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Abstract

:

The Luochuan area is an important area for apple production in China. With the renewal and transformation of aged apple orchards, the occurrence of apple replant disease (ARD) was inevitable and has seriously affected the sustainable development of apples. Therefore, we randomly selected 14 soil samples from aged apple orchards in the Luochuan area to study the structural changes in the soil fungal community. The results showed that there were significant differences in the diversity of fungal communities between different aged apple orchards. The harmful fungi Gibberella, Fusarium, and Cryptococcus existed in 14 aged apple orchards in the Luochuan area, but their abundances were different in different aged apple orchards. A FUN Guild analysis showed that fungi were mainly present in the aged apple orchards in Luochuan in the saprotroph and pathotroph nutrition modes. Pathogenic fungi were widely present, which increased the risk of disease and seriously affected the growth and development of fruit trees. To sum up, there was a strong correlation between the ages of orchards and the unbalanced microbial community structure. Therefore, pathogenic fungi could be prevented and controlled during the renewal and transformation of aged orchards to reduce the impact of ARD on the apple industry.
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1. Introduction


Luochuan County, Shaanxi Province, is in the gully area of the Loess Plateau. It is one of the most suitable areas for planting and producing apples because of its high altitude, sufficient light, large temperature difference between day and night, and season of rain and heat [1,2]. With these natural geographical advantages, apples had been widely grown throughout the county [3]. Through nearly 80 years of development, the apple industry had become the leading industry in Luochuan County, Shaanxi Province, and the main source of income for local farmers [4]. However, with the long-term planting of fruit trees, Luochuan orchards gradually entered the aging stage [5]. During this stage, the growth and development of the replanted trees were poor and the rot disease was serious, even leading to death, which severely restricted the sustainable development of the apple industry of Luochuan County [6].



Fungi are an important type of soil microorganism and play an important role in material circulation and soil-borne diseases [7]. However, fungi are generally considered to be an important pathogen in soil; about 70% of plant infectious diseases are caused by fungi [8]. They can also be used as decomposers of mycorrhizal symbionts [9] and several refractories [10] compounds in soil, such as cellulose, hemicellulose, and lignin. The long-term cultivation of one crop can damage the soil microbial community structure and species diversity [11]. This phenomenon not only promotes the growth and accumulation of pathogenic fungi but also inhibits the reproduction of beneficial microorganisms [12], finally leading to an imbalance in the soil microbial community structure [13]. It can further damage or disrupt the normal physiological activities of fruit trees, thus reducing plant resistance [14]. Studies have shown that soil pasteurization [15] or fumigation [16,17] can improve the growth of trees in orchard soil with a long history. After replanting fruit trees with sterilized soil in aged orchards, researchers found that the fruit trees planted after soil sterilization grew better than those in the aged orchard [18]. Therefore, it is very important to manage aged orchards by investigating the structures of soil microbial communities. The fungal community compositions of soil ecosystems in apple orchards are usually dominated by Ascomycota. Ascomycetes are important decomposers in the nutrient cycle [19]. Their dominant genera are Mortierella, Fusarium, Chaetomium, Rhizoctonia, Cylindrocarpon, and so on [20]. A recent study found that Fusarium is the main pathogen causing ARD in China [21]. Mortierella and Chaetomium are common beneficial microorganisms that not only promote the growth of plants but also improve the level of plant resistance [22].



Soil physical and chemical properties are generally considered as the basic elements of sustainable agricultural production [23]. The types and contents of nutrient elements contained in soil are relatively stable, while the demand types and absorption proportions of soil nutrients by the same crop are basically fixed [24]. Therefore, the long-term planting of a single crop, such as cotton [25], cucumber [26], or strawberry [27], on the same land will cause the deficiency of some elements that are needed by the crop and cause an imbalance in soil nutrients [28]. Soil physical and chemical properties are closely related to microbial community composition and functional composition [29], and microbial communities are greatly affected by soil physical and chemical properties [30]. Therefore, it is of great significance to study the relationship between soil physical and chemical properties and microbial community compositions.



