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Abstract

:

The continuous cropping of cabbage or kidney bean results in a decrease in yield by influencing the soil environment. To decrease the damage caused by continuous cropping, ten treatments of cabbage–maize–cabbage (CMC), kidney bean–maize–cabbage (BMC), cabbage–cabbage–cabbage (CCC), cabbage–maize–kidney bean (CMB), kidney bean–maize–kidney bean (BMB), kidney bean–kidney bean–kidney bean (BBB), cabbage–cabbage–maize (CCM), cabbage–kidney bean–maize (CBM), kidney bean–kidney bean–maize (BBM) and kidney bean–cabbage–maize (BCM) rotation combinations were set up. The changes in soil nutrients, fungal community structure, composition and diversity in topsoil under the ten crop rotation combinations were analyzed using Illumina NovaSeq high-throughput sequencing technology and chemical technology. Fungal species were abundant in the ten treatments. The OTUs (operational taxonomic units) showed no significant differences. The richness index values of each treatment had significant differences. The diversity index value of the CCC treatment was significantly lower than those of the other treatments. The dominant soil fungal phylum was Ascomycota, and the subordinate soil fungal phylum was Basidiomycota. No significant differences were observed in Ascomycota between the treatments. Basidiomycota in the BBM treatment was significantly higher than that in the CCM treatment. Kickxellomycota was not found in the CCM and CCC treatments. The BBM treatment had no Entorrhizomycota. The dominant soil fungal class belonged to Ascomycota. The common distinction between continuous cropping and crop rotation was Diaporthales, which might be the main fungal order causing continuous cropping disorders. As the best choice, the BBM treatment could prevent soil-borne fungal diseases and provide the basis for the rational crop rotation of cabbage, kidney bean, and maize.
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1. Introduction


Soil is the carrier for crops and microorganisms to live together. Soil, crops, and microorganisms interact with each other. Soil microorganisms actively affect the growth and reproduction of crops. They are often used as the indicators to reflect soil quality and health, and dominate soil formation and evolution [1], because they are sensitive to changes in the surrounding environment [2]. Soil microorganisms can be divided into biological control microorganisms and rhizosphere growth-promoting microorganisms according to their different mechanisms of action [3]. Fungi are abundant components of biomass and one of the important components of soil microorganisms. The numbers of fungi are second only to those of bacteria, but they can better degrade complex compounds [4], participate in soil nutrient cycling, and widely exist in soil. Soil bacteria have been widely studied, but the study of fungi is also essential [5]. The large numbers of soil fungi make it easier for them to cause diseases [6]. The chemical properties of soil directly affect the composition of the fungal community structure, and different tillage systems affect the soil’s chemical properties [7]. The available nutrients in a soil can reflect the soil’s fertility level. Available nitrogen (AN), available phosphorus (AP) and available potassium (AK), reflecting the supply of nitrogen, phosphorus, and potassium in soil fertility, are soil nutrients that can be absorbed and utilized by crops directly or after simple transformation [8]. Research has shown that in the semi-arid region of the Loess Plateau in China, soil health problems are particularly prominent due to long-term intensive cultivation [9]. Ascomycota can resist the impact of environmental change [10], and Basidiomycota has a strong ability to decompose lignocellulose [11]. Both play an important role in soil nutrient cycling. Crops such as legumes and crucifers are more prone to continuous cropping barriers [12]. In crop rotations of different families, the roots absorb nutrients in different soil layers because of the different root depths, which is beneficial to the balance of the soil nutrients [13] and reduces the incidence of soil-borne diseases [14].



