 10.1016/j.mycol.2005.11.004

Moody, S. A., Briones, M. J. I., Piearce, T. G., and Dighton, J. (1995). Selective consumption of decomposing wheat straw by earthworms. Soil Biol. Biochem. 27, 1209–1213. doi: 10.1016/0038-0717(95)00024-9

Prasad, J. V. N. S., Rao, C. S., Srinivas, K., Jyothi, C. N., Venkateswarlu, B., Ramachandrappa, B. K., et al. (2016). Effect of ten years of reduced tillage and recycling of organic matter on crop yields, soil organic carbon and its fractions in Alfisols of semi arid tropics of southern India. Soil Tillage Res. 156, 131–139. doi: 10.1016/j.still.2015.10.013

Price-Christenson, G. J., Johnston, M. R., Herrick, B. M., and Yannarell, A. C. (2020). Influence of invasive earthworms (Amynthas spp.) on Wisconsin forest soil microbial communities and soil chemistry. Soil Biol. Biochem. 149:107955. doi: 10.1016/j.soilbio.2020.107955

Rui, J., Peng, J., and Lu, Y. (2009). Succession of bacterial populations during plant residue decomposition in rice field soil. Appl. Environ. Microbiol. 75, 4879–4886. doi: 10.1128/AEM.00702-09

Schönholzer, F. (1999). Origins and fate of fungi and bacteria in the gut of Lumbricus terrestris L. studied by image analysis. FEMS Microbiol. Ecol. 28, 235–248. doi: 10.1016/s0168-6496(98)00111-1

Seifert, E. K., Bever, J. D., and Maron, J. L. (2009). Evidence for the evolution of reduced mycorrhizal dependence during plant invasion. Ecology 90, 1055–1062. doi: 10.1890/08-0419.1

Singer, A. C., Jury, W., Luepromchai, E., Yahng, C. S., and Crowley, D. E. (2001). Contribution of earthworms to PCB bioremediation. Soil Biol. Biochem. 33, 765–776. doi: 10.1016/s0038-0717(00)00224-8

Six, J., Bossuyt, H., Degryze, S., and Denef, K. (2004). A history of research on the link between (micro) aggregates, soil biota, and soil organic matter dynamics. Soil Tillage Res. 79, 7–31. doi: 10.1016/j.still.2004.03.008

Song, K., Zheng, X., Lv, W., Qin, Q., Sun, L., Zhang, H., et al. (2019). Effects of tillage and straw return on water-stable aggregates, carbon stabilization and crop yield in an estuarine alluvial soil. Sci. Rep. 9:4586. doi: 10.1038/s41598-019-40908-9

Song, Z., Chen, L., Pan, Y., Zhong, Z., and Wang, J. (2018). Influence of three microbial agents on the degradation performance of rice straw. Ecol. Environ. Sci. 27, 2134–2141.

Suarez, E. R., Pelletier, D. M., Fahey, T. J., Groffman, P. M., Bohlen, P. J., and Fisk, M. C. (2004). Effects of exotic earthworms on soil phosphorus cycling in two broadleaf temperate forests. Ecosystems 7, 28–44. doi: 10.1007/s10021-003-0128-x

Sun, B., Wang, X., Wang, F., Jiang, Y., and Zhang, X.-X. (2013). Assessing the relative effects of geographic location and soil type on microbial communities associated with straw decomposition. Appl. Environ. Microbiol. 79, 3327–3335. doi: 10.1128/AEM.00083-13

Verhulst, N., Kienle, F., Sayre, K. D., Deckers, J., Raes, D., Limon-Ortega, A., et al. (2011). Soil quality as affected by tillage-residue management in a wheat-maize irrigated bed planting system. Plant Soil 340, 453–466. doi: 10.1007/s11104-010-0618-5

Wachendorf, C., Potthoff, M., Ludwig, B., and Joergensen, R. G. (2014). Effects of addition of maize litter and earthworms on C mineralization and aggregate formation in single and mixed soils differing in soil organic carbon and clay content. Pedobiologia 57, 161–169. doi: 10.1016/j.pedobi.2014.03.001

Wardle, D. (2002). “Communities and ecosystems: linking the aboveground and belowground components,” in Monographs in Population Biology, ed. S. D. Fretwell (Princeton, NJ: Princeton University Press), 34.