The response of a microbial community to habitat change can be predicted by changes in community function [31]. Therefore, this study used high-throughput technology to further explore the impacts of soil fungal groups in aged orchards on the basis of studying the soil fungal community structure of aged orchards. The results provided a theoretical basis for the regulation of soil microorganisms in aged apple orchards.




2. Materials and Methods


2.1. Soil Sample Collection and Processing


The test soil samples were collected from 14 representative aged apple orchards in Luochuan County, Shaanxi Province (Table S1). They were Gao Bao Village (T1), Lu Bai Village (T2), Bei Anshan Village (T3), Lunar Eclipse Village (T4), Bei Gu Village (T5), Yang Wu Village (T6), Bed Guang Rong Village (T7), Bai Jia Zui Village (T8), Northwest Ding Village (T9), Shang Cao Di Village (T10), Shang Huang Zhang Village (T11), Gu Xian Village (T12), Jing Yao Ke Village (T13), and A Si Village (T14). The specific sampling point distribution is shown in Figure 1. All soil samples were selected from 25-year-old orchards of “Yanfu 3” fruit trees. When taking soil samples, the top layer of soil was removed from 0 to 10 cm, and the rhizosphere soil was collected at 0–60 cm from the position of the tree trays. Each orchard was repeated three times. The soil samples taken from each orchard were mixed thoroughly to form a composite soil sample. The soil sample of each orchard was equally divided into 2 portions. One portion was frozen with liquid nitrogen, while the other portion was kept in a sterile self-sealing bag and brought back to the laboratory for storage.



The frozen soils were stored in the refrigerator at −80 °C. Then, 2 g of each of the 14 soil samples were added to clean centrifuge tubes. Each plot was repeated three times and then entrusted to Shanghai Meiji Biomedical Technology Co., Ltd. for high-throughput sequencing analysis. One part of the soil sample was passed through a 1.70 mm (18 mesh) sieve, and the screened soil sample was placed in a clean, non-polluting site to air dry naturally. During the drying period, the soil samples could be turned over to increase the drying speed. The air-dried soil samples were placed in clean Ziplock bags for soil physical and chemical property analyses.




2.2. Determination of Soil Physical and Chemical Properties


The soil physical and chemical properties were determined as described in Xiang et al. (2021) [32]. The physical and chemical properties of soil mainly include the soil available nitrogen, soil available phosphorus, soil available potassium, and soil organic matter content. Among them, the content of soil available nitrogen (AN) was determined with an alkaline dissolution diffusion method. First, 2 g air-dried soil samples were placed in a digestive tube and hydrolyzed with sodium hydroxide and a zinc–ferric sulfate reductant to easily reduce the hydrolyzed nitrogen and nitrate nitrogen to ammonia under alkaline conditions. The distilled ammonia was absorbed in a 2% solution of boric acid and then titrated with a standard acid. The available phosphorus (AP) was determined with a 0.5 mol·L−1 sodium bicarbonate extraction that used the Mo antimony colorimetric method on a UV spectrophotometer (UV-2600, Shimadzu, Japan). The sieved air-dried soil sample was used and shaken with 0.5 mol·L−1 NaOH for 30 min. It was then filtered with phosphorus-free filter paper, and the filter liquor was removed by suction. Mo-sb-vc was added after dilution with distilled water, mixed well, and incubated for 30 min. The absorbance was measured at 700 nm. A sample without soil was used as a blank control. Please refer to the Supplementary Material 1.1.1 for the specific determination method. The content of soil available potassium (AK) was determined by a 1 mol·L−1 ammonium acetate extraction-flame photometer. Potassium ions were extracted from the soil with 1 mol·L−1 NH4OAc, shaken for 30 min, filtered, and measured on a flame photometer with the standard series. Please refer to the Supplementary Material 1.1.2 for the specific determination method. The content of soil organic matter was determined with a dilution heat method. A total of 0.5 g of soil was added to 1 mol·L−1 1/6 K2Cr2O7 and mixed, and 20 mL of concentrated sulfuric acid was added. The mixture was incubated on an asbestos sheet for 30 min after mixing and diluted to 250 mL with water. A phenanthroline indicator was added, and the solution was titrated with 0.5 mol·L−1 FeSO4. A sample without soil was used as a blank control. Based on the difference in the mass of the oxidant before and after oxidation, the content of soil organic matter was calculated.




