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Abstract

:

Although huge numbers of gullies have been widely formed and have severely decreased the quality of farmlands in mollisols, it is still unclear how the microbial community distributes after natural vegetation restoration (NVR), which highly relates to the ecological functions in the farmland. In this study, both the microbial community and their potential ecological functions after NVR were reviewed, together with the environmental factors relating to microbial evolution which were detected in two gullies of mollisols situated on farmland in Northeast China. The main results showed that NVR improved the microbial diversity and complexity of the co-occurrence network in gullies, and promoted bacterial community composition to be similar between the gully and deposition area. Moreover, the soil organic matter (SOM) regulated the microbial diversity by balancing soil available phosphorus (AP), soil moisture (SM), and pH, thus stimulating the key bacterial biomarkers of gullies (Rhizobiales, Microtrichales, TRA3-20) and regulating the bacterial composition, as well as indirectly enriching the function of bacteria to perform denitrification, C fixation, and phosphorus transport in gullies. In addition, abundant Dicotyledons in gullies mainly regulate the fungal community composition, and increased fungal richness in 0–20 cm soil depth, but decreased bacteria richness in 0–20 cm soil depth. Our findings revealed the repair mechanism of NVR on soil bacterial and fungal communities, especially on bacterial functionality, which should be given further attention in nutrient cycling across eroding mollisols in gullies.
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1. Introduction


Erosion gullies widely distribute and take many areas of farmland, which severely decreases the soil fertility and connectedness of the fields; opposite to the above, natural vegetation restoration (NVR) can effectively fight against that development and even improve and sustain the stability of gullies [1]. A recent study has shown that erosion decreased microbial multifunctionality and microbial diversity in soils (Hao et al., 2022). However, NVR always synchronously changes the diversity, composition, and functionality of microbial communities, and this process typically associates with vegetation types and composition [2,3]. Microbial communities, as an important part of the ecosystem, can participate in various biogeochemical cycles and highly relates to soil functions, such as nutrient cycling and carbon (C) sequestration, and closely interact with plant communities [4]. NVR as a crucial practice to control the development of gully erosion has been widely adopted and could deeply change the eco-environment in farmland [5,6]. Previous studies provide important insights into NVR influencing the heterogeneity of soil microbial communities, and their functions in polluted soils or forest ecosystems [7,8,9]. However, it is still poorly understood how NVR influences the soil microbial community, and their functions in the eroded soils, especially in the soils of gullies, which has been highly eroded and finally recovered by various vegetation.



Long-term erosion increases the heterogeneity of soil nutrients in gullies, influences plant competition, and further changes the structure and spatial pattern of NVR [10]. As such, NVR improved the soil microbial phosphorus (P) transport, nitrogen (N), or C storage, which was closely associated with vegetation types and restoration time [3]. Additionally, the root exudates are determined by plant species and abundance, which change the soil properties, and further influence the microbial composition, especially for the abundance of parasitic and symbiotic microorganisms [8,11]. Moreover, the decomposition of plant residues can also alter soil nutrient composition, and thus affect microbial composition [8]. Previous study indicated that long-term erosion decreased the microbial multifunctionality and microbial diversity in the soil of farmland [12]. However, the gully has a lower altitude and a low content of nutrients compared with farmland, as well as the NVR, and their residues determined by the special hydrologic process, landscape, and microclimate are also different from farmland [13]. Thus, microbial communities and functions influenced by the NVR and the key driving factor in gullies could also be different from that in other environments, and needs to be verified.



Because soil microbial communities have diverse functions, previous soil studies usually assess microbial communities by their multifunctionality or enzyme activities [14,15,16]. However, these indexes cannot reveal the specific role of microbial communities in important ecological processes such as nutrient cycling. The FARPROTAX database was established to classify functional bacteria and the statistical abundance of functional groups in the marine ecosystem [17], and a recent study just showed it could also be used in the terrestrial ecosystem [4], while its applications in eroded soil were rare. In addition, functional differences between microbial communities are always determined by key members or groups, which were usually dominant in their microbial communities [18,19]. Therefore, many previous studies focus on the most abundant phyla or OTUs in the microbial communities to streamline the analysis [20]. However, such studies cut off the systematic linkage of microorganisms at different taxonomic levels and ignored the covariation trend of related species which with similar functional genes. Therefore, it is more reasonable to select the key microbes through the difference in microbial community composition at multiple taxonomic levels, such as the biomarkers selected by LEfSe analysis [21]. Furthermore, the study demonstrated that the topological properties of co-occurrence network were correlated with microbial community function [22], while the study on the co-occurrence network of microbial community in soil after erosion and NVR was rarely carried out. Thus, it is necessary to applicate more novel and effective analyses in the research of microbial communities in gullies after NVR, to clearly reveal the association between the dynamic of microbial community and microbial functions.



Mollisols are one of the most important soil resources for crop production in the world [23]. It is approximately 27 × 104 km2, across three provinces of Heilongjiang, Jilin, and Liaoning, in Northeast China, and plays a crucial role in food security [24]. However, long-term extensive and intensive farming and the significant inputs of fertilizers and tillage increased soil erosion and land degradation in the Mollisol region [10]. Additionally, above 29 × 104 erosion gullies were developed in this region, and most of them were formed in central areas of farmland, which strongly impacts national food security [23]. There is no artificial intervention in most of these gullies, and NVR was the single restoration treatment [25]. In this study, vegetation cover, soil nutrients, soil moisture, and microorganisms were investigated in the farmland and gullies of two sites to verify the following hypothesizes: (1) NVR changes the microbial diversity and network complexity in the gully, and is different from that in farmland in the Mollisol of Northeast China, a process which is related to soil properties; (2) NVR changes microbial functionality in the gully, is different from that in farmland, and the result differs from another environment; and (3) using the LEfSe analysis found the biomarkers and linking it with the microbial functions classified by the FAPROTAX database, could clearly reveal how the dynamic of the microbial community drives the metabolic functions and nutrient cycling.




2. Materials and Methods


2.1. Study Sites


In order to examine the change of microbiological properties after NVR in the gullies and their related environmental factors, one stable gully in the Guangrong site (47.355484° N, 126.831300° E) and another stable gully in the Yanmagou site (45.86310307° N, 126.93867445° E) were randomly selected and investigated in Mollisols of Northeast China. These gullies mainly distribute in the hydrologic lines at the junction of the slope bottom and the roadsides where the runoff is converged. We used the meteorological data (2005–2022) from the weather station at Harbin airport station and the weather station of Hailun city to calculate the following climatic characteristics. The data was downloaded from the website (https://rp5.ru/Weather_in_the_world, accessed on 2 October 2022). In the Guangrong site, the mean annual temperature, extreme maximum temperature, and extreme minimum temperature are 2.6 °C, 36.9 °C, and −39.4 °C, respectively. The annual precipitation is 500 to 600 mm, and nearly 90% of the precipitation is concentrated from May to September. Annual sunshine is 2600–2800 h, and the frost-free period is about 120 days. In the Yanmagou site, the mean annual temperature, extreme maximum temperature, and extreme minimum temperature are 5.4 °C, 37.4 °C, and −33.4 °C. The annual precipitation is 520 to 580 mm, and nearly 60% of the precipitation is concentrated in the summer. Annual sunshine is 2460–2786 h, the frost-free period is about 136 days. In two gullies, soil formation began in the Quaternary period by loess deposits under natural grasses, and now soils typically with high organic matter content (SOM) and are classified as Mollisols.



In the Guangrong site, most areas of farmland were covered by crops (soybean and maize), follows by the secondary forest and grassland. The forestland has composited of the species of Populus and Larix gmelinii, and the grassland-like deposition area was dominated by gramineous. The runoff transport soil from farmland and gullies to the deposition area beside the Hailun river. In the Yanmagou site, farmland is the only land use type, and the main crop is maize. In addition, a road occupies the location for soil deposition, and the runoff with soil is diverted by a semi-artificial drain beside the road. The gully in Yanmagou was bigger and wider than the gully in Guangrong, and the vegetation in the two gullies was dominated by Elymus dahuricus and Artemisia argyi (Table S1). In the Yanmagou gully, all locations of the gully were covered by long-term vegetation. However, the middle and tail of the Guangrong gully were covered by complex vegetation, while the head of the developing gully was covered by an amount of Elymus dahuricus.