The dry land area in China accounts for 42% of the national land area, with the dry land area in western region accounting for 83% of the western land area, which has been continuously expanding in recent years [15]. This means that the development of dryland agriculture has great potential. Cabbage (Brassica oleracea L. var. capitata) is an annual or biennial herb originating in Europe. Its yield is easily affected by the tillage system and can reflect the suitability of the system in the time interval. Kidney bean (Phaseolus vulgaris Linn.), with well-developed root nodules that can fix nitrogen, is a leguminous annual herb native to America. Its pods are highly nutritious, and it can be used as a vegetable when young and as a grain on maturity [16]. Chinese kidney bean output is ranked first in the world [17]. Continuous cropping has a great effect on kidney bean yields, and can cause large areas of wilting and death in Phaseolus vulgaris, resulting in serious yield reduction [18]. The previous crops from different families produce different root exudates, thereby altering the community structure of the microorganisms in the field [19]. This results in smaller differences in comparison between the same treatments of the previous crops. The effect on kidney bean is better when the current stubble crops are Gramineae species and leafy vegetables [20,21]. Maize (Zea mays L. sinensis Kulesh), a gramineous herb originating in China, is one of the important food crops in China. Maize is used for fresh food and canning, and has a high starch content [22]. Cabbage [23], kidney bean [24], and maize [25,26] are often planted in large areas in semi-arid areas of China for successive years, resulting in changes in the soil fungal diversity and community structure, a decrease in the soil’s available nutrients [27], and finally leading to continuous cropping obstacles. Therefore, it is crucial that three types of crop rotation should be used to improve the agricultural production patterns dominated by monocultures. It was recognized that continuous cropping of cabbage and kidney bean leads to increased pressure from soil-borne pathogens. This study focuses on a three-year continuous cropping and rotation experiment, using a combination of chemical technology and Illumina NovaSeq high-throughput sequencing technology to analyze the effects of different continuous cropping and rotation combinations on crop yield, soil available nutrients, and fungal community structure. The aim is to provide a theoretical basis for the rational selection of rotation combinations in semi-arid areas.




2. Materials and Methods


2.1. Summary of the Natural Conditions of the Test Area and Test Site


The experiment was performed at Hecun base, Yangqu county, Taiyuan city, Shanxi Organic Dry Farming Research Institute, Shanxi Agricultural University (38°04′ N and 112°89′ E), with an altitude of 1248.5 m and an average annual precipitation of 450 mm. Most rainfall is in summer, whereas the other three seasons have little rainfall and high evaporation. It is a typical semi-arid area with a temperate continental monsoon climate, with a mean annual temperature of 6–7 °C and large day–night temperature variation. The ≥10 °C accumulated active temperature is about 2600 °C, annual sunshine duration is 2662 h, and the frost-free period is about 120 d [28]. The terrain is flat and the soil is Loess light brown soil. The basic physicochemical properties of the 0–20 cm soil layer: organic matter (OM) 14.41 g/kg, total nitrogen (TN) 1.19 g/kg, total phosphorus (TP) 0.7 g/kg, total potassium (TK) 20.7 g/kg, available nitrogen (AN) 54.63 mg/kg, available phosphorus (AP) 9.57 mg/kg, available potassium (AK) 103.8 mg/kg and pH value 7.72. This area mainly depends on natural precipitation for agricultural cultivation. Maize, cabbage, kidney bean, and other crops are those mainly cultivated.




2.2. Experimental Design


The experiment was performed for three consecutive years from 2018 to 2020, and a single-factor random block design was used to form the cabbage–kidney bean–maize rotation system. As shown in Table 1, ten combination treatments were conducted. Each treatment had three repetitions. The cultivation area of each plot was 30 m2. According to the local field conditions, the application rate of compound fertilizer was N 108 kg ha−1, P 77.58 kg ha−1, K 89.62 kg ha−1 for cabbage, and N 216 kg ha−1, P 94.32 kg ha−1, K 179.24 kg ha−1 for maize and kidney bean. The cabbage, kidney bean, and maize varieties were Shinong 307, Red Pearl, and Jingkenuo 2000, respectively. The planting densities of cabbage, kidney bean, and maize were 33,333, 64,000, and 60,000 plants per hectare, respectively. During the three years, maize and kidney bean in the experimental field were sown in mid-May, and the cabbage in mid-June. All crops were harvested in mid-September. The experimental field was without irrigation. Adopting a rotation fallow cultivation method, only one crop was planted annually, and seasonal rotation fallow cultivation was carried out in spring and winter.




2.3. Determination of Items and Methods


Before sowing crops in 2021, a small soil drill was used to collect 0–20 cm soil from each treatment plot, and the five-point sampling method was used. There were 30 plots, and 5 points in each plot were selected for sampling; this method was used in each plot, resulting in a total of 30 soil samples. The following procedure was repeated for each of the 30 soil samples. After the soil was mixed, it was divided into quarters to remove the impurities such as stones and roots, and then ¼ of the soil was sifted through a 2 mm mesh sieve and put into a sealed packet for cryopreservation at −80 °C. TGuide S96 magnetic bead-based soil genomic DNA extraction kit was used to complete the extraction of nucleic acid. The nucleic acid protein analyzer was used to determine the DNA content and the ratios of A260/A280 and A260/A230. After the content and purity of DNA were determined, the qualified samples were used to construct the target region PCR system. Fungi were subjected to PCR amplification of the fungal ITS1rRNA gene using primers ITS1F (5′-CTTGGTCATTTAGAGGAAGTAA-3′) and ITS2 (5′-GCTGCGTTCTTCATCGATGC-3′). After that, the product was purified, and then the gel was cut and recovered. Fungal genes were sequenced by Illumina NovaSeq high-throughput sequencing platform. Reads were clustered at 97.0% similarity level by USEARCH software. The species abundance table was generated by QIIME software. The dilution curve, community structure map, and species clustering heatmap were drawn by R language tools. The relationship between fungal community structure and soil available nutrients was studied by correlation analysis. The remaining ¾ of the soil sample was air-dried and ground in a cool place, sifted through a 1 mm mesh sieve, and stored in a self-sealed bag at room temperature. The AN, AP, and AK content were determined by the alkaline diffusion method, molybdenum–antimony anti-colorimetric method, and flame spectrophotometry, respectively [8].




