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Abstract

:

Green manure (GM)–rice–rice rotation is an important management practice for improving soil fertility and rice productivity. The microbiological mechanisms for the increase in grain yield in GM–rice–rice rotation remain unclear. The responses of soil biodiversity, bacterial and fungal communities, and their interactions in the GM–rice–rice rotation were investigated based on two long-term field experiments in Gaoqiao (GQ) and Nanxian (NX) in Hunan Province, south China. Results showed that rice yields were raised by 11.79% and 15.03% under GM in GQ and NX, respectively. GM promoted Shannon diversity and Pielou’s evenness and changed the community structures of bacteria and fungi. The co-occurrence network analysis found that the percentages of negative edges were higher in GM (40.79% and 44.32% in GQ and NX, respectively) than those in the corresponding winter fallow (34.86% and 29.13% in GQ and NX, respectively) in the combined bacterial–fungal networks, suggesting more stable microbial community under GM. Moreover, GM had higher percentages of bacterial–fungal and fungal–fungal edges than winter fallow, indicating that GM increased the interaction between bacteria and fungi and fungi play more essential roles in affecting soil processes under GM. The keystone taxa in GM were positively linked with C metabolism-related enzymes and soil multifunctionality, and were important in improving soil fertility and rice productivity. We concluded that the fungal community was more sensitive to GM application than the bacterial community and that keystone taxa had important influences on soil properties and rice productivity in the GM–double-rice cropping system, which can effectively support the sustainable development of the paddy field ecosystem in southern China.
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1. Introduction


Green manure, also called cover crop, plays a crucial role in sustainable development by increasing crop yield and improving soil fertility and structure, which reduces the need for chemical fertilizers and promotes ecological balance. Additionally, it helps to prevent soil erosion and enhances the soil’s water retention capacity, contributing to a more resilient agricultural system [1,2,3,4,5]. In south China, green manure in paddy fields can sufficiently use heat and light resources during winter and improve soil fertility and rice productivity [6]. Milk vetch (Astragalus sinicus L.) is one of the most commonly used leguminous green manures in paddy fields in south China. The incorporation of milk vetch into the soil before rice transplantation can release a large amount of nutrients to cultivate the soil and support the growth of subsequent rice [7].



Soil microbial communities are crucial for soil function and quantity. The impact of green manure on soil bacterial communities has been well studied. A previous study reported that using green manure in a rice cropping system increases soil enzyme activity, which is closely related to soil nutrient transformation and microbial activity [8]. The community structure, richness, and diversity of soil bacteria and functional microbes related to C and N cycling are altered by green manure in rice paddies [9,10,11]. Studies on the changes in the quantity and community structure of soil microorganisms under green manuring can provide a mechanistic understanding of their roles in improving soil quality and rice production.



Most of the soil nutrient transformation processes are mediated by bacteria and fungi. Fungi are the primary decomposers in the soil, contributing to the decomposition of the polymerized fraction of residues, such as cellulose and lignin [12], and are sensitive to changes in the substrate, such as nutrient availability [13]. The incorporation of green manure leads to large amounts of organic amendments into the soil and may have important effects on fungi. An improved understanding of the effects of green manure on fungal communities and interactions between bacteria and fungi is required.



Co-occurrence networks of bacterial and fungal communities are increasingly being analyzed to predict cooperative and competitive relationships between species [14]. Network-related analyses have shown that bacterial and fungal communities are related to soil properties [15]. Highly connected taxa (kinless hubs as keystone taxa) within the network have higher levels of ecosystem function than minimally connected taxa (peripherals) [16]. Soil microorganisms, especially keystone taxa, play important roles in regulating ecosystem processes by catalyzing soil nutrient cycling, and are closely linked to soil health and crop productivity [17]. The coexistence of microbes is affected by various environmental factors. The effects of green manuring on soil microbial networks and ecosystem functions have not been sufficiently explored, and relationships between keystone taxa and rice productivity are worthy of investigation in green manure–rice cropping systems.



Two long-term field experiments with green manure–rice and winter fallow–rice rotation practices are used to explore the responses of soil multifunctionality (SMF), bacterial and fungal diversities, and their interactions on green manuring and reveal the microbiological mechanisms of green manuring on increasing the grain yield in rice cropping systems. We hypothesized that fungal communities would be sensitive to the utilization of green manure, and that the keystone taxa diversity may be an important foundation of rice productivity under green manuring.