2.2. Investigation of Plant Species and Diversity, and Soil Properties


Soil samples and vegetation information were investigated in the gullies, farmland, and deposition area in the Guangrong site and Yanmagou site during the harvest season of 2019 and 2021, respectively. Species and diversity of herbaceous plants were investigated by a plot (1 m × 1 m) in the positions of the gully side slope (sunny slope and shady slope) and gully bottom from the head to the middle to the tail of each gully, and each position with at least three replicates in the range of 6 m × 6 m. There were 90 groups of plant data collected. Plant abundance was the number of each plant species. Richness (Chao1) was calculated by Chao1 = Sobs + n1(n1 − 1)/2(n2 + 1), which was used to reduce the difference between Sobs and true richness [26]. Sobs is the observed species number; n1 is the number of singletons; n2 is the number of doubletons. Diversity (Shannon) was calculated by H = −Σ(Pi)(lnPi). Pi = ni/n means the abundance proportion of i species to all species. Five dicotyledonous species (Artemisia argyi, Agrimonia pilosa, Setaria pumila, Sonchus wightianus, Glycine soja) and one species of monocotyledon (Elymus dahuricus) were observed in both two gullies.



In the Guangrong site, 27 soil samples were collected from 0–20 cm, 20–40 cm and 40–60 cm soil depths in nine soil plots (6 m × 6 m). Three soil plots were located at the gully head, gully middle and gully tail respectively, and corresponding to the plant plots. Three soil plots were in the deposition area, and another three soil plots were in the farmland beside the gully. In the Yanmagou site, 12 soil samples were collected from the 0–20 cm soil depth in twelve soil plots (6 m × 6 m). Three soil plots are located at each of the gully head, gully middle and gully tail, corresponding to the plant plots. Because the deposition area has been cultivated as farmland, this area was not considered independently. Three soil plots located at the random location of the farmland beside the gully. Each soil sample was a mixture of five cores taken randomly from corresponding soil plots. All fresh soil samples were transported to the laboratory as soon as possible, and 10 g of each sample were stored in an ultra-low temperature freezer at −80 °C and then delivered for DNA extraction and PCR amplification. Moreover, 20–30 g of each sample was used to measure soil moisture (SM). The remaining samples were air dried to constant weight and sieved at 2 mm for analyzing soil organic matter (SOM), total nitrogen (TN), and total phosphorus (TP), or at 0.42 mm for analyzing soil available nitrogen (AN), available phosphorus (AP) and pH.



TN and soil total carbon (TC) were measured with an elemental analyzer (Euro Vector, EA300). Since the soils were free of carbonates, soil organic carbon (SOC) was assumed to be equivalent to TC [13], and SOM was calculated by SOM = 1.724 × SOC [27]. TP was measured by the molybdenum-blue method after digestion with concentrated HClO4–H2SO4. AN was analyzed by the Alkaline hydrolysis diffusion method. AP was determined by the Molybdenum antimony colorimetric method. SM was determined by the oven-drying method to constant weight at 105 °C. Soil pH was measured using a pH meter (Rex Electric Chemical PHS-25, Shanghai, China) with a 2.5:1 ratio of pure water to soil [27].




2.3. DNA Extraction and PCR Amplification


Community DNA was extracted from 0.5 g soil using the E.Z.N.A.® soil Spin kit (Omega Bio-Tek, Norcross, GA, USA) following the manufacturer’s instructions, DNA quantity and purity were determined using NanoDrop2000 UV-visible spectrophotometer (Nanodrop Technologies, Wilmington, DE, USA). PCR amplification of the V3-V4 variable region was amplified using 338F (5′-ACTCCTACGGGAGCAGCAG-3′) and 806R (5′-GGACTACHVGGGT-WTCTAAT-3′) primers3. The purified amplified fragments were constructed according to the standard operating procedures of the Illumina Miseq platform (Illumina, Sandiego, CA, USA). Sequencing was performed using Illumina’s MiSeq PE300 platform. The raw data is uploaded to the NCBI database. OTU clustering was performed according to 97% similarity, and single sequences and chimeras were removed in the clustering process. Species classification was annotated for each sequence using RDP Classifier and compared with the Silva database (SSU123). The comparison threshold was set at 70%.




2.4. Statistical Analysis


All statistical analyses were conducted in the R 4.0.2 and SPSS21 unless noted otherwise, and the graphic was completed in the software of Origin 2019b and R 4.0.2. The analysis of variance (ANOVA) adjusted by Bonferroni correction in SPSS21 were used to assess differences in soil properties, microbial alpha diversity, the bacterial abundance of metabolic function groups, the relative abundance of biomarkers, and topological parameters of the bacterial and fungal co-occurrence networks in farmland, gullies, deposition area and three soil depths. Correlation and significance between soil properties, soil diversity, the bacterial abundance of metabolic function groups, the relative abundance of biomarkers and the abundance of plants were determined by the spearman and person correlation analysis in the “corrplot” and “PerformanceAnalytics” packages. The partial correlation analysis in the SPSS21 has been used to analyze the correlation between plant diversity, plant richness, plant composition and microbial richness, and diversity, by the control of soil properties. Amos was used to build the structural equation model (SEM) for detecting the direct and indirect effect of NVR and soil physicochemical properties on soil microbial diversity.



The nonmetric multidimensional scaling (NMDS), based on the Bray-Curtis matrix, was used to visualize bacterial and fungal community structures. The analysis of similarities (ANOSIM) or Adonis analysis was used to determine the significant differences in bacterial and fungal community structures between areas. The Redundancy Analysis (RDA) was used to detect the correlations between plants, soil properties and microbial community composition in gullies. The NMDS and RDA were both carried by the “vegan” package. Linear discriminant analysis Effect Size (LEfSe) was carried out from the website (http://huttenhower.sph.harvard.edu/galaxy, accessed on 5 May 2022) to find the bacterial and fungal biomarkers of farmland and Gullies, and the threshold value is set to three.



Lastly, the “WGCNA” package based on Spearman’s correlation matrices of different areas were used to construct the bacterial and fungal co-occurrence network of soil samples in gully, farmland, and deposition area. OTUs with a relative abundance higher than 0.01% across all samples were used to calculate the pair-wised Spearman correlations between OTUS. Benjamini and Hochberg’s false discovery rate (FDR) was used to adjust the p values in the correlation matrices. Statistically robust correlations were identified when Spearman’s r values >0.9 and the FDR adjusted p < 0.01 and were incorporated into network analyses. The network topological characteristics of each group were implemented in the subgraph function via the igraph package. The Gephi software was used to extract node number, edge, average path length, betweenness centrality, closeness centrality, and degree centrality of each network (https://gephi.org, accessed on 5 April 2022). The FAPROTAX database was used to assign ecologically relevant functions to all detected OTUS, and all database and assignment instructions are available at (http://www.loucalab.com/archive/FAPROTAX/, accessed on 25 August 2022).





3. Results


3.1. Soil Physicochemical Properties


In the Guangrong site, the SOM, TN, TP, and pH in the gully were higher than that in farmland in 40–60 cm soil depth, and AP was significantly higher in the gully (39.52 ± 8.27 mg/kg) and deposition area (47.16 ± 11.22 mg/kg) than that in farmland (29.93 ± 4.98 mg/kg), while soil AN in farmland was higher than that in gully and deposition area. In the Yanmagou site, the SOM, TN, TP, AN, and pH were higher in the gully than that in the farmland in 0–20 cm soil depth. SM was significantly higher in the gully (29 ± 2%) than that in the farmland (24 ± 2%), while soil AP was higher in the farmland than that in the gully (Table 1).