Yang, H., Li, Y., Zhai, S., Fang, C., Liu, J., and Zhang, Q. (2020a). Long term ditch-buried straw return affects soil fungal community structure and carbon-degrading enzymatic activities in a rice-wheat rotation system. Appl. Soil Ecol. 155:103660. doi: 10.1016/j.apsoil.2020.103660

Yang, H., Meng, Y., Feng, J., Li, Y., Zhai, S., and Liu, J. (2020b). Direct and indirect effects of long−term ditch−buried straw return on soil bacterial community in a rice–wheat rotation system. Land Degrad. Dev. 31, 851–867. doi: 10.1002/ldr.3481

Yang, Z., Li, X., and Huang, W. (1992). A Comprehensive Dictionary of Geography. Hefei: Anhui People’s Publishing House.

Zhang, W., Hendrix, P. F., Dame, L. E., Burke, R. A., Wu, J., Neher, D. A., et al. (2013). Earthworms facilitate carbon sequestration through unequal amplification of carbon stabilization compared with mineralization. Nat. Commun. 4:2576. doi: 10.1038/ncomms3576


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.

Copyright © 2020 Song, Sun, Qin, Sun, Zheng, Terzaghi, Lv and Xue. 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-11-594265-g003.jpg
PC2(13.5%)

PCA on OTU level

30 -
: oT!
25+ :
i A AT2
201 : ¢T3
151 i T4
10+ : o T5

-10
-15
-20
-25
-30

45 40 -5 0 5 10 15 20 25 30 35
PC1(28.23%)





OPS/images/fmicb-11-594265-g002.jpg
Sobs index of OTU level

Shannon index of OTU level

30

20

10

04

0_

04

"
—_—
T1 T2 T3 T4 T5
Treatments
T2 T3 T4 T5

Treatments

HT1
W72
HT3
nT4
HT5

mT1
T2
mT3
mT4
W75





OPS/images/fmicb-11-594265-g001.jpg
[ Jo Nl 56 Days

i

i

I

[

24

QO 87
o
(73] ]

22 4
20
18 ]
164
14 ]
X 42
o 104
6_
4
5
]

(nos 6% 0 6)

T5

T4

T3

T2

&

Treatments





OPS/images/cross.jpg
3,

i





OPS/xhtml/Nav.xhtml




Contents





		Cover



		The Effects of Earthworms on Fungal Diversity and Community Structure in Farmland Soil With Returned Straw