2. Materials and Methods


2.1. Experimental Sites


Two field experiments were conducted in Gaoqiao village (28°28′ N, 113°21′ E, altitude = 85.0 m), Changsha, Hunan, and Sanxianhu village (29°13′ N, 112°28′ E, altitude = 28.8 m), Nanxian, Hunan. The locations of the two sites are illustrated in Figure S1. These two experimental sites have significant differences in their basic soil properties, where GQ is acidic soil and NX is alkaline soil. Conducting field experiments in both types of soil simultaneously is beneficial for obtaining more credible results. The paddy soil at the Gaoqiao site (GQ) was classified as an Entisol Fluvent derived from river alluvium (USDA soil taxonomy). Prior to the trial, the properties of 0–20 cm topsoil were as follows: the soil pH (H2O) was 4.81, and the soil organic matter (SOM) and total N (TN) contents were 17.93 and 1.05 g kg−1, respectively. Soil alkali-hydrolysable N (AN), available P (Olsen P, AP), and available K (ammonia acetate-extractable K, AK) contents were 68.7, 11.7, and 39.8 mg kg−1, respectively. The paddy soil at the Nanxian site (NX) was a typical alkaline paddy soil in the Donting Lake floodplain region, classified as a purple alluvial soil, which is an Entisol Fluvent soil derived from lake sediment, according to the USDA soil taxonomy. Prior to the trial, the properties of 0–20 cm topsoil were as follows: the soil pH (H2O) was 7.7, and the SOM and TN contents were 46.63 and 3.28 g kg−1, respectively. Soil AN, AP, and AK contents were 261, 15.6, and 98.1 mg kg−1, respectively. Before the experiment, the fields in the two sites were used for rice cropping for more than 30 years, and the annual cropping system was rice–rice winter fallow.




2.2. Experimental Design and Soil Sampling


Experiments at GQ and NX were established in 2016 and 2011, respectively. And the soils were sampled in 2019 in both sites. Treatments and field management were the same for both sites. To investigate the effects of milk vetch as green manure on rice productivity and soil microorganisms, the experiments included two treatments: milk vetch (Astragalus sinicus L.) as green manure–double rice (GM) and winter fallow–double rice (WF), and each treatment had six replicates. The plots had areas of 20 m2 (4 m × 5 m). The plots were physically separated by a ridge to prevent the transfer of water and nutrients across plot boundaries. In the double-rice cropping system, early rice was transplanted in mid-April or late April and harvested in early July. Late rice was transplanted in middle or late July and harvested in early November. Rice seedlings were transplanted at 15 cm × 20 cm for early rice and 20 cm × 20 cm for late rice. To evaluate the effects of green manure on soil properties and to exclude the interaction with chemical fertilizer, no chemical fertilizer was used in the experiment in either the GQ or NX sites. The seeding rate of milk vetch was 37.5 kg ha−1, and it was sowed 15–25 days before the harvest of late rice in the GM treatment. Each year, the fresh biomass of milk vetch was measured at its full bloom stage and subsequently incorporated into the soil approximately 10 days before early rice transplanting at an amount of 22.5 Mg ha−1 of fresh biomass and on a range of 2.1–2.3 Mg ha−1 of dry biomass. The N supported by the incorporated milk vetch was in a range of 65.23–69.5 kg ha−1 in each year. After harvest, all rice straw was removed from the plots. And all the rice grain was threshed and weighed to monitor the rice yield plot by plot [15].



Plow layer soil samples (0–20 cm) were collected at the harvest stage of early rice (16th and 10th of July in NX and GX, respectively) in 2019. The sampled soils were divided into two portions: one was stored at 4 °C for subsequent chemical analysis, while the other was kept at −80 °C for DNA extraction.




2.3. Chemical Analysis


Soil chemical properties (i.e., pH, SOM, TN, AP, AK, NH4+-N, and NO3−-N) were tested in accordance with the method described by [18]. Soil pH was tested at a soil-to-water ratio of 1:2.5. SOM and TN contents were determined using an elemental analyzer (Flash Smart, Thermo Fisher Scientific, Waltham, MA, USA). AP and AK contents were extracted using 0.5 mol L−1 NaHCO3 and 1 mol L−1 CH3COONH4, respectively. Soil NH4+-N and NO3−-N contents were extracted using 2 mol L−1 KCl and measured using a continuous flow analyzer (SAN++, Skalar, Breda, The Netherlands). Dissolved organic matter (DOM) content was extracted using ultrapure water, shaken, and centrifuged. The extracted liquid was filtered using a 0.45 μm filter. The dissolved organic carbon (DOC) and nitrogen (DON) contents were measured using a TOC analyzer (TOC-L CPH, Shimadzu, Kyoto, Japan).



The potential activities (nmol h−1 g−1) of five types of soil enzymes included in C cycling were measured using the methods described by [8]. These enzymes included α-glucosidase (AG), β-glucosidase (BG), N-acetyl-glucosaminidase (NAG), β-cellobiosidase (CB), and β-xylosidase (XYL). Briefly, fresh soil (1.0 g) was homogenized in 100 mL acetate buffer (50 mM, pH 5.0). The sample suspension, 10 μM reference, and 200 μM substrate were dispensed into a black 96-well microplate. The microplates were covered and incubated at 25 °C for 4 h in the dark, and fluorescence was quantified using a microplate fluorometer (Scientific Fluoroskan Ascent FL, Thermo, Waltham, MA, USA) with excitation and emission filters of 365 and 450 nm, respectively.




2.4. DNA Extraction, Real-Time Quantitative PCR, and Pyrosequencing


Total genomic DNA was extracted using the OMEGA Soil DNA Kit (D5625–01, Omega Bio-Tek, Norcross, GA, USA) in accordance with the manufacturer’s instructions. Extracted DNA samples were stored at −20 °C prior to further analysis. The quantity and quality of the extracted DNAs were measured using the NanoDrop ND-1000 spectrophotometer (Thermo Fisher Scientific, Waltham, MA, USA) and agarose gel electrophoresis, respectively.