2.3. High-Throughput Sequencing of Soil Fungi


2.3.1. DNA Extraction and PCR Amplification


DNA from soil samples was extracted according to the instructions of a FastDNA® Spin Kit for Soil (MP Biomedicals, Santa Ana, CA, USA). After genomic DNA was extracted, it was detected by 1% agarose gel electrophoresis, and the DNA concentration and purity were determined by Nanodrop 2000 and finally diluted to 0.5 ng/μL with ddH2O.



Using the diluted genomic DNA as the template, PCR amplification was carried out with the ITS1F (5′-CTTGGTCATTTAGGAAGTAA-3′) and ITS2F (5′-GCTG CGTTCTTCATCGATGC-3′) PCR primers. Each 20 μL reaction system contained 0.8 μL of DNA (final concentration: 10 ng), 4 μL of 5× FastPfu buffer, 2 μL of 2.5 mM dNTPs, 0.8 μL of each primer (5 μM), 0.4 μL of FastPfu polymerase, 0.2 μL of BSA, and sterile double-distilled water to a final volume of 20 μL. The thermal cycling conditions were as follows: pre-denaturation at 95 °C for 3 min; 35 cycles of denaturation at 95 °C for 30 s, annealing at 55 °C for 30 s, and extension at 72 °C for 45 s; and a final extension at 72 °C for 10 min.




2.3.2. Library Establishment and Illumina Sequencing


The recovered product was purified using an AxyPrep DNA Gel Extraction Kit (Axygen Biosciences, Union City, CA, USA), detected by 2% agarose gel electrophoresis, and quantified with a Quantus™ Fluorometer (Promega, Madison, WI, USA). Next, a flextm rapid DNA SEQ Kit (Bio Scientific, Avondale, AZ, USA) was used to build the database, and the Miseq PE300 platform from the Illumina company was used for sequencing (Shanghai Meiji Biomedical Technology Co., Ltd., Shanghai, China).





2.4. Bioinformatics Analysis


The original sequences were first quality-controlled using fastp software (https://github.com/OpenGene/fastp, 0.19.6, accessed on 16 October 2018). The 300 bp reads were truncated at any site that received an average quality score of <20 over a 50 bp sliding window, and truncated reads shorter than 50 bp were discarded. Exact barcode matching was required; reads with a 2-nucleotide mismatch in primer matching and reads that contained ambiguous characters were removed. Double-ended sequences were spliced using flash (https://ccb.jhu.edu/software/FLASH/index.shtml, 1.2.11) (accessed on 5 December 2022), and only sequences that overlapped by more than 10 bp were assembled based on their overlapping sequences. Sequences with 97% similarity were grouped into an operational taxonomic unit (OTU) after removing chimeras using uparse software (http://www.drive5.com/uparse/, 7.0.1090) (accessed on 5 December 2022). A total of 2,426,088 valid sequences were obtained from 42 soil samples (14 treatments in three replicates), with an average sequence length of 258.78 (Table S2). These sequences were distributed among 8029 fungal OTUs. Each sequence was annotated for species classification using RDP classifier (http://rdp.cme.msu.edu/, version 2.2) (accessed on 5 December 2022) and compared to Unite (Release 8.0 http://unite.utee/index.php) (accessed on 5 December 2022), and the comparison threshold was set to 70%. The samples were evaluated using rarefaction curves (Figure S1), and the dilution curve tended to be saturated, justifying the depth of this sequencing and the data indicating that no new species would be generated by continuing sequencing.