3.2. Alpha(α)-Diversity of the Bacterial and Fungal Community


In the Guangrong site, the bacterial richness and bacterial diversity and fungal richness were higher in the gully than that in farmland in 0–20 cm, 20–40 cm and 40–60 cm soil depths respectively. Moreover, these three indexes in the gully were even higher than the deposition area in 0–20 cm soil depth. It was interesting that the microbial diversity and richness in gully and farmland both decreased by depths in 0–60 cm soil depths, but the microbial diversity and richness in deposition area were higher in 20–40 cm soil depth than that in the 0–20 cm and 40–60 cm soil depths (Figure 1a). In addition, in the Yanmagou site, the richness of bacteria and fungi was also higher in the gully than that in the farmland (Figure 1b). Moreover, from the SEM model, the SOM was mediated by NVR, and then SOM indirectly mediated bacterial richness and diversity by SM, pH, and AP, while directly mediating fungal richness and diversity. The total standard effects of SOM on bacteria richness, bacterial diversity, and fungal diversity were negative, while the effect on fungal richness was positive (Figure 1c, Table S2).




3.3. Composition of Bacterial and Fungal Community


The compositions of the bacterial community and fungal community were significantly different between farmland and gullies in both the Guangrong site and Yanmagou site (p < 0.01). However, in 0–60 cm, the compositions of the bacterial community and fungal community were similar between the gully and deposition areas in the Guangrong site (Figure 2). Interestingly, bacterial community composition in the 0–20 cm soil depth and fungal community composition in 0–20 cm, 20–40 cm, and 40–60 cm soil depths was significantly different between the gully and deposition area in the Guangrong site (p < 0.01). Moreover, the community composition of bacteria was similar in the 20–40 cm and 40–60 cm soil depths but differed from that in the 0–20 cm soil depth in the gully in the Guangrong site (Table S3).



LEfSe analysis detected the bacterial and fungal biomarkers in gullies and farmlands in both the Guangrong site and the Yanmagou site, and there were 13 bacterial biomarkers and 13 fungal biomarkers of gullies and farmland were detected in both two sites (Figure 3a,b). The biomarkers belonging to four bacterial taxa (TRA3-20, Rhizobiales, Chloroflexales, Microtrichales) and two fungal taxa (Serendipitaceae, Agaricales) had a higher relative abundance in gullies than that in farmland in both two sites, hence these seven taxa were selected as key bacterial or fungal biomarkers in of gullies. In addition, Gonitrichum and Tremellomycetes were selected as key fungal biomarkers in soils of farmland (Figure 4c).



Then, we found that in the Guangrong site, compared with the gully, the relative abundance of TRA3-20 and Microtrichales was higher, but for Rhizobiales and Chloroflexales was lower in the deposition area. Interestingly, the key fungal biomarkers of gullies were specificity abundant in gullies, such as the relative abundance of Serendipitaceae and Agaricales were much higher in gully than that in farmland and deposition area (Figure 4). In addition, the Serendipitaceae and Agaricales were also specificities abundant in gully rather than farmland in the Yanmagou site. And the Serendipitaceae was not even detected in farmland in the Yanmagou site (Figure S5).




3.4. The Co-Occurrence Network of Bacterial and Fungal Community


In the present study, we used the topological parameters of the co-occurrence network to assess soil microbial network size and complexity (Figure 5a,b). The higher numbers of nodes and edges and the longer average path length represent the greater network size. In addition, the higher betweenness and degree centrality, while the lower closeness centrality represents the greater network complexity. The difference in co-occurrence network between farmland, gully, and deposition area in the Guangrong site showed that the bacterial network has the smallest size in the gully than that in both farmland and deposition area while having similar complexity in the gully and farmland (Figure 5c). The size of the fungal network was bigger in the gully than that in farmland, while was smaller than that in the deposition area, as well as had greater complexity in the gully than that in both farmland and deposition area (Figure 5d). In addition, in the Yanmagou site, we found a similar size and complexity of bacterial co-occurrence network between farmland and gully and found a bigger size and more complex fungal co-occurrence network in gully than in farmland (Table S4).




3.5. The Bacterial Metabolic Functional Groups on Nitrogen and Carbon


Based on the FAPROTAX database, the bacterial abundance of different N and C metabolism functions was analyzed. The bacterial abundance of nitrate-denitrification, nitrite denitrification, nitrous denitrification, and aerobic ammonia oxidation were significantly higher in the gully than that in both the farmland and deposition area in the Guangrong site. However, the bacterial abundance of N fixation and nitrification was similar among gully, farmland, and deposition area. Moreover, the bacterial abundance of ureolysis and methanol oxidation was highest in farmland than that in the gully and deposition area (Figure 6). However, the bacterial abundance of aromatic compound degradation and cellulolysis were highest in the deposition area compared with gullies and farmland. It was interesting that the bacteria abundance of C fixation functions except for photoheterotrophy was highest in the gully rather than that in the farmland and deposition area of the Guangrong site (Figure S3a). In addition, the bacterial abundance of denitrifications and C fixations were all higher in the gully than in farmland in the Yanmagou site (Figures S3b and S4).



Based on the correlation analysis between the metabolism functions of N and C and the key bacterial biomarkers of the gully, we found the relative abundance of Microtrichales, Rhizobiales and TRA3-20 were significantly positively correlated with the bacterial abundance of nitrate denitrification function, nitrite denitrification, nitrous denitrification. Additionally, as the relationship between the relative abundance of Microtrichales and TRA3-20 and the bacterial abundance of aerobic ammonia oxidation, between the relative abundance of Rhizobiales and the bacterial abundance of N fixation, between the relative abundance of TRA3-20 and the bacterial abundance of nitrification were all significantly positive (Figure 7). Moreover, we found the relative abundance of Microtrichales, Rhizobiales and TRA3-20 were significantly positively correlated with the bacterial abundance of anoxygenic photoautotrophy, anoxygenic photoautotrophy S oxidizing, photoautotrophy, and photoheterotrophy. Furthermore, the relative abundance of Microtrichales and TRA3-20 was significantly positively correlated to the abundance of phototrophy (Figure S2).





4. Discussion


4.1. Soil Microbial Community in Gullies after NVR


Microbial diversity and complexity of microbial co-occurrence in gullies were higher than in local farmland and similar to grass-covered deposition areas (Figure 1 and Figure 5). That suggested that NVR could repair the microbial community from the impact of high soil erosion, just like NVR did in other terrestrial ecosystems, which were disturbed by environmental pollution, overgrazing, and excessive deforestation [7,8,9,28]. However, the fungal community composition at 0–20 cm, 20–40 cm, and 40–60 cm in gullies were all significantly different from the deposition area (Table S3). Previous studies found that NVR repaired both the fungal community and bacterial community in many terrestrial ecosystems, however, limited publication relates to that NVR repairing on bacterial community, especially impacting the fungal community in the erosion environment [2,29,30]. Vegetation succession or plant type played an important role in the establishment of the microbial community [9,31]. In the present study, the riverain deposition area was dominant by multiple tall types of grass like Phragmites australis, while Dicotyledons like Artemisia argyi were abundant in gullies and such differences of vegetation presumably affected the fungal community composition.



As previously observed, NVR greatly improved soil quality and nutrient cycling rates by mediating microbial metabolisms [2]. In the present study, we found richer phototrophy functional bacteria in gullies after NVR than in farmland (Figure S3). Additionally, phototrophic bacteria could convert carbon dioxide into organic matter through photosynthesis progress [32]. Thus, the potential microbial C storage was higher in gullies than in farmland. Although the plant species were totally different between the present study and the previous study in degraded karst landscapes, it is obvious long-term NVR can increase the abundance of phototrophy functional bacteria in soil [33]. In addition, previous studies found high concentrations of some herbicides can also increase the phototrophy functional bacteria in soil [34]. In this study, the runoff from farmland transports many herbicides into gullies during crop growing season, and herbicides may also increase phototrophy functional bacteria in gully soil especially since the high density of vegetation could effectively intercept runoff.