Real-time quantitative PCR assays were conducted in triplicate for functional genes involved in the nitrogen cycle (NFG; nifH, archaeal and bacterial amoA, narG, nirS, nirK, and nosZ). The assays were performed on an ABI 7500 Thermocycler (Applied Biosystems, San Francisco, CA, USA). The 20 μL reaction mixture was composed of the following components: 10 μL of 2× SYBR Real-Time PCR premixture, 0.4 μL of 10 μM forward primer, 0.4 μL of 10 μM reverse primer, 9 μL ddH2O, and 1 μL extracted DNA sample. The primers and amplification efficiencies are listed in Table S1. PCR products were ligated into pMD 18-T vectors and transformed into competent E. coli cells to generate standards. Serial dilutions of purified plasmids carrying target genes served as qPCR standards.



The PCR amplification of bacterial 16S rRNA genes in the V3–V4 region was performed using the primers 338F/806R (ACTC CTAC GGGA GGCA GCA/GGAC TACH VGGG TWTC TAAT) [19]. The PCR amplification of the fungal ITS1 region was performed using the primers ITS1F/ITS1R (CTTG GTCA TTTA GAGG AAGT AA/GCTG CGTT CTTC ATCG ATGC) [20]. Sample-specific 7 bp barcodes were incorporated into the primers for multiplex sequencing. For 16S RNA and ITS, PCR mixture included 5 μL of 5× buffer, 0.25 μL Fast pfu DNA Polymerase (5 U/μL), 2 μL of dNTPs (2.5 mM), 1 μL of each forward and reverse primer (10 μM), 1 μL of DNA template, and 14.75 μL of ddH2O. PCR amplicons underwent purification via Vazyme VAHTSTM DNA Clean Beads (Vazyme, Nanjing, China), and their quantification was performed using the Quant-iT PicoGreen dsDNA Assay Kit (Invitrogen, Carlsbad, CA, USA). Purified amplicons were combined in equal proportions and analyzed using the Illumina MiSeq PE250 (San Diego, CA, USA) platform under the guidance of the user’s manual.




2.5. Bioinformatics Analysis


Microbiome bioinformatics analysis was performed using QIIME2 2019.4 in accordance with official tutorials (https://docs.qiime2.org/2019.4/tutorials/ (accessed on 1 April 2019)). Briefly, raw sequences were demultiplexed using the demux plugin followed by primer cutting by using the cutadapt plugin. Sequences were then quality-filtered, denoised, merged, and subjected to chimera removal by using the DADA2 plugin. The remaining high-quality sequences were 2,289,821 for bacteria and 2,226,564 for fungi in all 24 samples. Nonsingleton amplicon sequence variants (ASVs) were aligned with mafft and used to construct a phylogeny by using fasttree2 [21]. Alpha diversity metrics (including observed species, Shannon index, Pielou’s evenness, and Good’s coverage (Table S2) [22]) and beta-diversity metrics (including weighted UniFrac [23], unweighted UniFrac [23], Jaccard distance, and Bray–Curtis dissimilarity) were calculated using QIIME’s diversity plugin. For bacteria and fungi, samples were rarefied to 62,909 and 5898 sequences per sample, respectively. Taxonomic assignments of ASVs were made using the naïve Bayes classifier in the feature-classifier plugin, with the SILVA Release 132 database for bacteria and the UNITE Release 8.0 database for fungi as a reference.



The differentiation of microbiota structure across groups was evaluated using permutational multivariate analysis of variance (PermANOVA). This analysis was based on several metrics, including weighted UniFrac, unweighted UniFrac, Jaccard distance, and Bray–Curtis dissimilarity, utilizing the Psat v2.16 software. Taxon abundance at ASV levels was statistically compared across groups using the MetagenomeSeq and presented in the form of Manhattan plots [24].



The pyrosequencing data generated in this study can be accessed from the NCBI Sequence Read Archive database with the accession number PRJNA782819.




2.6. Co-Occurrence Network


Co-occurrence networks were constructed utilizing the Molecular Ecological Network Analysis pipeline, available at http://ieg2.ou.edu/MENA/ (accessed on 1 May 2012) [25]. Rare ASVs with relative abundance < 0.01% were deleted. Spearman’s correlation coefficient and default threshold values were used in the analysis. The random matrix theory (RMT)-based approach was used to identify the threshold for the network automatically. Networks were visualized using the Gephi 0.9.2 (http://gephi.github.io/ (accessed on 1 September 2017)). Keystone taxa were defined using Z- and P-scores. Network hubs (Z-score > 2.5, P-score > 0.62), module hubs (Z-score > 2.5, P-score < 0.62), connectors (Z-score < 2.5, P-score > 0.62), and peripherals (Z-score < 2.5, P-score < 0.62) were defined in the network structure, and the network hubs, module hubs, and connectors were regarded as keystone taxa [26].