2.5. Statistical Analysis


An alpha diversity index analysis was performed using Mothur software (version v.1.30.2, https://mothur.org/wiki/calculators/) (accessed on 5 December 2022) and plotted using origin 2018 software (Origin Lab Cor-poration, Northampton, MA, USA). Venn plots and a PCoA analysis were generated using R language (version 3.3.1), and a microbial abundance heatmap and an RDA analysis were constructed using the vegan package of R language (version 3.3.1). Network software was used to calculate the node degree distribution of the network, the diameter of the network, the average shortest path of the network, and properties such as the degree, closeness centrality, and betweenness centrality to obtain intra- or intergroup correlation information of species and samples. The functional annotation and prediction of fungal communities used the FUN Guild program. The experimental data were expressed as the means ± standard deviations of three replicates, and a one-way ANOVA was performed using SPSS 26.0 software (SPSS Inc., Chicago, IL, USA) to compare significant differences in soil physicochemical properties (p < 0.05). Origin 2018 was used to construct graphs.





3. Results


3.1. Soil Physical and Chemical Properties


The content of soil organic matter was between 1.05 and 2.33 g/kg, and the soil organic matter and soil available nitrogen (AK) contents of orchards in T10 were higher than those in the other areas, while the soil organic matter content and soil available nitrogen content of orchards in T5 were the lowest among all orchards (Table 1). The content of available phosphorus in T11 soil was higher than that in the other orchards, and there were significant differences between the T1–T8 area and T14 orchards, while there were no significant differences among T1–T6. The soil potassium content of the T6 orchard was significantly higher than that of other orchards, with 121.19 mg/kg. The soil potassium content of T14 was significantly lower than those of orchards in other areas.




3.2. Analysis of Soil Fungal Community Structures in Different Aged Apple Orchards


3.2.1. OTU Analysis of Soil Fungal Communities


There were obvious differences in the proportions of OTUs in different aged orchards, among which T12 had the largest proportion, followed by T3 (Figure 2a). The soil samples of all aged apple orchards shared 91 OTUs, that is, 91 common species (Figure 2b). In addition, the numbers of unique fungi in different aged apple orchard soil samples showed certain differences. Among them, T5 had the largest number of unique OTUs, T11 had the lowest number of unique OTUs, and T1 and T6 had the same number of unique OTUs.




3.2.2. Soil Fungal Community Composition and Relative Abundance


At the phylum level, the soil fungal community compositions of the 14 aged apple orchards were similar, but there were differences in the relative abundances of fungal phyla among different apple orchards (Figure 3a). The dominant phylum was Ascomycota, and the relative abundance of Ascomycota was significantly higher in T2 aged apple orchards than in other aged apple orchards (Figure S2a). The second was Zygomycota, with the lowest relative abundance in T5 and the highest relative abundance in T14. The relative abundance of Basidiomycota was 1.24–35.99% in the 14 apple orchards, and the highest relative abundance of Chytridiomycota was found in the T11 orchard. Chytridiomycota was present in higher relative abundances in T5 and T8.



There were significant differences in fungal species and relative abundance among the 14 aged apple orchard soils (Figure 3b). Motierella, Gibberella, Chaetomium, Fusarium, and Crptocococcus fungi were widely present in various orchards in Luochuan. Among them, Motierella, Gibberella, and Fusarium were higher in all orchards of Luochuan (Figure S2b). However, the relative abundances of Motierella and Gibberella in the T2 area were lower than those in the other orchards, while the relative abundance of Chaetomium was significantly higher than those in the other orchards.