2.4. Data Processing and Calculation Methods


Excel 2003 software was used to process nutrient data. SPSS 18.0 software was used for statistical analysis. The significant difference was p ≤ 0.05. R language tools were used to draw Venn diagrams.





3. Results and Analysis


3.1. Soil Chemical Properties


The analysis of the soil available nutrients in the different rotation combinations (Table 2) showed that there was no significant difference in the contents of the soil AN among the seven treatments in which cabbage and maize were planted in the third year of the experiment. Significant differences were observed in the AP and AK content. The AP and AK contents in the CMC treatment were significantly higher than those in the CCC treatment. The AP and AK contents in the BMB treatment were significantly higher than those in the BBB treatment. The AK content in the CMB treatment was significantly lower than that in the BBB treatment. The content of AN in the CMB treatment group decreased by 7.73% compared with the BBB treatment group, but there was no significant difference. When the previous crop was maize, only the AP content was significantly different in the CCM, CBM, BBM and BCM treatments. The AP content in the CBM treatment was significantly higher than it was in the other treatments. The AP content in the BBM treatment was significantly higher than it was in the BCM treatment. When the previous crop was kidney bean, the AN content was higher than it was with cabbage and maize. Compared with the CCC treatment, the BBB treatment significantly increased the AN and AK content by 19.99 and 39.83%, respectively. Different crop rotation sequences had different effects on soil available nutrients. No significant differences were observed in the soil available nutrients between the CMC and CCM treatments. The AN and AK contents in the BMB treatment were significantly higher than those in the BBM treatment. No significant differences were observed in the AN content between the BMC, CMB, CBM, and BCM treatments. The AP content in the CBM treatment was significantly higher than in the other treatments. The AK content in the BMB and CCM treatments was also significantly higher than in the other treatments.



The effect of crop rotation sequence on soil available nutrients was different. On comparing treatments with the same previous crop, the treatments with higher soil available nutrients were CMC, BMB, and CBM.




3.2. Data Analysis of Fungal Sequencing


The sequencing of 30 samples produced 2,018,919 clean reads. Each sample produced at least 153,483 clean reads, and the sequence lengths ranged from 160 bp to 460. Table S1 shows the effective reads, average sequence length, feature OTU numbers, and coverage of each process. The results showed that the average sequence length of each treatment ranged from 243 bp to 248 bp. The number of OTUs from large to small was CCM > BBM > CMC > BBB > CMB > CBM > BMC > BCM > CCC > BMB. A total of 1711 fungal OTUs were obtained, belonging to 12 phyla, 36 classes, 84 orders, 187 families, 386 genera, and 494 species. The number of OTUs could reflect the diversity of the soil fungi to some extent. The coverage of each processing library was >98.80%. Combined with the analysis of the sample dilution curve in Figure 1, the OTUs increased with the increase in sequencing quantity. When it exceeded a certain value, the curve tended to be smooth and the sequencing was deeply saturated, covering all species among the treatments and truly reflecting the composition of the soil fungal communities in each treatment.