2.7. Statistical Analysis


Four ecological clusters were defined to reveal soil biodiversity and functionality. Ecological clusters included soil properties and C metabolism-related enzymes with SMF, NFG, bacterial diversity (Bac_Div), and fungal diversity (Fun_Div). Normality tests were conducted to ensure that the calculated data followed a normal distribution. The values of the ecological clusters were calculated using the Z-score transformation by averaging the standardized relative values of each index. Relationships between treatment and site, SMF, NFG, bacterial and fungal diversity (Micro_div), ASVs that were significantly enriched by different treatments based on metagenomeSeq analysis (Sdif), keystone taxa in the combined bacterial–fungal ecological networks (Keystone), and rice yield (yield) were explored using partial least squares path modeling (PLS-PM) [27]. The R package “plspm” [28] was used to construct the model. The goodness of fit (GoF) index, reflecting the overall predictive performance of the model, was calculated as the geometric mean of the average communality and R2 value [29]. The replicates numbered 6 in the analysis of soil microbiome, enzyme, and soil nutrient.





3. Results


3.1. Rice Yields, Soil Properties, Enzyme Activity, and Quantity of Functional Genes


Rice yields from 2016 to 2019 at the two sites were analyzed (Figure 1). GM significantly increased rice yield by 11.79% and 15.03% at GQ and NX, respectively, on average compared with WF. In the sampling season, except for NO3−-N concentration, which decreased in GM at GQ, the soil properties were not significantly different (Table S3). The soil C metabolism-related enzymes AG and NAG were significantly increased in the GM at NX. No significant difference in soil C metabolism-related enzymes was found at GQ (Figure 2). For N-related functional genes, the copy numbers of the nifH gene in N fixation and nosZ gene in denitrification significantly decreased in GM at GQ. nifH and amoA genes in ammonia-oxidizing bacteria and archaea, narG, nirS, nirK, and nosZ genes, which were related to the denitrification process, decreased in GM at NX (Figure 3).




3.2. Alpha-Diversity and Communities of Bacteria and Fungi


The observed species, Shannon index, and Pielou’s evenness were selected to reflect the richness, diversity, and evenness of bacteria and fungi. For bacteria, the observed species showed no difference, whereas the Shannon index and Pielou’s evenness increased in the GM at NX (Figure 4). For fungi, the Shannon index and Pielou’s evenness increased at GQ, whereas the observed species and Shannon index increased at NX in the GM (Figure 4). The equilibrium between bacterial and fungal diversities at the two sites after receiving green manure was investigated using the fungal-to-bacterial species ratio (ITS/16S). The ITS/16S of the Shannon index and Pielou’s evenness significantly increased in GM at GQ, and no change was found at NX (Figure S2).



Bacterial and fungal communities shifted after green manuring by enriching some ASVs in accordance with their taxonomy and showing their enrichment in GM or WF. At GQ, five and three bacterial ASVs were enriched in GM and WF, respectively. At NX, 69 and 9 bacterial ASVs were enriched in GM and WF, respectively (Figure S3). Among fungal ASVs, 93 and 28 ASVs were enriched by GM and WF, respectively. At NX, 11 ASVs were enriched by GM, and no ASV was enriched by WF (Figure S4).



PermANOVA was conducted to investigate the differences in bacterial and fungal communities between GM and WF based on Jaccard, Bray–Curtis, Unweighted UniFrac, and weighted UniFrac distances. Bacterial and fungal communities were altered by green manure at NX, whereas no difference was found in GQ (Table 1).




3.3. Ecological Clusters


Soil chemical properties and C metabolism-related soil enzymes were clustered as SMF using the Z-score method. The SMF of GM was higher than that of WF (Figure 5). The NFG decreased in the GM at GQ and NX (Figure 5). Bacterial and fungal diversity indices showed the same trends, i.e., increased in GM at GQ and NX (Figure 5).




3.4. Co-Occurrence Networks of Bacteria and Fungi


Bacterial and fungal networks and combined bacterial–fungal networks were constructed using RMT, and bacterial and fungal ASVs with relative abundance >0.01% were used to construct the network (Figure 6 and Figure S5). Networks were characterized as scale-free (connectivity distribution followed power–law distributions), small-world (average clustering coefficient and average path length were larger than the random networks), and modularity (modularity values were higher than the random networks and higher than 0.4; Table 2 and Table S4) [25]. Topological properties indicated that the networks could efficiently reveal the effects of green manure on microbial co-occurrence and interactions between bacteria and fungi.



For the bacterial network, the node and edge numbers in GM were higher than those in WF at GQ, indicating that the bacterial network was complex under green manuring (Figure S5 and Table S4). The complexity of the bacterial network did not differ between treatments at NX (Figure S5 and Table S4). For the fungal network, the node and edge numbers in GM were higher than those in WF at GQ and NX, respectively. Green manuring enhanced the complexity and stability of the fungal network (Figure S5 and Table S4). The keystone taxa confirmed by Z- and P-scores showed that GM had more keystone taxa (1.98% and 7.16% at GQ and NX, respectively) than WF (1.35% and 1.25% at GQ and NX, respectively) in the bacterial network (Figure S6). For the fungal network, the percentages of keystone taxa in GM were 4.47% and 4.20% at GQ and NX, respectively, and higher than those in WF, which were 4.03% and 1.18%, respectively (Figure S6).