3.3. Analysis of Soil Fungal Community Diversity in Different Aged Apple Orchards


3.3.1. Alpha Diversity Analysis of Soil Fungal Communities


The alpha diversity index is a measure of the abundance and diversity of the microbial communities within a sample. Specifically, the Chao index values in the T1, T3, and T12 areas were significantly higher than those in the other orchards (Figure 4a), indicating that the species richness of fungi in the T1, T3, and T12 areas were higher, while the Simpson index had the opposite trend (Figure 4b). The Simpson index is often used to estimate the species diversity in samples. The species diversity in the T12 area was the highest, and that in the T2 area was the lowest.




3.3.2. Cluster Analysis and PCoA Analysis of Soil Fungal Community


A hierarchical clustering analysis found that the fungal communities in the T4 and T9, T7 and T13, and T10 and T14 regions were the most similar, followed by the T1 and T12 regions, T6 and T13 regions, and T4, T9, and T4 regions (Figure 5). A principal coordinate analysis (PCoA) is a non-constrained data downscaling analysis method that can be used to study similarities or differences in the composition of sample communities. The analysis results showed that the structures of the fungal communities of the replanted soil in the T2 and T5 areas were more distant from the other orchards (Figure 5), followed by the T8 and T11 areas, which formed independent community structures, while the structures of the soil fungal communities in the other orchards were more similar.





3.4. Correlation Analysis between Soil Fungal Community Structure and Soil Physicochemical Properties


The results of a redundancy analysis (RDA) explained the relationship between soil physical and chemical properties and soil community composition. Zygomycota, Basidiomycota, and Chytriomycota showed opposite correlations with the AK content (Figure 5) and positive correlations with SOM, AP, and AN.




3.5. Soil Fungal Community Association Network Analysis


The spearman correlation coefficient was used to analyze the two-way correlation network between the top 120 fungal genera and the soil physical and chemical properties (p < 0.05). The results showed that the correlations between different fungal genera and soil physicochemical properties were somewhat different. Cylindrocarpon was positively correlated with SOM and AN; Lectera was negatively correlated with SOM, AN, and AP; and Cephaliophora was positively correlated with AK (Figure 6a). A univariate network analysis showed that there were antagonistic or synergistic effects among different fungal genera. For example, Cryptococcus, Humicola, and Unclassified—f-lasiosphaeriaceae showed synergistic relationships with each other, but Gibberella had antagonistic effect with Ilyonectria (Figure 6b). In addition, it was also found that the eight most abundant fungal genera showed less correlation.




3.6. Functional Prediction Analysis of Soil Fungal Community Taxa


Information on the functional classification of the fungi in the samples and the abundance of each functional classification in the different aged apple orchards could be obtained based on the functional prediction of FUN Guild (Figure 7). There were mainly 12 guilds in the 14 aged apple orchards, and five functional groups had high abundance. They were endophyte—litter saprotroph—soil saprotroph—undefined saprotroph, plant pathogen, undefined saprotroph, animal pathogen—dung saprotroph—endophyte—epiphyte—plant saprotroph—wood saprotroph, and animal pathogen–endophyte—lichen parasite—plant pathogen—soil saprotroph—wood saprotroph. These groups belonged to the saprotroph trophic type, the pathotroph basic type, the saprotroph—symbiotroph cross-trophic type, and the pathotroph—saprotroph—symbiotroph cross-trophic type. In addition, the endophytes—litter saprotroph—soil saprotroph—undefined saprotroph group only corresponded to Mortierella. The plant pathogen group corresponded to Gibberella, leptospharia, and lectera; the animal pathogen—dung saprotroph—endophyte—epiphyte—plant saprotroph—wood saprotroph group only corresponded to Chaetomium; the animal pathogen–endophyte—lichen parasite—plant pathogen—soil saprotroph—wood saprotroph group only corresponded to Fusarium; and the fungal parasite–undefined saprotroph group only corresponded to Cryptococcus (Table S3).