3.3. Distribution of Fungal OTUs


The OTU Venn diagram of the soil fungi showed the common and unique OTUs in different treatments. Figure 2 shows that when the previous crop was cabbage, the common OTUs in the CMC, BMC, and CCC treatments were 116, 126, and 116, respectively, with 729 OTUs. When the previous crop was kidney bean, the common OTUs in the CMB, BMB, and BBB treatments were 79, 147, and 188, respectively, and the total number of OTUs was 644. When the previous crop was maize, the common OTUs in the CCM, CBM, BBM, and BCM treatments were 39, 64, 74, and 70, respectively, with 594 OTUs. The ten treatments had 374 unique OTUs. The number of unique OTUs in each treatment was low, and only the CMC treatment had no unique OTUs. As shown in Table S2, the BMB, BBB, and BCM treatments had one unique OTU, and the CCC, CMB, and BBM treatments had two unique OTUs. The CMC, BMC, and CBM treatments had three unique OTUs. The specific OTUs in each treatment were Ascomycota, Basidiomycota, and Mortierellomycota. The unique OTUs in the CMC treatment were OTU885, OTU1337, and OTU1462. The unique OTUs in the BMC treatment were OTU1075, OTU574, and OTU1094. The unique OTUs in the CCC treatment were OTU4139 and OTU822. The unique OTUs in the CMB treatment were OTU1987 and OTU996. The unique OTU in the BMB treatment was OTU986. The unique OTU in the BBB treatment was OTU620. The unique OTUs in the CBM treatment were OTU1113, OTU1419, and OTU922. The unique OTUs in the BBM treatment were OTU819 and OTU851. The unique OTU in the BCM treatment was OTU1004. Thus, the differences in soil fungi in each treatment were large. Specific OTUs decreased with the increase in the number of treatments.




3.4. Analysis of Fungal Diversity


The alpha diversity indices of all treatments are shown in Table 3. The significant changes in the Simpson and Shannon diversity indices were the same. When the previous crop was the same, the richness and diversity of CCC were lower than those of CMC and BMC; the richness and diversity of BBB were higher than those of CMB and BMB; the richness of CBM was significantly higher than that of CCM, BBM, and BCM; and the diversity of BBM was higher than that of the other treatments. These results showed that continuous cropping with different crops had different effects on the diversity and richness of the soil fungal community. Compared with the rotation treatment of the previous crop, cabbage continuous cropping reduced the diversity and richness of the soil fungal community, whereas kidney bean continuous cropping was the opposite. When the previous crop was cabbage, the change rules of the richness and diversity index were the same, which was BMC > CMC > CCC. When the previous crop was kidney bean, the change rule of the richness index was the same as that of the Shannon index, which was BBB > CMB > BMB. When the previous crop was maize, the change rules of the richness and diversity index were different. In the first year, the richness of cabbage was higher than that of kidney bean, but the diversity was opposite.



Of the ten treatments, the richness and diversity were the lowest in the CCC treatment, and the diversity of the soil fungal community was significantly different between the CCC treatment and the other nine treatments, indicating that continuous cropping of cabbage had the greatest negative effect on the richness and diversity of the soil fungal community between the ten treatments. The richness index of the CBM treatment was significantly higher than that of the other treatments. No significant difference was observed in the diversity index between the CBM and the other treatments (except CCC), indicating that the richness of the soil fungal community in the CBM treatment was the highest. On comparing the same crop rotation combination with a different planting sequence, no significant differences were observed between the CMC and CCM treatments, the BMB and BBM treatments, the richness and diversity indices, or between these four treatments. The richness index of the soil fungal community in the CBM treatment was significantly higher than that in the BMC, CMB, and BCM treatments, but the diversity index showed no significant difference, indicating that the two crop rotations had little effect on the richness and diversity of the soil fungal community. The cabbage, kidney bean, and maize rotation had no significant changes, whereas the three crop rotations had significant differences in the richness of the soil fungal community.




3.5. Analysis of Community Composition at the Phylum Level


The relative abundance of soil fungi with each treatment is shown in Figure 3. The relative abundance of soil fungi from high to low was Ascomycota (71.80–78.15%), Basidiomycota (9.27–13.13%), Mortierellomycota (5.42–9.21%), Chytridiomycota (0.41–2.05%), Rozellomycota (0.76–1.30%), Neocallimastigomycota (0.26–1.06%), Olpidiomycota (0.07–0.68%), Glomeromycota (0.02–0.20%), Kickxellomycota (0.00–0.04%), and Entorrhizomycota (0.00–0.03%). The relative abundance of these ten fungal phyla accounted for >95.00% of the total number of fungi. The relative abundance of the CCM and CCC treatments had no Kickxellomycota. The relative abundance of the BBM treatment had no Entorrhizomycota. The ranks of Kickxellomycota and Entorrhizomycota were BMB > CBM > CMC > BMC > CMB > BBM > BBB > BCM and BMB > BCM > CMC > CMB > BBB > CCM > CCC > BMC > CBM, respectively.