The combined bacterial–fungal networks were used to review the interactions between bacteria and fungi. The module number and modularity of the combined bacterial–fungal network in GM were higher than those in WF, indicating that green manuring increased network modularity (Table 2). Unlike in NX, GQ was observed with an increased number of nodes and edges due to GM treatment (Figure 6 and Table 2). In GM treatment, module hubs and connectors were identified in 1.32% and 0.73%, respectively, of the nodes at GQ and in 0.80% and 0.40%, respectively, of the nodes at WF. At NX, the percentages of module hubs and connectors in WF were higher than those in GM (Figure 6).



The nodes in the combined bacterial–fungal networks included bacterial and fungal nodes. GM increased the proportion of fungal nodes. Approximately 18.11% and 15.12% of the nodes belonged to fungi in GM at GQ and NX, respectively, whereas 13.30% and 9.20% of the nodes belonged to fungi in WF at GQ and NX, respectively (Figure 7). The edges in the combined networks included bacterial–bacterial, bacterial–fungal, and fungal–fungal edges. GM treatment had higher percentages of bacterial–fungal edges (30.17% and 30.52% at GQ and NX, respectively) than WF treatment (27.28% and 18.09% at GQ and NX, respectively), indicating that green manuring enhanced the interactions between bacteria and fungi. GM had higher percentages of fungal–fungal edges than WF, whereas WF had more bacterial–bacterial edges (Figure 7). GM increased the percentages of negative edges (40.79% and 44.32% at GQ and NX, respectively) over WF (34.86% and 29.13% at GQ and NX, respectively) in the combined bacterial–fungal networks. The same trends were found in bacterial–bacterial, bacterial–fungal, and fungal–fungal edges (Figure 7).




3.5. Relationships among Keystone Taxa, Soil Properties, and Rice Productivity


The keystone taxa in the combined bacterial–fungal networks were kinless hubs according to Z- and P-scores, and were highly connected taxa within the ecological network. A total of eighteen bacterial (classified into seven phyla) and seven fungal (three ASVs were Leotiomycetes, and four ASVs were unclassified fungi) ASVs were defined as keystone taxa in GM at GQ (Table S5). A total of twelve bacterial (classified into five phyla) and one fungal (unclassified fungi) ASVs were defined as keystone taxa in the WF at GQ (Table S5). A total of three bacterial (classified into Nitrospinae and Proteobacteria) and one fungal (classified as Ascomycota) ASVs were defined as keystone taxa in GM at NX. A total of fourteen bacterial (classified into seven phyla) and two fungal (two ASVs were Ascomycota, and one ASV was an unclassified fungus) ASVs were defined as keystone taxa in WF at NX (Table S5).



The relationships among keystone taxa in the combined bacterial–fungal networks, soil properties, and rice productivity were analyzed using the Mantel test (Figure 8). The keystone taxa in the GM at GQ showed strong positive correlations with soil properties, enzyme activities, SMF, NFG, and rice productivity (Figure 8d). At GQ, the keystone taxa in GM had strong positive correlations with soil properties, including soil pH and TN, AP, AK, DOC, and ammonium-N contents, whereas the keystone taxa in WF only had a positive correlation with soil pH. At NX, SOM and TN contents were positively correlated with keystone taxa in GM, whereas no relationship was found in WF (Figure 8a). For the C metabolism-related enzyme, BG was significantly positively correlated with keystone taxa in GM at GQ and WF at NX. XYL was positively correlated with the keystone taxa in the WF at GQ and NX (Figure 8b). Among the NFG, the AOA–amoA gene had a strong positive correlation with keystone taxa in GM at GQ and in WF at NX. The AOB–amoA gene was positively correlated with the keystone taxa in the WF at NX (Figure 8c).




3.6. Ecological Relationships among Soil Properties, Biodiversity of Microbial Communities, Keystone Taxa, and Rice Productivity


PLS-PM was conducted to evaluate the ecological relationships among microbial diversity, keystone taxa, and rice production (Figure 9). The results of the model showed that GM or WF treatment had a negative effect on NFG, but had no significant effect on SMF. The site had a negative effect on NFG and a positive effect on SMF (Figure 9a). NFG and SMF had no direct effect on Micro_div or Sdif. The path coefficients of total effects were −0.292 and −0.211 for Micro_div and −0.051 and 0.253 for Sdif (Figure 9a–c). Keystone taxa were significantly correlated with NFG and SMF. The direct path coefficients of NFG and SMF for keystone taxa were 0.163 and 0.375, respectively, and the total path coefficients were 0.163 and 0.373, respectively (Figure 9a,d). The site, NFG, SMF, and keystone taxa had significantly negative effects on rice production. The direct effects of the path coefficients of NFG and SMF on yield were −0.399 and −0.250, respectively, and the total path coefficients were −0.518 and −0.511, respectively. For the three types of microbial diversity, Micro_div and Sdif had no effect on yield, whereas keystone taxa had significantly negative effects on yield. The path coefficient was −0.723 (Figure 9a,e).