In addition, compared with farmland, we found gullies after NVR has a similar abundance of nitrogen fixation bacteria, while the denitrification bacteria got higher (Figure 6 and Figure S4). Because the denitrification progress could convert nitrate or nitrite to nitrous oxide or nitrogen gas released into the air [35], the N storage potential caused by bacteria tended to get lower in gullies than that in the farmland. Previous studies found that exogenous nitrogen increased the denitrification rate or denitrification bacteria in both soil and river environmental conditions [36,37,38]. Because gullies are the channels of sediment, runoff and nutrient, the exogenous nitrogen from farmland presumably simulated the denitrification functional bacteria in gullies [39], thus further decreasing soil N storage potential and increasing the N leaching or emission.




4.2. NVR Influenced the Microbial Community in Gullies by Plant Community Composition


In the present study, we found the relative abundance of Dicotyledons not only was a major factor associated with the fungal composition in gullies, but was also positively associated with fungal richness, while negatively associated with bacterial richness in gullies (Table 2 and Table 3). This can attribute to the fact that root exudates and residues of the plants are the key factors that altered the composition of fungi and bacteria in soils, such as fungi, are typically presented as decomposers of plant residues and parasites of plant roots; in contrast, bacteria are mainly regulated by plant root secretions [40,41,42,43]. As well, we found that Serendipitaceae as a key fungal biomarker was enriched in gullies, and was positively associated with all five Dicotyledons species, which were observed in both two gullies (Figure 4 and Figure S1). Additionally, the Serendipitaceae family contains peculiar species of cultivable root-associated fungi involved in symbiotic associations with a wide range of plant species [44,45]. Thus, the symbiotic or parasitic between Dicotyledons and fungi could be an important factor influencing the microbial community in gullies under NVR.



In the present study, we found that plant diversity was positively associated with fungal richness, while negatively associated with bacterial richness in gullies (Table 4). However, the previous study in Poaceae dominated grassland showed a positive association between plant diversity and bacterial diversity [46]. In the present study, plant diversity increased with enriched Dicotyledons rather than Poaceae. Furthermore, plant diversity drives the plant functional diversity through litter input and root exudate, and then controls soil microbial diversity [47,48]. Thus, the increased litter input and exudate from Dicotyledons may cause different influences of plant diversity to microbial diversity between the previous study and the present study. In addition, we found plant diversity was regulated by SM, AN and AP in gullies, as we observed in a previous study about dozens of gullies [13]. Therefore, microbial diversity may drive by a path from soil AN, AP, and SM to plant diversity and then to the microbial diversity, as well this path was mediated by plant composition.




4.3. NVR Influenced the Microbial Community in Gullies by the Accumulation of SOM


A previous study observed that the large NPP increased over time under NVR in abandoned farmland, and then increased SOM by litter and roots [49]. As well, we found SOM accumulation in gullies after NVR in a previous study on dozens of gullies in the Mollisol region [13], as well as in the present study (Table 1). Moreover, we found soil properties, especially the SOM were the major factor that influenced bacterial community (Table 1, Table 2 and Table 4). That may be because SOM was an important nutrient resource for soil microorganisms [50], especially the heterotrophic microorganisms are sensitive to SOM dynamics [51,52]. As well, in the present study, we found the key biomarkers of gullies such as the Rhizobiales, were positively correlated with SOM (Figure 3). Additionally, Rhizobiales were reported as heterotrophic bacteria in previous studies [53,54]. Thus, NVR may influence and repair the bacterial community in gullies by the positive influence of SOM on heterotrophic bacteria.



In addition, SOM is always associated with multiple soil nutrients like P and N, as well SM and pH in soils, were reported to correlate with the microbial community [55,56]. Thus, we deduced that SOM improved after NVR, and then regulated soil microbial diversity by three paths via the association of SOM and other soil properties (Figure 1c). For the first path, SOM was negative to soil pH, and then positive to AP and further weakening the bacterial richness. This can attribute to the association between AP and bacterial richness being tight in soils with the limited P [57,58]. In the second path, SOM promoted the storage of water in soils, and then directly negatively associated with bacterial richness and further positively associated with bacterial diversity. This is possibly due to SM being a strong determinant factor influencing the activity and diversity of bacteria [59]. In the third path, SOM is directly positively associated with soil fungal richness, but negatively associated with fungal diversity. This means that SOM decreased the evenness, and finally decreased the diversity of fungi. That could attribute to the composition of saprophytic fungi in soil [60]. Generally, the NVR in gullies increased SOM, then SOM affected the soil pH, SM, and then indirectly regulated the bacterial diversity by the intermediate with soil AP, as well as SOM directly associated with fungal diversity.




4.4. NVR Influence the Potential Microbial C, P and N Storage by Key Biomarkers


Microbial biomarkers were representative microbes of microbial composition in corresponding groups like regions or treatments [21,61], therefore, the microbial functions of key biomarkers of gullies after NVR (Rhizobiales, TRA3-20, Microtrichales and Chloroflexales) may implicate the dynamic mechanism of microbial functions in gullies. Generally, the heterotrophic bacteria, Rhizobiales, and TRA3-20 are associated with C or N metabolism [54,62]. As well, in the present study, we found Rhizobiales, Microtrichales, and TRA3-20 were significantly positively associated with the denitrification functional groups and phototrophy functional groups (Figure 7 and Figure S2). As well, the previous study also reported that Rhizobiales had the functions of denitrification and nitrification and promoted N2O simulated from agricultural soil [37], and some bacteria of the Rhizobiales order, like the Rhodoplanes, were phototrophic [63]. These cases confirmed the positive associations between biomarkers and metabolic functions in our study. Moreover, we found another key biomarker, the Microtrichales was positively correlated with soil AP (Figure 3). Additionally, the previous study in farmland after natural reforestation found that Microtrichales could accumulate P in soil by phosphate transporter strategy [64]. Therefore, the enriched Microtrichales may also have increased the microbial P storage potential in gullies after NVR. Generally, the enriched key biomarkers may act an important role in the dynamic of soil microbial N, P and C storage potential in gullies under NVR, especially the Rhizobiales and Microtrichales.





5. Conclusions


In the stable gullies of the eroded Mollisol farmland, long-term NVR repaired the microbial community, which was disturbed by high erosion. After NVR, the microbial diversity and richness and the complexity of the fungal co-occurrence network were both improved in stable gullies, as well as the potential of microbial denitrification, C fixation and P accumulation. The abundance of Dicotyledons influenced plant diversity and then mediated soil microbial diversity, composition, and key biomarker (Serendipitaceae) in gullies. SOM directly mediated fungal diversity and indirectly mediated bacterial diversity by pH, SM and AP, as well as associated with the bacterial composition and enriched key biomarker (Rhizobiales). The bacterial biomarkers (Rhizobiales, Microtrichales and TRA3-20) are positively associated with the higher potential of microbial denitrification, C fixation and P accumulation in gullies. Overall, this study demonstrated the NVR in stable gullies repaired the microbial diversity loss in high erosion and revealed the driving mechanism of microbial community properties and potential microbial functions about soil C, N, and P storage. These findings could provide a theoretical basis for the restoration of gullies based on vegetation restoration in the Mollisol region. In addition, the high potential functions of denitrification and phototrophy may increase soil nitrous oxide flux, while increasing carbon dioxide fixation in soil. It is necessary to measure greenhouse gases in gullies in future studies about the ecological function assessment of gullies and the eroded Mollisol region.








Supplementary Materials


The following supporting information can be downloaded at: https://www.mdpi.com/article/10.3390/land11122231/s1. Table S1:The morphological characteristics and dominant plants in gullies at Guangrong and Yanmagou sites. Table S2: Total standard effect of SEM analysis indicates the influence of natural vegetation restoration (NVR) and soil physicochemical properties on the bacterial and fungal alpha diversity. Table S3: NMDS analysis of bacterial and fungal community composition in soil depths and positions in Guangrong site. Table S4. Figure S1: Pearson correlations between mutual fungal biomarkers and plants in gullies at Guangrong and Yanmagou sites. Figure S2: Pearson correlations between bacterial biomarkers and the function groups of carbon metabolic. Figure S3: The function groups of bacterial carbon metabolic differed among farmland, gully, and deposition area (DA) at Guangrong site. Figure S4: The function groups of bacterial denitrifications differed among farmland and gully at Yanmagou site. Error bars are double the standard error of the mean. Figure S5: The abundance of biomarkers of gullies and farmland differed among farmland and gully in Yanmagou site).