4. Discussion


The contents of nitrogen, phosphorus, and potassium in different orchards were also affected by the fertilization management mode and agronomic practices of the growers [13]. The results showed that the soil organic matter in the 14 aged apple orchards in Luochuan was generally low. There were significant differences in the contents of nitrogen, phosphorus, and potassium in different aged apple orchards, which might be related to the years of planting fruit trees and unreasonable fertilization management [33]. In the main apple planting area of the Weibei dryland (including Luochuan), the application amount of organic fertilizer is not high, as 68.3% of orchards do not exceed 500 kg per 667 m2, and only 6.1% of orchards exceed 1500 kg [34]. In addition, crops had certain selectivity for soil nutrients. Planting the same crop on the same plot year after year could cause a large uptake of soil nutrients, which could lead to reductions in the organic matter, nitrogen, phosphorus, and potassium contents in the soil. The imbalance in sprouting affected the growth and development of plants [35,36].



Soil fungi are an important part of the soil ecosystem. They play an important role in the decomposition of organic matter, nutrient cycling and exchange, the biological control of soil-borne plant pests and diseases, and the promotion of plant growth and development [37]. Some soil fungi are pathogens that cause crop diseases, while other fungi are biocontrol factors that can inhibit or alleviate plant diseases [38]. This experiment found that the dominant phylum of the soil in the 14 aged apple orchards in Luochuan was Ascomycota, which was consistent with the research results of Franke-Whittle et al. [39]. Ascomycota had higher competitiveness and stress resistance and could use more resources to improve its dominant position in the soil [40]. At the genus level, Mortierella, Gibberella, Chaetomium, Fusarium, and Crptococcus were common and abundant in the 14 aged apple orchards in the Luochuan area. Recent studies have shown that there are also differences in the roles of fungal communities in soil. Mortierella can dissolve the fixed insoluble phosphorus and potassium in the soil, convert them into bioactive phosphorus and potassium, provide nutrition for plants, and then improve the disease resistance of plants [22]. It has been proven that Mortierella had a significant negative correlation with the incidence rate of ARD [41]. Many members of Gibberella and Fusarium are pathogens that cause important plant root rot and Fusarium wilt [42,43]. Gibberella zeae was widely distributed on cereal crops and Gibberella zeae causes Fusarium head blight (FHB), which often leads to yield reduction and reduces the quality of wheat [44]. The abundance of Fusarium was significantly and positively correlated with the severity of apple replant disease (ARD) [45], and Fusarium was strongly pathogenic to young, replanted trees [46]. Cryptococcus can produce extracellular polymeric compounds that affect soil structure [47]. Chaetomium can produce cellobiose dehydrogenase (CDH) and improve the degradation of cellulose by cellulase [48]. The alpha diversity index is a measure of the abundance and diversity of microbial communities within a sample. The results showed that the Chao index values in the T1, T3, and T12 areas were significantly higher than those in the other orchards, indicating that the species richness of fungi in the T1, T3, and T12 areas was higher, while the Simpson index had the opposite trend. Principal coordinate analyses (PCoA) are often used to study similarities or differences in sample community composition. The results of this experiment showed that the community structures of soil fungi in continuous cropping areas T2 and T5 were far away from those in the other areas, forming independent community structures. Therefore, there were also significant differences in the composition and diversity of fungal communities in the soil of aged orchards in different regions, which might be related to the soil physical and chemical properties and the management methods of different aged apple orchards [49].