4. Discussion


4.1. Rice Yield, SMF, and Microbial Communities


The utilization of green manure has been widely proven to be an effective method for increasing crop production and improving soil fertility and quality [28,30,31,32]. The application of milk vetch as winter green manure in paddy soil can save 20–40% of chemical fertilizer and maintain high rice yield, and the improved soil fertility due to green manuring may be the main reason for supporting yield effects [31]. Leguminous green manures contain a high content of organic nitrogen, which is easily mineralized to NH4+, and then nitrification from NH4+ to NO3− might be responsible for decreasing soil pH [33,34]. In addition, legumes might uptake more cations than anions in soils during the growth stage, and their roots secrete protons to maintain charge balance, which might be another important reason to reduce pH [35]. Previous studies have reported that cover cropping can lead to an increase in soil carbon and nitrogen stocks [36,37]. A global meta-analysis found that cover cropping results in an average increase in soil organic carbon of 15.5% [2], and that the soil organic carbon in the topsoil increases by an average of 320 kg ha−1 per year [38]. Green manure can be utilized as an essential component of soil conservation practices to improve soil health [39]. The application of green manure enhances the ecological functional stability of soil organic carbon [40,41] and promotes the activities of enzymes, which are related to C, N, P, and S cycling and are closely related to soil microbial activity [8]. In this study, grain yields, C metabolism-related enzymes, and SMF increased after green manuring, confirming that improved soil quality and soil health support increased crop productivity.



Studies on the changes in the quantity and community structure of soil microorganisms under green manuring can provide a mechanistic understanding of their roles in improving soil quality. This study showed that green manuring increases bacterial and fungal richness and diversity and changes community structures. The roots of green manure are widely distributed in soil, changing the microenvironment by providing organic matter and affecting the soil redox status, moisture, and other soil properties [42]. Thus, green manure influences microbial communities and functions. Previous studies showed that the community structures, richness, and diversity of endophytic bacteria in the soil–root system are changed by green manuring [11] and the distribution of beneficial microorganisms in the rice rhizosphere increases due to green manuring, thus promoting the nutrient uptake by rice [43]. In this study, there was a significant positive correlation between nitrogen transformation-related functional genes and keystone species (Figure 9), indicating that keystone species that play an important role in the soil are likely associated with the nitrogen transformation process. As a leguminous green manure, milk vetch can bring a large amount of nitrogen to the soil through biological nitrogen fixation, thereby affecting the soil nitrogen transformation process [44]. There is study that indicates that the enhancement of nitrogen cycle-related gene abundance is closely related to the increase in N-acetylglucosaminidase activity; therefore, green manure can build a soil environment with efficient nutrient cycling by regulating soil microbes [45]. The community structure and diversity of soil microorganisms are closely linked to ecosystem functions. The application of varying management practices and organic amendments results in substantial alterations to nutrient transformation processes occurring in soils [46,47]. SMF, including soil chemical properties, activities of soil C metabolism-related enzymes, and Z-scores of bacterial and fungal communities, was increased by green manuring in this study. Bacteria and fungi produce enzymes that regulate soil nutrient cycling. Microbial diversity is associated with soil and plant processes, and interactions among plant roots, soil nutrient pools, and microbial communities are important for regulating soil quality and crop production [17]. A previous study also found that the long-term combined utilization of green manure and chemical fertilizer alters microbial community composition and enhances the quantity of SOC and the activity of organic carbon hydrolases [6]. Our results also suggest that the utilization of green manure promotes the functional potential of bacteria and fungi by increasing soil biodiversity and mediating microbial groups related to nutrient cycling.




4.2. Important Roles of Fungi


As decomposers, fungi strongly influence the ecosystem structure and function and play fundamental roles in driving soil nutrient cycling. In this study, the fungi-to-bacteria ratio significantly increased with the green manure treatment, showing that green manure has profound effects on fungal diversity compared to on bacterial diversity [48]. Treatment with green manure has more fungal nodes and higher percentages of bacterial–fungal edges and fungal–fungal edges than those in the winter fallow treatment, indicating that green manuring has a more evident effect on the fungal network and increases the interaction between bacteria and fungi. This finding may be because green manuring changes the substrates and ecological niches of fungal decomposers. Bacteria and fungi live in the same environment, and interactions between them occur at any time, including substance and energy exchanges. Interactions within and among bacterial and fungal communities play essential roles in enhancing ecosystem performance, and a taxonomically rich soil microbiome can support multiple ecosystem functions [49]. A previous study found that green manure amendment increases the composition of the main microbial groups and has a high fungi-to-bacteria ratio [50]. The shifts in fungal communities induced by cover cropping lead to high ecosystem resilience and promote the efficient use of limited resources [51]. The abundance and community structure of fungi affect the decomposition rate of milk vetch and rice straw residues [43]. In our study, most of the fungal keystone taxa are classified as Ascomycota, showing that Ascomycota are dominant in abundance and function in the studied paddy soil. This finding is consistent with the conclusions of earlier research [51].




4.3. Keystone Taxa and Rice Productivity


Ecological networks are important for investigating the roles and functions of soil microbes [49,52]. Soil microorganisms have complex interactions through positive, negative, or neutral ecological relationships [14]. Co-occurrence networks provide a useful method for investigating the interactions between coexisting microorganisms and reflect the responses of communities to environmental change [53]. A network with negative links stabilizes co-oscillations and promotes a stable network [54]. Green manuring increases the percentage of negative edges, indicating that the utilization of green manure contributes to stable microbial communities.