Author Contributions


Conceptualization, S.Z.; methodology, S.Z.; software, Z.X.; validation, Z.X., S.Z. and P.Y.; formal analysis, Z.X.; investigation, Z.X. and J.H.; resources, Z.X.; data curation, Z.X.; writing—original draft preparation, Z.X.; writing—review and editing, Z.X., S.Z., P.Y. and M.A.; visualization, Z.X.; supervision, S.Z.; project administration, S.Z.; funding acquisition, S.Z. All authors have read and agreed to the published version of the manuscript.




Funding


This research was founded by the National Key Research and Development Program of China (2021YFD1500801) and the National Natural Science Foundation of China (41771313; 42177321).




Data Availability Statement


The data are not publicly available due to privacy.




Acknowledgments


Thanks to Li Yu and Xinrui Wang who joined in the investigation.




Conflicts of Interest


The authors declare no conflict of interest.




References


	



Munoz-Robles, C.; Reid, N.; Frazier, P.; Tighe, M.; Briggs, S.V.; Wilson, B. Factors related to gully erosion in woody encroachment in south-eastern Australia. Catena 2010, 83, 148–157. [Google Scholar] [CrossRef]

	



Cui, Y.X.; Fang, L.C.; Guo, X.B.; Wang, X.; Wang, Y.Q.; Zhang, Y.J.; Zhang, X.C. Responses of soil bacterial communities, enzyme activities, and nutrients to agricultural-to-natural ecosystem conversion in the Loess Plateau, China. J. Soils Sediments 2019, 19, 1427–1440. [Google Scholar] [CrossRef]

	



Guo, Z.M.; Zhang, X.Y.; Dungait, J.A.J.; Green, S.M.; Wen, X.F.; Quine, T.A. Contribution of soil microbial necromass to SOC stocks during vegetation recovery in a subtropical karst ecosystem. Sci. Total Environ. 2021, 761, 143945. [Google Scholar] [CrossRef] [PubMed]

	



Sansupa, C.; Wahdan, S.F.M.; Hossen, S.; Disayathanoowat, T.; Wubet, T.; Purahong, W. Can We Use Functional Annotation of Prokaryotic Taxa (FAPROTAX) to Assign the Ecological Functions of Soil Bacteria? Appl. Sci. 2021, 11, 688. [Google Scholar] [CrossRef]

	



Wang, Z.-J.; Jiao, J.-Y.; Su, Y.; Chen, Y. The efficiency of large-scale afforestation with fish-scale pits for revegetation and soil erosion control in the steppe zone on the hill-gully Loess Plateau. Catena 2014, 115, 159–167. [Google Scholar] [CrossRef]

	



Asfaha, T.G.; Frankl, A.; Haile, M.; Nyssen, J. Catchment Rehabilitation and Hydro-geomorphic Characteristics of Mountain Streams in the Western Rift Valley Escarpment of Northern Ethiopia. Land Degrad. Dev. 2016, 27, 26–34. [Google Scholar] [CrossRef]

	



Lin, Q.; Dini-Andreote, F.; Meador, T.B.; Angel, R.; Meszarosova, L.; Hedenec, P.; Li, L.; Baldrian, P.; Frouz, J. Microbial phylogenetic relatedness links to distinct successional patterns of bacterial and fungal communities. Environ. Microbiol. 2022, 24, 3985–4000. [Google Scholar] [CrossRef]

	



Xiong, Q.; Li, L.; Luo, X.; He, X.; Zhang, L.; Pan, K.; Liu, C.; Sun, H. Driving forces for recovery of forest vegetation after harvesting a subalpine oak forest in eastern Tibetan Plateau. Environ. Sci. Pollut. Res. 2021, 28, 67748–67763. [Google Scholar] [CrossRef]

	



Huyen-Trang, T.; Hung-Minh, N.; Thi-Minh-Hue, N.; Chang, C.; Huang, W.-L.; Huang, C.-L.; Chiang, T.-Y. Microbial Communities Along 2,3,7,8-tetrachlorodibenzodioxin Concentration Gradient in Soils Polluted with Agent Orange Based on Metagenomic Analyses. Microb. Ecol. 2022. [Google Scholar] [CrossRef]

	



Zhang, S.L.; Zhang, X.Y.; Liu, Z.H.; Sun, Y.K.; Liu, W.; Dai, L.; Fu, S.C. Spatial heterogeneity of soil organic matter and soil total nitrogen in a Mollisol watershed of Northeast China. Environ. Earth Sci. 2014, 72, 275–288. [Google Scholar] [CrossRef]

	



Chen, Z.C.; Liao, H. Organic acid anions: An effective defensive weapon for plants against aluminum toxicity and phosphorus deficiency in acidic soils. J. Genet. Genom. 2016, 43, 631–638. [Google Scholar] [CrossRef] [PubMed]

	



Hao, W.L.; Xia, B.; Xu, M.X. Erosion-deposition positively reconstruct the bacterial community and negatively weaken the fungal community. Catena 2022, 217, 106471. [Google Scholar] [CrossRef]

	



Zhang, S.; Xiao, Z.; Huo, J.; Zhang, H. Key factors influencing on vegetation restoration in the gullies of the Mollisols. J. Environ. Manag. 2021, 299, 113704. [Google Scholar] [CrossRef]

	



Qiu, L.; Zhang, Q.; Zhu, H.; Reich, P.B.; Banerjee, S.; van der Heijden, M.G.A.; Sadowsky, M.J.; Ishii, S.; Jia, X.; Shao, M.; et al. Erosion reduces soil microbial diversity, network complexity and multifunctionality. ISME J. 2021, 15, 2474–2489. [Google Scholar] [CrossRef] [PubMed]

	



Kong, W.B.; Su, F.Y.; Zhang, Q.; Ishii, S.; Sadowsky, M.J.; Banerjee, S.; Shao, M.G.; Qiu, L.P.; Wei, X.R. Erosion and deposition divergently affect the structure of soil bacterial communities and functionality. Catena 2022, 209, 105805. [Google Scholar] [CrossRef]

	



Waldrop, M.P.; Firestone, M.K. Seasonal dynamics of microbial community composition and function in oak canopy and open grassland soils. Microb. Ecol. 2006, 52, 470–479. [Google Scholar] [CrossRef]

	



Louca, S.; Parfrey, L.W.; Doebeli, M. Decoupling function and taxonomy in the global ocean microbiome. Science 2016, 353, 1272–1277. [Google Scholar] [CrossRef]

	



Huang, S.; Shen, M.; Ren, Z.J.; Wu, H.; Yang, H.; Si, B.; Lin, J.; Liu, Z. Long-term in situ bioelectrochemical monitoring of biohythane process: Metabolic interactions and microbial evolution. Bioresour. Technol. 2021, 332, 125119. [Google Scholar] [CrossRef]

	



Ni, H.; Wang, K.; Lv, S.; Wang, X.; Zhuo, L.; Zhang, J. Effects of Concentration Variations on the Performance and Microbial Community in Microbial Fuel Cell Using Swine Wastewater. Energies 2020, 13, 2231. [Google Scholar] [CrossRef]

	



Zhang, W.; Liu, Y.; Wang, Z.; Zhao, L.; Qi, J.; Wang, Y.; Zhao, P.; Zhong, N. Short-Term Effects of Eco-Friendly Fertilizers on a Soil Bacterial Community in the Topsoil and Rhizosphere of an Irrigated Agroecosystem. Sustainability 2020, 12, 4803. [Google Scholar] [CrossRef]

	



Segata, N.; Izard, J.; Waldron, L.; Gevers, D.; Miropolsky, L.; Garrett, W.S.; Huttenhower, C. Metagenomic biomarker discovery and explanation. Genome Biol. 2011, 12, R60. [Google Scholar] [CrossRef]