Table 4 shows the relative abundance of phyla among the treatments. Combined with Figure 3, Ascomycota was the dominant fungal phylum, dominant in each treatment, and no significant differences were observed in its relative abundance. This showed that Ascomycota had a strong ability to adapt to the environment and could maintain its own changes in a small range. Basidiomycota was a subdominant fungal phylum, except that its relative abundance in the BBM treatment was significantly higher than that in the CCM treatment. Compared with the treatments with the same previous crops, the relative abundance of Ascomycota in the CCC treatment was 1.15 and 6.82% higher than in the CMC and BMC treatments, respectively; whereas the relative abundance of Basidiomycota in the CMC and BMC treatments decreased by 25.40 and 24.62%, respectively. The relative abundance of Ascomycota in the BBB treatment was lower than that in the CMB and BMB treatments, whereas the relative abundance of Basidiomycota in the BBB treatment was higher than that in the CMB and BMB treatments. The relative abundance of Ascomycota was CCM > CBM > BCM > BBM, whereas that of Basidiomycota was the opposite. Thus, the change rules of Ascomycota and Basidiomycota were roughly opposite in the treatments with the same previous crop. According to the comprehensive comparison, the relative abundance of Ascomycota and Basidiomycota was highest in the CMB and BBM treatments, and lowest in the BMC and CCM treatments. The CCM treatment was significantly higher than the BMC, CMB and BBB treatments in the relative abundance of Chytridiomycota. The BMB, BBB, CCM, BBM, and BCM treatments were significantly higher than the CCC treatment in the relative abundance of Rozellomycota. The CCM, BBB, and CMB treatments were significantly higher than the BBM and BCM treatments in the relative abundance of Neocallimastigomycota, and the BMC treatment was significantly higher than the BCM treatment.




3.6. Analysis of Characteristics at the Order Level


Because characteristics could not be explained specifically by OTU distribution and the unclassified families, genera, and species below the order level were many, items were selected to explain the specific differences in fungal species between the different treatments at the order level. There was no feature order in the comprehensive comparison between treatments. The common distinction between continuous cropping and crop rotation was Diaporthales, which might be one of the main fungal orders leading to continuous cropping obstacles (Table 5).




3.7. Distribution Heatmap at the Genus Level


The sum of the dominant genera of the top ten relative abundance of fungi was 31.64–42.23%, comprising Aspergillus (6.42–10.74%), Mortierella (5.06–8.97%), Fusarium (5.03–6.82%), Botryotrichum (1.65–3.33%), Cladosporium (2.02–2.93%), Podospora (1.17–4.19%), Chaetomidium (1.11–3.55%), Tetracladium (0.78–9.70%), Penicillium (1.06–2.39%), and Paecilomyces (0.98–2.15%). Cluster analysis was performed according to species or sample abundance similarity. Heatmaps were drawn, and the findings are shown in Figure 4. Horizontal and vertical clustering represented the abundance of various species in different samples and the similarity of the abundances of different species between different samples. The dominant genus in the CCC treatment was Tetracladium, and the secondary dominant genus was Mortierella. The relative abundance of the other genera in the CCC treatment was low. The dominant genera in the BMC treatment was Mortierella and Fusarium. The dominant genus in the CCM treatment was Podospora. These four genera were concentrated in each treatment.



The ten treatments were divided into two categories. The CCC continuous cropping treatment was one group, whereas the other treatments were clustered into another group, indicating that the community structure of the CCC treatment was significantly different from those of the other treatments at the level of soil fungi, and the adverse effect of cabbage continuous cropping was much greater than that of kidney bean continuous cropping. Except for the CCC treatment, the other nine treatments could be divided into two groups. The community structures of the BCM and CBM treatments were similar, while those of the BBB, CMB, and CMC treatments were similar. The BCM, CBM, BBB, CMB, and CMC treatments were clustered into one group. In the second group, the community structures of the BMB and BMC treatments were more similar, while those of the BBM and CCM treatments were more similar. The final planting crop, planting sequence during rotation, and continuous cropping species all affected the soil fungal community structure.





4. Discussion


The study of soil fungal diversity mainly includes community diversity, genetic diversity, and functional and structural diversity. Species diversity in the community varies significantly because of the different external environments [1]. Crop diversity is closely related to soil fungal diversity. The diversity of soil fungi in crop rotation was higher than that in continuous cropping [29]. The study of the soil fungal community diversity mainly analyzed the alpha diversity index changes in each treatment, and can reflect the degree of environmental changes by comparing each treatment. The alpha diversity index includes the species richness index and the species diversity index, and is a comprehensive index to reflect the richness and evenness of each treatment. The richness index includes the Ace and Chao1 indices, and the higher the values of these, the higher the richness of the community. The diversity index includes the Simpson and Shannon indices, and the community diversity increases with the increase in their values [30].