Keystone taxa are positively associated with plant productivity in natural ecosystems [52]. This study provides evidence that keystone taxa are more sensitive to management practices than bacterial or fungal diversity and the significantly enriched microorganisms in the rice cropping system. Additionally, keystone taxa are positively correlated with grain yield under green manure utilization. Microbial diversity and network complexity are correlated with ecosystem functions related to nutrient cycling [49]. Previous studies have revealed that green manuring influences the biogeochemical cycling of plant nutrients by changing the functional microbes related to N cycling and increasing the populations of methane-oxidizing bacteria and sulfur-reducing bacteria in paddy soils [10]. In green manure–rice systems, the growth and decomposition of green manure changes the N status of paddy soil, consequently inducing changes in nitrogen cycling and associated microbial communities [10]. Keystone taxa influence key soil processes, and the biodiversity of keystone phylotypes plays a fundamental role in maintaining soil function and crop productivity by mediating soil C, N, P, and S cycling [55]. Green manure promotes the transformation of soil nutrients and regulates key soil processes, supporting the high-efficiency use of nutrients and contributing to rice production.





5. Conclusions


Green manuring increased rice yields by 11.79% and 15.03% at GQ and NX, respectively; promoted the alpha-diversity; and changed the community structures of bacteria and fungi. Co-occurrence network analysis suggested that the utilization of green manure increased the stability of the microbial community, enhanced the interaction between bacteria and fungi, and had a more profound influence on the fungal community than on the bacterial community. The keystone taxa under the green manure–rice cropping system have disproportionately large effects on soil fertility and rice production relative to their abundance.
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Figure 1. Yields of early rice at the two sites from 2016 to 2019. The n values is 48 at both sites in each treatment. GQ_GM, green manure treatment at the Gaoqiao site; GQ_WF, winter fallow treatment at the Gaoqiao site; NX_GM, green manure treatment at the Nanxian site; NX_WF, winter fallow treatment at the Nanxian site. Within each box, the solid line represents the median value, while the hollow block depicts the mean value. Top and bottom edges represent 75 and 25 percentiles, respectively. The solid circle represents value of each sample. 
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Figure 2. Activities of enzymes in C metabolism. AG, α-glucosidase; BG, β-glucosidase; NAG, N-acetyl-glucosamidase; CB, β-cellobiosidase; XYL, β-xylosidase. n.s., no significant difference at p < 0.05 level. Figure 1 shows treatment abbreviations. Within each box, the solid line represents the median value, while the hollow block depicts the mean value. Top and bottom edges represent 75 and 25 percentiles, respectively. The solid circle represents value of each sample. 
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Figure 3. Quantities of function genes involved in N cycling. AOA–amoA, amoA gene of ammonia-oxidizing archaea; AOB–amoA, amoA gene of ammonia-oxidizing bacteria. Figure 1 shows treatment abbreviations. Within each box, the solid line represents the median value, while the hollow block depicts the mean value. Top and bottom edges represent 75 and 25 percentiles, respectively. The solid circle represents the value of each sample. n.s. indicates there is no significant difference between two treatments. 
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Figure 4. Observed species, Shannon index, and Pielou’s evenness of soil bacteria and fungi. Figure 1 shows treatment abbreviations. Within each box, the solid line represents the median value, while the hollow block depicts the mean value. Top and bottom edges represent 75 and 25 percentiles, respectively. The solid circle represents value of each sample. n.s. indicates there is no significant difference between two treatments. 






Figure 4. Observed species, Shannon index, and Pielou’s evenness of soil bacteria and fungi. Figure 1 shows treatment abbreviations. Within each box, the solid line represents the median value, while the hollow block depicts the mean value. Top and bottom edges represent 75 and 25 percentiles, respectively. The solid circle represents value of each sample. n.s. indicates there is no significant difference between two treatments.



[image: Sustainability 16 03565 g004]







[image: Sustainability 16 03565 g005] 





Figure 5. Z-score of soil multifunctionality (SMF), functional genes involved in N cycling (NFG), bacterial diversity (Bac_Div), and fungal diversity (Fun_Div). Figure 1 shows treatment abbreviations. 
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Figure 6. Combined bacterial–fungal co-occurrence networks (a). ASVs with relative abundance >0.01% (1986 ASVs for bacteria and 1088 ASVs for fungi) were included in the construction of network. Co-occurrence networks are colored by kingdom. Red and green nodes indicate bacterial and fungal ASVs, respectively. The size of each node is proportional to the degree. Red and green edges indicate positive and negative interactions, respectively, between two individual nodes. Network roles of analyzing feature at the ASV level determined in accordance with within- (Zi) and among-module (Pi) connectivity (b). The green text indicate the percentage of module hubs, the purple text indicate the percentage of connectors, the red text indicate the percentage of network hubs. Figure 1 shows treatment abbreviations. 
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Figure 7. Node (a) and edge properties (b,c) of combined bacterial–fungal co-occurrence networks. Figure 1 shows treatment abbreviations. 
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Figure 8. Mantel tests on keystone taxa in the combined bacterial–fungal ecological network and soil geochemical variables. SOM, soil organic matter; TN, soil total nitrogen; AP, soil available phosphorus; AK, soil available potassium; DOC, dissolved organic carbon; DON, dissolved organic nitrogen (a). AG, α-glucosidase; BG, β-glucosidase; NAG, N-acetyl-glucosamidase; CB, β-cellobiosidase; XYL, β-xylosidase (b). AOA, ammonia-oxidizing archaea amoA; AOB, amoA gene of ammonia-oxidizing bacteria (c). Soil, Z-score of soil properties; Enzyme, Z-score of C metabolism-related enzyme activities; SMF, soil multifunctionality, including soil properties and C metabolism-related enzymes; NFG, Z-score of copies of functional genes involved in N cycling (d). †, p < 0.1; *, p < 0.05; **, p < 0.01; ***, p < 0.0001. Figure 1 shows treatment abbreviations. 