	



de Vries, F.T.; Griffiths, R.I.; Bailey, M.; Craig, H.; Girlanda, M.; Gweon, H.S.; Hallin, S.; Kaisermann, A.; Keith, A.M.; Kretzschmar, M.; et al. Soil bacterial networks are less stable under drought than fungal networks. Nat. Commun. 2018, 9, 1–12. [Google Scholar] [CrossRef]

	



Liu, X.B.; Burras, C.L.; Kravchenko, Y.S.; Duran, A.; Huffman, T.; Morras, H.; Studdert, G.; Zhang, X.Y.; Cruse, R.M.; Yuan, X.H. Overview of Mollisols in the world: Distribution, land use and management. Can. J. Soil Sci. 2012, 92, 383–402. [Google Scholar] [CrossRef]

	



Liu, J.J.; Sui, Y.Y.; Yu, Z.H.; Shi, Y.; Chu, H.Y.; Jin, J.; Liu, X.B.; Wang, G.H. High throughput sequencing analysis of biogeographical distribution of bacterial communities in the black soils of northeast China. Soil Biol. Biochem. 2014, 70, 113–122. [Google Scholar] [CrossRef]

	



Qin, W.; Yin, Z.; Cao, W.; Fan, J. Present and future of systematic prevention and control for gully erosion in black soil area of Northeast China. J. Sediment Res. 2021, 46, 72–80. [Google Scholar]

	



Chao, A.; Chiu, C.-H.; Jost, L. Unifying Species Diversity, Phylogenetic Diversity, Functional Diversity, and Related Similarity and Differentiation Measures Through Hill Numbers. Annu. Rev. Ecol. Evol. Syst. 2014, 45, 297–324. Available online: https://www.annualreviews.org/journal/ecolsys (accessed on 2 October 2022).

	



Bao, S.D. Soil Agrochemical Analysis; China Agriculture Press: Beijing, China, 2000; pp. 50–57. [Google Scholar]

	



Dai, Z.; Lv, X.; Ma, B.; Chen, N.; Chang, S.X.; Lin, J.; Wang, X.; Su, W.; Liu, H.; Huang, Y.; et al. Concurrent and rapid recovery of bacteria and protist communities in Canadian boreal forest ecosystems following wildfire. Soil Biol. Biochem. 2021, 163, 108452. [Google Scholar] [CrossRef]

	



Hamer, U.; Makeschin, F.; An, S.; Zheng, F. Microbial activity and community structure in degraded soils on the Loess Plateau of China. J. Plant Nutr. Soil Sci. 2009, 172, 118–126. [Google Scholar] [CrossRef]

	



Zhang, C.; Liu, G.; Song, Z.; Qu, D.; Fang, L.; Deng, L. Natural succession on abandoned cropland effectively decreases the soil erodibility and improves the fungal diversity. Ecol. Appl. 2017, 27, 2142–2154. [Google Scholar] [CrossRef]

	



Hahn, A.S.; Quideau, S.A. Long-term effects of organic amendments on the recovery of plant and soil microbial communities following disturbance in the Canadian boreal forest. Plant Soil 2013, 363, 331–344. [Google Scholar] [CrossRef]

	



Graham, E.D.; Heidelberg, J.F.; Tully, B.J. Potential for primary productivity in a globally-distributed bacterial phototroph. ISME J. 2018, 12, 1861–1866. [Google Scholar] [CrossRef]

	



Lu, Z.-X.; Wang, P.; Ou, H.-B.; Wei, S.-X.; Wu, L.-C.; Jiang, Y.; Wang, R.-J.; Liu, X.-S.; Wang, Z.-H.; Chen, L.-J.; et al. Effects of different vegetation restoration on soil nutrients, enzyme activities, and microbial communities in degraded karst landscapes in southwest China. For. Ecol. Manag. 2022, 508, 120002. [Google Scholar] [CrossRef]

	



Rong, L.; Wu, X.; Xu, J.; Dong, F.; Liu, X.; Xu, H.; Cao, J.; Zheng, Y. Clomazone improves the interactions between soil microbes and affects C and N cycling functions. Sci. Total Environ. 2021, 770, 144730. [Google Scholar] [CrossRef] [PubMed]

	



Duan, P.; Song, Y.; Li, S.; Xiong, Z. Responses of N2O production pathways and related functional microbes to temperature across greenhouse vegetable field soils. Geoderma 2019, 355, 113904. [Google Scholar] [CrossRef]

	



Yang, Z.Z.; Guan, Y.P.; Bello, A.; Wu, Y.X.; Ding, J.Y.; Wang, L.Q.; Ren, Y.Q.; Chen, G.X.; Yang, W. Dynamics of ammonia oxidizers and denitrifiers in response to compost addition in black soil, Northeast China. PeerJ 2020, 8, e8844. [Google Scholar] [CrossRef] [PubMed]

	



Chen, M.M.; Pan, H.; Sun, M.J.; He, W.; Wei, M.; Lou, Y.H.; Wang, H.; Yang, Q.G.; Feng, H.J.; Zhuge, Y.P. Nitrosospira cluster 3 lineage of AOB and nirK of Rhizobiales respectively dominated N2O emissions from nitrification and denitrification in organic and chemical N fertilizer treated soils. Ecol. Indic. 2021, 127, 107722. [Google Scholar] [CrossRef]

	



Xuan, Y.X.; Mai, Y.W.; Xu, Y.Q.; Zheng, J.Y.; He, Z.L.; Shu, L.F.; Cao, Y.J. Enhanced microbial nitrification-denitrification processes in a subtropical metropolitan river network. Water Res. 2022, 222, 118857. [Google Scholar] [CrossRef]

	



Wang, R.; Li, P.; Li, Z.; Yu, K.; Han, J.; Zhu, Y.; Su, Y. Effects of gully head height and soil texture on gully headcut erosion in the Loess Plateau of China. Catena 2021, 207, 105674. [Google Scholar] [CrossRef]

	



Kothe, E.; Turnau, K. Editorial: Mycorrhizosphere Communication: Mycorrhizal Fungi and Endophytic Fungus-Plant Interactions. Front. Microbiol. 2018, 9, 3015. [Google Scholar] [CrossRef]

	



Kodsueb, R.; McKenzie, E.H.C.; Lumyong, S.; Hyde, K.D. Diversity of saprobic fungi on Magnoliaceae. Fungal Divers. 2008, 30, 37–53. [Google Scholar]

	



Cadot, S.; Guan, H.; Bigalke, M.; Walser, J.C.; Jander, G.; Erb, M.; van der Heijden, M.G.A.; Schlaeppi, K. Specific and conserved patterns of microbiota-structuring by maize benzoxazinoids in the field. Microbiome 2021, 9, 1–19. [Google Scholar] [CrossRef]

	



Opik, M.; Peay, K.G. Mycorrhizal diversity: Diversity of host plants, symbiotic fungi and relationships. Fungal Ecol. 2016, 24, 103–105. [Google Scholar] [CrossRef]

	



Weiss, M.; Waller, F.; Zuccaro, A.; Selosse, M.A. Sebacinales–one thousand and one interactions with land plants. New Phytol. 2016, 211, 20–40. [Google Scholar] [CrossRef]

	



Fritsche, Y.; Lopes, M.E.; Selosse, M.A.; Stefenon, V.M.; Guerra, M.P. Serendipita restingae sp. nov. (Sebacinales): An orchid mycorrhizal agaricomycete with wide host range. Mycorrhiza 2021, 31, 1–15. [Google Scholar] [CrossRef]

	



Yang, F.; Wu, J.J.; Zhang, D.D.; Chen, Q.; Zhang, Q.; Cheng, X.L. Soil bacterial community composition and diversity in relation to edaphic properties and plant traits in grasslands of southern China. Appl. Soil Ecol. 2018, 128, 43–53. [Google Scholar] [CrossRef]

	



Shigyo, N.; Umeki, K.; Hirao, T. Plant functional diversity and soil properties control elevational diversity gradients of soil bacteria. Fems Microbiol. Ecol. 2019, 95, fiz025. [Google Scholar] [CrossRef]

	