The OTUs and alpha diversity index were higher after crop rotation than after continuous cropping of cowpea and other leafy vegetables [31], and were similar to the continuous cropping of millet [32], Cyperus esculentus [29], and other single crops. Different crop types can lead to changes in the soil microbial environment, but most studies have shown that the soil microenvironment after rotation planting is better than that in a continuous cropping soil environment. Crop rotation can increase the richness and diversity of fungal OTUs and the fungal community, thereby affecting the fungal community structure. Single crop continuous cropping consumes soil, water, and nutrients in the same soil layer for a long time, and the nutrient utilization components are the same [33]. A soil acid–base imbalance promotes the accumulation of harmful microorganisms in the soil and destroys the soil microbial environment [34], reducing the number of fungal species. Compared with the rotation and continuous cropping combinations in this study, cabbage continuous cropping accords with this change law, whereas kidney bean continuous cropping does not. The Ace and Chao1 indices of the CCC treatment were lower than those of the other treatments, and the Simpson and Shannon indices were significantly lower than those of the other treatments; the soil fungal richness and diversity were decreased, and the number of OTUs was only higher than that of the BMB treatment. The Ace and Chao1 indices of the CBM treatment were significantly higher than those of the other treatments, and the index value of the BBB treatment was second only to the CBM treatment, which improved the richness of soil fungi. The richness and diversity indices of CMB and BMB rotation treatments were significantly lower than those of BBB continuous cropping. In this study, according to the different crops planted in the previous cropping, the number of common OTUs in the group with maize and without maize continuous cropping was lower than those in the two groups with control. It could be concluded that the more treatments compared in the rotation pattern, the less the specific OTUs, and continuous cropping had a greater effect on the community structure of the soil fungi. In the treatments with the same previous crop, the order common to continuous cropping and crop rotation was Diaporthales, which might cause continuous cropping obstacles.



The difference in crop species is one of the main factors that promotes the change in the soil fungal community composition. Different crops affect the proportion of beneficial and harmful fungi by the type and number of root exudates, and then affect the community composition [35]. As decomposers, extracellular enzymes secreted by fungi can degrade complex compounds to produce nutrients easily absorbed by microbes [36], thus maintaining the stability of the agro-ecosystem. The dominant groups of soil fungi were affected by many factors. This study showed that the dominant phyla of soil fungi were Ascomycota, Basidiomycota, and Mortierellomycota. The dominant fungal classes were Sordariomycetes, Eurotiomycetes, and Dothideomycetes, all of which belong to Ascomycota. The dominant fungal genera were Aspergillus, Mortierella, and Fusarium. These results were similar to the results of Sun et al. [32] and Liu et al. [37], for the dominant phyla. The large difference in the dominant genera was similar to that of Ni et al. [31]. The results showed that planting crops, planting patterns, rotation years and other factors changed the composition of the soil’s fungal communities by changing the ratio of bacteria to fungi, and the ratio of beneficial bacteria to harmful bacteria to regulate the soil rhizosphere microecosystem.



The relative abundance of Ascomycota was the highest in the CMB treatment and the lowest in the BMC treatment. In contrast to Mortierellomycota, the relative abundance of Basidiomycota in the BBM treatment was significantly higher than that in the CCM treatment. The relative abundances of Kickxellomycota and Entorrhizomycota were the lowest among the dominant fungi, and the relative abundance of the BMB treatment was the highest. The CCM and CCC treatments had no Kickxellomycota, and the BBM treatment had no Entorrhizomycota. The specific role of Kickxellomycota remains unstudied. Root swelling disease is a soil-borne disease caused by the specific parasitism of Entorrhizomycota, which seriously affects the growth of cruciferous crops [38]. Rotation with legumes can prevent and control root swelling disease to some extent [39]. The fungal genera in the top ten of relative abundance belong to Ascomycota, except Mortierella (Mortierellomycota). Penicillium, Fusarium, and Aspergillus can degrade lignin in soil lignocellulose and increase the rate of carbon cycling [40]. Fusarium is the main pathogen causing root rot of leguminous crops and the main factor limiting continuous cropping of leguminous crops [41]. The relative abundance of Mortierella in the BMC and BMB treatments was the highest. The relative abundance of Mortierella was low in the CCC, CMC and CCM treatments without a legume crop in the three-year rotation. Compared with Yan’s [42] study on the specific type of Fusarium vegetables, the Mortierella identified in this study was highly likely to be F.solani f. sp. glycines, which is only pathogenic to legumes but not to other crops. The fungal community structure of the CCC treatment was significantly different from that of the other treatments, and the relative abundance of the other fungi, except Tetracladium, was lower. The contents of the available nutrients in the CCC treatment (except that AN was higher than in the BMC treatment) were lower than those in the other nine treatments. This is consistent with the results of Zheng et al. [43]. It is possible that continuous cropping destroys soil aggregate structure and increases soil nutrient loss. Therefore, different rotation combinations affect fungal growth and change the composition of the soil fungal community and soil nutrient content to different degrees.