Figure 8. Mantel tests on keystone taxa in the combined bacterial–fungal ecological network and soil geochemical variables. SOM, soil organic matter; TN, soil total nitrogen; AP, soil available phosphorus; AK, soil available potassium; DOC, dissolved organic carbon; DON, dissolved organic nitrogen (a). AG, α-glucosidase; BG, β-glucosidase; NAG, N-acetyl-glucosamidase; CB, β-cellobiosidase; XYL, β-xylosidase (b). AOA, ammonia-oxidizing archaea amoA; AOB, amoA gene of ammonia-oxidizing bacteria (c). Soil, Z-score of soil properties; Enzyme, Z-score of C metabolism-related enzyme activities; SMF, soil multifunctionality, including soil properties and C metabolism-related enzymes; NFG, Z-score of copies of functional genes involved in N cycling (d). †, p < 0.1; *, p < 0.05; **, p < 0.01; ***, p < 0.0001. Figure 1 shows treatment abbreviations.
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Figure 9. Partial least squares path modeling of the effects of treatment; site; copies of functional genes involved in N cycling (NFG); and soil multifunctionality, including soil properties and C metabolism-related enzyme activities (SMF); bacterial and fungal diversity (Micro_div); ASVs that are significant enriched by different treatment based on MetagenomeSeq analysis (Sdif); and keystone taxa in the combined bacterial–fungal ecological networks (Keystone) on rice production (yield). Values in the graph (a) are path coefficients that indicate the direct relationships between latent variables, and values are reflected by the width of the arrows. Blue and red arrows indicate positive and negative correlations, respectively. The dashed arrows represent path coefficients that are not significantly different from zero (p > 0.05). The significance levels were determined based on 1000 bootstrapped resamples. The goodness of fit (GoF) index evaluates the overall predictive performance of the model. The composition and values of total effects on Micro_div (b), Sdif (c), Keystone (d), and yield (e) are also shown in the graph. 
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Table 1. The differences between green manure and winter fallow, tested by permutational multivariate analysis of variance (PermANOVA).






Table 1. The differences between green manure and winter fallow, tested by permutational multivariate analysis of variance (PermANOVA).





	
Distance

	
Bacteria

	
Fungi




	
GQ

	
NX

	
GQ

	
NX






	
Jaccard distance

	
0.517

	
0.032 *

	
0.183

	
0.015 *




	
Bray–Curtis distance

	
0.612

	
0.011 *

	
0.116

	
0.036 *




	
Unweighted UniFrac distance

	
0.906

	
0.038 *

	
0.064

	
0.027 *




	
Weighted UniFrac distance

	
0.421

	
0.045 *

	
0.084

	
0.163








The values in the table were p value in pairwise comparisons. *, p < 0.05.













 





Table 2. Topological properties of the combined bacterial–fungal co-occurrence networks.
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Network Indexes

	
GQ_GM

	
GQ_WF

	
NX_GM

	
NX_WF






	
Empirical networks




	
Number of nodes

	
1082

	
1000

	
800

	
978




	
Number of edges

	
3278

	
2361

	
1979

	
4755




	
R2 of power–law

	
0.879

	
0.754

	
0.88

	
0.638




	
Average connectivity

	
6.059

	
4.722

	
4.947

	
9.724




	
Average clustering coefficient (avgCC)

	
0.447

	
0.448

	
0.516

	
0.495




	
Average path length (GD)

	
6.890

	
7.865

	
6.511

	
5.789




	
Transitivity

	
0.487

	
0.479

	
0.505

	
0.55




	
Connectedness

	
0.619

	
0.688

	
0.343

	
0.803




	
Modularity and (the number of modules)

	
0.745 (96)

	
0.836 (84)

	
0.800 (139)

	
0.737 (49)




	
Random networks




	
avgCC ± SD

	
0.016 ± 0.002

	
0.008 ± 0.002

	
0.017 ± 0.003

	
0.034 ± 0.002




	
GD ± SD

	
3.835 ± 0.016

	
4.390 ± 0.021

	
3.977 ± 0.031

	
3.245 ± 0.012




	
Modularity ± SD

	
0.380 ± 0.003

	
0.459 ± 0.004

	
0.434 ± 0.004

	
0.271 ± 0.003








Figure 1 shows treatment abbreviations.
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