Zuo, X.A.; Wang, S.K.; Lv, P.; Zhou, X.; Zhao, X.Y.; Zhang, T.H.; Zhang, J. Plant functional diversity enhances associations of soil fungal diversity with vegetation and soil in the restoration of semiarid sandy grassland. Ecol. Evol. 2016, 6, 318–328. [Google Scholar] [CrossRef]

	



Tong, X.W.; Brandt, M.; Yue, Y.M.; Horion, S.; Wang, K.L.; De Keersmaecker, W.; Tian, F.; Schurgers, G.; Xiao, X.M.; Luo, Y.Q.; et al. Increased vegetation growth and carbon stock in China karst via ecological engineering. Nat. Sustain. 2018, 1, 44–50. [Google Scholar] [CrossRef]

	



Liu, X.Z.; Liu, Y.; Zhang, L.; Yin, R.; Wu, G.L. Bacterial contributions of bio-crusts and litter crusts to nutrient cycling in the Mu Us Sandy Land. Catena 2021, 199, 105090. [Google Scholar] [CrossRef]

	



Yurkov, V.V.; Beatty, J.T. Aerobic anoxygenic phototrophic bacteria. Microbiol. Mol. Biol. Rev. 1998, 62, 695–724. [Google Scholar] [CrossRef] [PubMed]

	



Martikainen, P.J. Heterotrophic nitrification—An eternal mystery in the nitrogen cycle. Soil Biol. Biochem. 2022, 168, 108611. [Google Scholar] [CrossRef]

	



Garrido-Oter, R.; Nakano, R.T.; Dombrowski, N.; Ma, K.W.; McHardy, A.C.; Schulze-Lefert, P.; AgBiome, T. Modular Traits of the Rhizobiales Root Microbiota and Their Evolutionary Relationship with Symbiotic Rhizobia. Cell Host Microbe 2018, 24, 155. [Google Scholar] [CrossRef] [PubMed]

	



Nicorarat, D.; Dick, W.A.; Dopson, M.; Tuovinen, O.H. Bacterial phylogenetic diversity in a constructed wetland system treating acid coal mine drainage. Soil Biol. Biochem. 2008, 40, 312–321. [Google Scholar] [CrossRef]

	



Kang, E.; Li, Y.; Zhang, X.; Yan, Z.; Wu, H.; Li, M.; Yan, L.; Zhang, K.; Wang, J.; Kang, X. Soil pH and nutrients shape the vertical distribution of microbial communities in an alpine wetland. Sci. Total Environ. 2021, 774, 145780. [Google Scholar] [CrossRef]

	



Wang, H.L.; Bu, L.Y.; Song, F.Q.; Tian, J.; Wei, G.H. Soil available nitrogen and phosphorus affected by functional bacterial community composition and diversity as ecological restoration progressed. Land Degrad. Dev. 2021, 32, 183–198. [Google Scholar] [CrossRef]

	



Deng, Z.Y.; Wang, Y.C.; Xiao, C.C.; Zhang, D.X.; Feng, G.; Long, W.X. Effects of Plant Fine Root Functional Traits and Soil Nutrients on the Diversity of Rhizosphere Microbial Communities in Tropical Cloud Forests in a Dry Season. Forests 2022, 13, 421. [Google Scholar] [CrossRef]

	



Chen, H.; Peng, W.; Du, H.; Song, T.; Zeng, F.; Wang, F. Effect of Different Grain for Green Approaches on Soil Bacterial Community in a Karst Region. Front. Microbiol. 2020, 11, 577242. [Google Scholar] [CrossRef]

	



Brangari, A.C.; Manzoni, S.; Rousk, J. The mechanisms underpinning microbial resilience to drying and rewetting—A model analysis. Soil Biol. Biochem. 2021, 162, 108400. [Google Scholar] [CrossRef]

	



Banerjee, S.; Kirkby, C.A.; Schmutter, D.; Bissett, A.; Kirkegaard, J.A.; Richardson, A.E. Network analysis reveals functional redundancy and keystone taxa amongst bacterial and fungal communities during organic matter decomposition in an arable soil. Soil Biol. Biochem. 2016, 97, 188–198. [Google Scholar] [CrossRef]

	



Lewin, S.; Francioli, D.; Ulrich, A.; Kolb, S. Crop host signatures reflected by co-association patterns of keystone Bacteria in the rhizosphere microbiota. Environ. Microbiome 2021, 16, 1–18. [Google Scholar] [CrossRef]

	



Dijkhuizen, L.W.; Brouwer, P.; Bolhuis, H.; Reichart, G.J.; Koppers, N.; Huettel, B.; Bolger, A.M.; Li, F.W.; Cheng, S.F.; Liu, X.; et al. Is there foul play in the leaf pocket? The metagenome of floating fern Azolla reveals endophytes that do not fix N-2 but may denitrify. New Phytol. 2018, 217, 453–466. [Google Scholar] [CrossRef]

	



Lodha, T.D.; Srinivas, A.; Sasikala, C.; Ramana, C.V. Hopanoid inventory of Rhodoplanes spp. Arch. Microbiol. 2015, 197, 861–867. [Google Scholar] [CrossRef]

	



Wu, X.; Rensing, C.; Han, D.; Xiao, K.-Q.; Dai, Y.; Tang, Z.; Liesack, W.; Peng, J.; Cui, Z.; Zhang, F. Genome-Resolved Metagenomics Reveals Distinct Phosphorus Acquisition Strategies between Soil Microbiomes. Msystems 2022, 7, e0110721. [Google Scholar] [CrossRef]








[image: Land 11 02231 g001 550] 





Figure 1. Alpha diversity of soil bacterial and fungal in farmland (FL), gully (GL) and deposition area (DA), and their response to the vegetation recovery and soil physicochemical properties. (a,b) are bacterial and fungal α diversity in the Guangrong site and Yanmagou site. Error bars are twice the standard error of the mean. Mean values with the same lower-case letter were not a significant difference at p < 0.05 among farmland, gully, and deposition area in each soil depth respectively. Mean values with the same capital letter were not a significant difference at p < 0.05 among depths in each area respectively; (c) is an SEM analysis indicates the influence of natural vegetation restoration (NVR) and soil physicochemical properties on the bacterial and fungal alpha diversity in both two sites in 0–20 cm, 20–40 cm and 40–60 cm soil depth (χ2 = 17.32, df = 20, p = 0.63). The solid line represents the significant relationship, while the dotted line means a non-significant relationship. The blue lines mean a negative relationship, while the red lines mean a positive relationship. The numbers inside the boxes of endogenous variables were R2. 
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Figure 2. Soil bacterial and fungal community composition affected by natural vegetation restoration and land use types at the Guangrong and Yanmagou sites. Non-metric Multidimensional scaling analysis (NMDS) plot based on the Bray-Curtis distances of bacterial (a,c) and fungal (b,d) among gully, farmland and deposition area at Guangrong site in 0–60 cm soil depth (a,b) and Yanmagou site in 0–20 cm soil depth (c,d). 
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Figure 3. Mutual biomarkers of microbial lineages for bacteria and fungi were described from phylum to genus among farmland and gully at the Guangrong site (0–60 cm) and Yanmagou site in (0–20 cm) identified by linear discriminant analysis effect size (LEfSe), and their correlation with soil physicochemical properties. (a,b) are Cladograms of biomarkers in Guangrong and Yanmagou. The circle midpoints in cladograms represent the indicator of microbes with Linear discriminant analysis (LDA) score greater than 3, and the yellow dots represent the microbes without statistical difference between the farmland and gully. The green and red dots with radiation represent the biomarkers of the gully and farmland respectively. The Spearman correlation heatmap was used to analyze the relationship between soil physicochemical properties and biomarker microbes (c). The biomarkers with the same color diagram indicate the same phylum, and the same diagram shape indicates the same order. The key biomarkers are marked by the yellow star. * p < 0.05; ** p < 0.01; *** p < 0.001. 
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Figure 4. The abundance of biomarkers of gullies and farmland differed among farmland, gully, and deposition area in the Guangrong site. Error bars are twice the standard error of the mean. Means with the same lowercase were not a significant difference at p < 0.05 among farmland, gully, and deposition area. 
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Figure 5. The difference in co-occurrence patterns of soil bacterial and fungal are among farmland, gully, and deposition area (DA) in 0–60 cm soil depth. (a,b) are co-occurrence networks of soil bacteria and fungi. The nodes in the network are colored by modularity class. The numbers of nodes, edges and three centrality indexes (betweenness, degree and closeness) represent the soil bacterial (c) and fungal (d) co-occurrence patterns from farmland to gully to deposition area. Error bars are double the standard error of the mean. Mean values with the same lowercase are not significantly different at p < 0.05 among farmland, gully, and deposition area. 
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Figure 6. The microbial metabolic function groups of soil nitrogen cycling are differed among the farmland, gully, and deposition area. Error bars are twice of the standard error of the mean values. Mean values with the same lower case were no significant difference at p < 0.05 between farmland, gully, and deposition area (DA). 
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Figure 7. Pearson correlations between bacterial biomarkers and the functional groups of nitrogen metabolic and mutual plants at the Yanmagou site and Guangrong site. The key biomarkers are marked by the yellow star. * p < 0.05; ** p < 0.01; *** p < 0.001. 
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Table 1. Soil physicochemical properties in the Guangrong site and Yanmagou site.