5. Conclusions


There were significant differences in the soil available nutrient content between the different crop rotations, the main environmental factor affecting the structure and composition of soil fungal community. The unique OTUs of the BBB treatment were Ascomycota, Sordariomycetes, Sordariales, and unclassified; the unique OTUs of the CCC treatment were Mortierellomycota, Mortierella, Mortierella calciphila, and the unique OTUs of the treatment were Ascomycota, Dothideomycetes, Pleosporales, Leptosphaeriaceae, Leptosphaeria, and Leptosphaeria maculans. Under different crop rotation patterns, the contents of soil available nitrogen and soil available potassium in the BMB treatment were significantly higher than those in the other nine treatments, while soil feature OTUs were significantly lower than those in the other nine treatments, with the highest OTUs in Entorrhizomycota and Kickxellomycota. The BBM treatment had the highest Simpson index and Shannon index, and the relative abundance of the subdominant phylum Basidiomycota was the highest, while Entorrhizomycota was absent in the BBM treatment. The BBM treatment not only ensured high yield but also increased the soil available nutrient content, reduced the harmful fungal species in the soil, and increased the beneficial fungal species. These results could facilitate the selection of scientific rotation patterns to improve the soil microbial community structure and soil productivity.
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Figure 1. Each sample’s rarefaction curves. 
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Figure 2. Venn diagram of characteristics of each sample. 
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Figure 3. Community composition of fungi at the phylum level in different treatment soils. 
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Figure 4. Abundance cluster heatmap of fungi at genus level in the different treatment soils. 
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Table 1. Treatments in the experiment.






Table 1. Treatments in the experiment.





	Treatments
	2018
	2019
	2020





	CMC
	cabbage
	maize
	cabbage



	BMC
	kidney bean
	maize
	cabbage



	CCC
	cabbage
	cabbage
	cabbage



	CMB
	cabbage
	maize
	kidney bean



	BMB
	kidney bean
	maize
	kidney bean



	BBB
	kidney bean
	kidney bean
	kidney bean



	CCM
	cabbage
	cabbage
	maize



	CBM
	cabbage
	kidney bean
	maize



	BBM
	kidney bean
	kidney bean
	maize



	BCM
	kidney bean
	cabbage
	maize
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Table 2. Effects of different treatments on soil available nutrients in 0–20 cm soil.
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	Treatment
	Available Nitrogen (mg/kg)
	Available Phosphorus (mg/kg)
	Available Potassium (mg/kg)





	CMC
	101.38 ± 1.58 cd
	13.40 ± 0.89 bcd
	166.01 ± 0.91 b



	BMC
	98.88 ± 1.24 d
	10.96 ± 0.81 de
	130.62 ± 14.05 c



	CCC
	100.63 ± 3.71 cd
	10.80 ± 1.64 e
	129.66 ± 4.62 c



	CMB
	111.42 ± 7.07 bcd
	12.42 ± 0.45 cde
	133.36 ± 5.18 c



	BMB
	130.08 ± 10.10 a
	14.91 ± 0.99 b
	213.22 ± 10.74 a



	BBB
	120.75 ± 2.47 ab
	11.22 ± 1.23 cde
	181.30 ± 22.87 b



	CCM
	112.58 ± 7.29 bc
	13.49 ± 1.73 bc
	183.60 ± 8.94 b



	CBM
	104.13 ± 6.19 cd
	17.74 ± 0.26 a
	172.29 ± 9.40 b



	BBM
	106.75 ± 4.63 cd
	15.06 ± 0.89 b
	181.67 ± 2.64 b



	BCM
	106.75 ± 4.63 cd
	11.50 ± 1.30 cde
	182.22 ± 9.18 b







Notes: Different small letters refer to differences between treatments at p < 0.05; values are means ± SD.
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Table 3. Alpha diversity indices of soil fungi under different rotation treatments.
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Treatment