		INTRODUCTION



		MATERIALS AND METHODS



		Site Description



		Experimental Materials



		Experimental Design



		Soil Sampling



		Soil DNA Extraction



		PCR Amplification



		Illumina MiSeq Sequencing



		Processing Sequencing Data



		Construction of a Phylogenetic Tree



		Statistical Analyses







		RESULTS



		Straw Degradation



		SOC



		Diversity



		Principal Component Analysis



		Hierarchical Clustering Analysis



		Fungal Abundance



		Phylogenetic Analysis







		DISCUSSION



		Diversity



		Fungal Community Abundance



		Fungal Community Functions







		CONCLUSION



		DATA AVAILABILITY STATEMENT



		AUTHOR CONTRIBUTIONS



		FUNDING



		SUPPLEMENTARY MATERIAL



		FOOTNOTES



		REFERENCES

















OPS/images/fmicb-11-594265-g007.jpg
ssssssnnnn unclassified_Fungi
— s asnsanssssssssssssssassnnsans  Pseudeurotium_hygrophilum
0.9; unclassified_Humicola
sesssssssssses Unclassified_Sordariomycetes
0.89 0.54 I
re— sEsEsssEsEEEmsEEEs Me|anospora_t|ffan"
Oﬁ EEEEEEEEEEEEEEEEEEEEE Zopfie"a_marina
0.750-07 unclassified_Lasiosphaeriaceae
0.97 0.33 seemsmssmssmeesees Schizothecium_carpinicola
0.85 CEEEEEEE T unclassified_Fusarium
0.97 ‘ OQQE Stachybotrys_elegans
' 0.90 semsssssssszsss Stachybotrys_chartarum
0.81£"""""""""""""""" UnClaSSified_SpOrOrmiaCeae
E NSNS N NN NN NS EEEEEEEEES PyrenochaetopsiS_|eptosp0ra
EEE NSNS EEEEEEEEEEEE Cand|da_ethanohca
SIS NS S NN NS EEEEEEEEEEN GUehOmyOeS)U”manS
0 02 04 06 08 10 12 14 16 18 20
Taxa == Pseudeurotium == Candida
~ unclassified_k__Fungi == Pyrenochaetopsis == Fusarium
unclassified_f _Lasiosphaeriaceae = === Schizothecium ~ Guehomyces
== unclassified_c__Sordariomycetes == Stachybotrys Humicola
=== Unclassified_f Sporormiaceae === Zopfiella == Melanospora

 E—; )

[

(-

7/

1

i’}

[l

i

]

'a
| I |
|

ol

—/

o

0 20 40 60 80 100
Bargroups m T3
HT1 o T4
m T2 75

k





OPS/images/fmicb-11-594265-g006.jpg
Treatments

T

T3

T4

T5

T T
0 0.2 0.4 0.6 0.8

T T

Percent of fungus community abundance on Genus level (%)

Il Stachybotrys

I unciassified_c_Sordariomycetes

I unclassified_k_Fungi

" Humicola

[l unclassified_f_Lasiosphaeriaceae

_ Pseudeurotium

B Schizothecium

I Melanospora

I Fusarium

[l unclassified_o_Coniochaetales

I Guehomyces

[ Pyrenochaetopsis

I Zopfiella

I Mymecridium

M Podospora

Il Lecythophora

[0 unclassified_f_Nectriaceae

[ unclassified_f_Bionectriaceae

| unclassified_f_Lasiosphaeriaceae

I unclassified_o_Microascales

I Talaromyces

| Preussia
unclassified_o_Sordanales

B Marasmius

I Coprinus
unclassified_o_Mortierellales

Il others





OPS/images/fmicb-11-594265-g005.jpg
Ralative abundance (%)

110 -

100

90

80 —

70

60

50

40

30

20 -

10

I Ascomycota

Basidiomycota
Chytridiomycota [l others

13

Treatments






OPS/images/fmicb-11-594265-g004.jpg
T1_3
T2.1

I T2.2
. I——

T4 2

T1_1
3.3
132

T2
gy

T4_1
o T
5.2

T5_1
5.3

0.4 0.2 02 0.1 0.0

—T1
—T2
L
— T4
-_T5





OPS/images/cover.jpg
, frontiers
in Microbiology

The Effects of Earthworms on
Fungal Diversity and Community
Structure in Farmland Soil With

Returned Straw








OPS/images/fmicb-11-594265-t001.jpg
Dominant genera

Stachybotrys
unclassified_c_Sordariomycetes
unclassified_k_Fungi

Humicola
unclassified_f_Lasiosphaeriaceae
Pseudeurotium

Schizothecium

Melanospora

Fusarium
unclassified_o_Coniochaetales
Guehomyces

Pyrenochaetopsis

Zopfiella

Myrmecridium
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0.13 £ 0.03b
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0.16 + 0.29
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Values are means + SD, n = 3. Treatments indicated by the same letter are not significantly different at P < 0.05 on the basis of one-way ANOVA.






OPS/images/logo.jpg
, frontiers
in Microbiology