Table 1. Soil physicochemical properties in the Guangrong site and Yanmagou site.





	
Site

	
Depth

	
Positions

	
SOM

g/kg

	
TN

g/kg

	
TP

g/kg

	
AN

mg/kg

	
AP

mg/kg

	
SM

%

	
pH

us/cm






	
Guangrong

	
0–20 cm

	
Farmland

	
24.90 (4.29) a

	
1.58 (0.23) a

	
0.40 (0.09) a

	
139.83 (81.20) a

	
30.41 (5.84) a

	
0.2 (0.01) a

	
6.63 (0.37) a




	
Deposition area

	
18.88 (5.35) a

	
1.33 (0.34) a

	
0.47 (0.11) a

	
90.02 (37.85) a

	
51.53 (14.85) a

	
0.19 (0.02) a

	
7.28 (0.71) a




	
Gully

	
24.54 (21.24) a

	
1.46 (0.93) a

	
0.51 (0.14) a

	
70.84 (23.43) a

	
39.38 (10.86) a

	
0.16 (0.02) b

	
6.74 (0.05) a




	
20–40 cm

	
Farmland

	
18.17 (3.91) a

	
1.27 (0.10) a

	
0.36 (0.03) a

	
169.34 (181.63) a

	
28.11 (2.28) b

	
0.21 (0.03) a

	
6.62 (0.14) a




	
Deposition area

	
18.56 (0.97) a

	
1.30 (0.02) a

	
0.51 (0.10) a

	
109.57 (34.98) a

	
46.34 (11.27) a

	
0.19 (0.03) a

	
7.14 (0.60) a




	
Gully

	
15.26 (5.50) a

	
1.09 (0.24) a

	
0.38 (0.09) a

	
79.69 (25.93) a

	
36.24 (7.35) ab

	
0.21 (0.03) a

	
6.8 (0.08) a




	
40–60 cm

	
Farmland

	
13.89 (1.08) a

	
1.03 (0.1) a

	
0.28 (0.04) a

	
70.10 (17.99) a

	
31.28 (7.21) a

	
0.19 (0.01) a

	
6.59 (0.15) a




	
Deposition area

	
17.60 (3.78) a

	
1.23 (0.15) a

	
0.55 (0.15) a

	
83.38 (22.69) a

	
43.62 (10.38) a

	
0.17 (0.05) a

	
7.01 (0.52) a




	
Gully

	
26.47 (29.05) a

	
1.70 (1.37) a

	
0.55 (0.28) a

	
73.79 (10.92) a

	
42.95 (8.23) a

	
0.19 (0.03) a

	
6.68 (0.05) a




	
Yanmagou

	
0–20 cm

	
Farmland

	
38.84 (11.15) a

	
1.80 (0.38) a

	
0.44 (0.08) a

	
24.03 (17.07) a

	
19.54 (7.42) a

	
0.24 (0.02) b

	
5.94 (0.41) b




	
Gully

	
45.57 (22.80) a

	
1.97 (0.73) a

	
0.45 (0.08) a

	
31.50 (19.06) a

	
19.43 (12.10) a

	
0.29 (0.02) a

	
6.62 (0.19) a








Note: The values in the brackets are the standard deviation of the mean values. The values with the same lower-case letters were not significant at p < 0.05 among areas of the same site and layers.
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Table 2. RDA analysis of soil bacterial and fungal community composition in gullies at Guangrong and Yanmagou sites.
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Group

	
Depth

	
AP

	
SOM

	
pH

	
SM

	
Plant

Composition






	
Guangrong

	
Bacteria

	
0.810 *

	
0.202

	
0.647 *

	
0.115

	
0.334

	
0.338




	
Fungi

	
0.003

	
0.274

	
0.370

	
0.084

	
0.224

	
0.888 **




	
Yanmagou

	
Bacteria

	
-

	
0.221

	
0.832 **

	
0.860 **

	
0.069

	
0.542




	
Fungi

	
-

	
0.143

	
0.063

	
0.228

	
0.085

	
0.111








Note: plant composition was assessed by the relative abundance of Dicotyledon. * p < 0.05; ** p < 0.01.
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Table 3. Partial correlations between bacterial or fungal richness and plant community after control soil moisture (SM), available nitrogen (AN) and available phosphorus (AP) in 0–20 cm soil depth of gullies.
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Bacterial Richness

	

	
Fungal Richness

	




	
Variables

	
Variance

	
p-Value

	
Variance

	
p-Value






	
Control no variables

	

	

	

	




	
Plant diversity

	
−0.650

	
0.022

	
0.589

	
0.044




	
Plant richness

	
−0.782

	
0.003

	
0.418

	
0.176




	
Plant composition

	
−0.758

	
0.004

	
0.661

	
0.019




	
Control SM

	

	

	

	




	
Plant diversity

	
−0.019

	
0.995

	
0.137

	
0.689




	
Plant richness

	
−0.364

	
0.271

	
−0.271

	
0.421




	
Plant composition

	
−0.238

	
0.480

	
0.251

	
0.457




	
Control AN

	

	

	

	




	
Plant diversity

	
−0.505

	
0.113

	
0.275

	
0.414




	
Plant richness

	
−0.697

	
0.017

	
−0.035

	
0.918




	
Plant composition

	
−0.665

	
0.026

	
0.422

	
0.196




	
Control AN

	

	

	

	




	
Plant diversity

	
−0.554

	
0.077

	
0.650

	
0.030




	
Plant richness

	
−0.727

	
0.011

	
0.463

	
0.151




	
Plant composition

	
−0.693

	
0.018

	
0.734

	
0.010








Note: plant composition was assessed by the relative abundance of Dicotyledon.
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Table 4. Correlations between the alpha diversity of bacteria and fungi, vegetation composition, and soil properties in 0–20 cm and 20–60 cm soil depths of gullies.






Table 4. Correlations between the alpha diversity of bacteria and fungi, vegetation composition, and soil properties in 0–20 cm and 20–60 cm soil depths of gullies.





	Alpha Diversity
	Depths (cm)
	Plant Diversity
	Plant Richness
	Plant Composition
	SOM





	Bacterial Diversity
	0–20
	−0.32
	−0.39
	−0.48
	−0.06



	Bacterial Diversity
	20–60
	0.19
	0.28
	0.11
	−0.88 *



	Bacterial Richness
	0–20
	−0.65 *
	−0.78 **
	−0.75 **
	−0.15



	Bacterial Richness
	20–60
	0.49
	0.56
	0.44
	−0.97 **



	Fungal Diversity
	0–20
	0.24
	0.50
	0.16
	−0.44



	Fungal Diversity
	20–60
	0.47
	0.56
	0.40
	−0.63



	Fungal Richness
	0–20
	0.58 *
	0.41
	0.66 *
	0.46



	Fungal Richness
	20–60
	−0.37
	−0.44
	−0.31
	0.24







Note: plant composition was assessed by the relative abundance of Dicotyledon. * p < 0.05; ** p < 0.01.
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