	
Richness Index

	
Diversity Index




	
Ace Index

	
Chao1 Index

	
Simpson Index

	
Shannon Index






	
CMC

	
718.06 ± 11.11 cde

	
744.43 ± 14.68 cd

	
0.98 ± 0.01 a

	
7.58 ± 0.38 a




	
BMC

	
767.39 ± 45.01 bcd

	
769.34 ± 25.60 bcd

	
0.99 ± 0.00 a

	
7.73 ± 0.14 a




	
CCC

	
685.62 ± 20.88 e

	
704.03 ± 10.83 d

	
0.93 ± 0.06 b

	
6.68 ± 0.84 b




	
CMB

	
725.65 ± 10.20 cde

	
748.48 ± 6.05 cd

	
0.98 ± 0.01 a

	
7.73 ± 0.21 a




	
BMB

	
701.05 ± 52.46 de

	
740.81 ± 51.86 cd

	
0.99 ± 0.00 a

	
7.65 ± 0.10 a




	
BBB

	
799.03 ± 17.38 b

	
845.64 ± 69.66 b

	
0.99 ± 0.00 a

	
7.87 ± 0.05 a




	
CCM

	
785.01 ± 22.87 bc

	
823.86 ± 25.13 bc

	
0.99 ± 0.01 a

	
7.69 ± 0.45 a




	
CBM

	
931.22 ± 43.45 a

	
921.29 ± 72.30 a

	
0.99 ± 0.01 a

	
7.77 ± 0.32 a




	
BBM

	
728.79 ± 23.08 cde

	
787.51 ± 24.65b cd

	
0.99 ± 0.00 a

	
7.98 ± 0.05 a




	
BCM

	
725.78 ± 51.58 cde

	
785.33 ± 46.06b cd

	
0.99 ± 0.00 a

	
7.89 ± 0.13 a








Notes: Different small letters refer to differences between treatments at p < 0.05; values are means ± SD.
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Table 4. Differences in relative abundance of soil fungal phyla under different rotation treatments.
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	Treatment
	Basidiomycota (%)
	Chytridiomycota (%)
	Rozellomycota (%)
	Neocallimastigomycota (%)





	CMC
	12.60 ± 2.83 ab
	1.14 ± 0.72 ab
	1.05 ± 0.09 ab
	0.74 ± 0.20 abc



	BMC
	12.47 ± 1.40 ab
	0.68 ± 0.37 b
	0.99 ± 0.09 ab
	0.88 ± 0.11 ab



	CCC
	9.40 ± 0.28 ab
	0.90 ± 1.06 ab
	0.76 ± 0.01 b
	0.59 ± 0.18 abc



	CMB
	11.08 ± 0.66 ab
	0.41 ± 0.05 b
	1.03 ± 0.07 ab
	0.96 ± 0.29 a



	BMB
	10.84 ± 1.17 ab
	1.17 ± 0.39 ab
	1.15 ± 0.01 a
	0.74 ± 0.14 abc



	BBB
	11.62 ± 1.00 ab
	0.46 ± 0.37 b
	1.15 ± 0.01 a
	0.97 ± 0.09 a



	CCM
	9.27 ± 1.54 b
	2.05 ± 0.38 a
	1.15 ± 0.04 a
	1.06 ± 0.43 a



	CBM
	11.01 ± 0.71 ab
	1.59 ± 1.03 ab
	1.07 ± 0.03 ab
	0.85 ± 0.72 abc



	BBM
	13.13 ± 3.44 a
	1.78 ± 0.80 ab
	1.30 ± 0.05 a
	0.32 ± 0.15 bc



	BCM
	12.25 ± 2.11 ab
	0.87 ± 0.42 ab
	1.22 ± 0.08 a
	0.26 ± 0.11 c







Notes: Different small letters refer to differences between treatments at p < 0.05; values are means ± SD.
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Table 5. Feature order of soil fungi.
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	Treatment
	Feature Order





	CMC
	Phacidiales, Pisorisporiales, Rhizophydiales



	BMC
	Botryosphaeriales



	CCC
	Erysiphales, Diaporthales, Rhizophlyctidales



	CMB
	Erysiphales



	BMB
	Kirschsteiniotheliales, Pisorisporiales, Blastocladiales



	BBB
	Eremomycetales, Peltigerales, Phacidiales, Diaporthales, Taphrinales, Phallales



	CCM
	



	CBM
	Pisorisporiales



	BBM
	



	BCM
	Acrospermales







Note: The same treatment of crops planted with the previous crop were compared.
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