Changes in soil microbial communities are affected by soil physical and chemical properties [50]. SOM can provide nutrients for microbial growth [51]. The contents of nitrogen, phosphorus, and potassium in soil affect the compositions and structures of soil bacterial and fungal communities [52]. A redundancy analysis (RDA) mainly explained the relationships between the soil physical and chemical properties and the soil community composition. This study found that Zygomycota, Basidiomycota, and Chytriomycota showed opposite correlations with the AK content and positive correlations with SOM, AP, and AN. Zygomycota was positively correlated with SOM, AP, and AN. Different dominant fungi were closely related to soil physical and chemical properties, which was consistent with the research results of Zhao et al. [53]. Soil physical and chemical properties can affect the abundance and activities of microorganisms and soil animals and can indirectly affect the yield and quality of crops [54]. A network analysis was used to reveal the co-occurrence patterns or relationships of soil microbial communities [55]. The adaptability of complex fungal communities to soil nutrients might also affect the collinear network structures of soil fungi [56]. This study found correlations between fungal communities and soil physical and chemical properties in aged apple orchards. For example, Cylindrocarpon was positively correlated with SOM and AN. The availability of nutrient resources might affect the symbiotic patterns of microorganisms in soil [57,58]. The correlation network analysis showed that Cryptococcus, Humicola, and Unclassified—f-lasiosphaeriaceae showed a synergistic relationship, but Gibberella had an antagonistic effect with Ilyonectric. Complementary traits among microorganisms could promote microbial symbiosis [59]. This phenomenon indicated the existence of similar ecological niches among microorganisms [60]. Some studies have also shown that the similarity between microbial niches might cause microbial competition for nutrients [61], so the antagonism between species might be caused by competition for the same nutrient.



In this experiment, the FUN Guild method was used to predict the functions of the fungal communities in different aged apple orchards. The results showed that the functional abundances of endophyte—litter saprotroph—soil saprotroph—undefined saprotroph, plant pathogen, undefined saprotroph, animal pathogen—dung saprotroph—endophyte—epiphyte—plant saprotroph—wood saprotroph, and animal pathogen—endophyte—lichen parasite—plant pathogen—soil saprotroph—wood saprotroph were higher, and the higher functional abundances of Mortierella, Gibberella, Chaetomium, and Fusarium corresponded to their higher abundances in the community compositions. The functional prediction further showed that Gibberella and Fusarium were the key pathogens that caused ARD. Gibberella is a sexual stage of Fusarium that produces specific toxins and affects the growth and development of plants [62]. Studies have shown that Gibberella is an important pathogen that causes plant root rot and Fusarium Wilt [42,43]. Wang et al. [63] detected Fusarium, which is a pathogenic fungus with a high abundance, in ten replanted orchard soils around the Bohai Sea. Xiang et al. [32] also emphasized that the degree of occurrence of apple replant disease (ARD) is directly or indirectly affected by Fusarium. Fusarium is also a harmful fungus for replant disease of lily [64], grape [10], passion fruit and other plants. Mortierella can decompose organic matter, such as plant residues and animal feces, so that they can be absorbed and utilized by plants [65]. The functional prediction showed that fungi took up nutrients in the soil in a variety of ways. When the soil environment changed, some fungi rapidly changed their nutritional patterns to resist the harmful effects of environmental changes [66]. Therefore, differences in the compositions and structures of fungi communities might have given rise to functional differences. In addition, FUN Guild predicted and analyzed the functions of fungi based on the existing literature. The classification of fungi was not comprehensive or perfect, so further research is still needed.




5. Conclusions


This study showed that the soil organic matter of 14 aged orchards in Luochuan was low; there were significant differences in the contents of nitrogen, phosphorus, and potassium; and the fungal community structures were rich. There were significant differences in the species and quantity of fungi in different aged apple orchards. Motierella, Gibberella, Fusarium, and Cryptococcus were common in the Luochuan aged apple orchards, and Gibberella, Fusarium, and Cryptococcus directly or indirectly affect the aged apple orchards. SOM, AN, AP, and AK were the main soil physical and chemical factors. These factors had significant effects on the diversity and structural compositions of the soil fungal communities. Pathotrophic fungi were widely present in the 14 aged apple orchards, which increased the risk of plant diseases, affected the growth and development of plants, and then caused the aging of orchards. Therefore, in the process of the renewal and transformation of the aged apple orchards in the future, we can prevent and control Gibberella, Fusarium, and Cryptococcus to further promote the sustainable development of the apple industry.
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Figure 1. Collection sources of soil samples from 14 aged apple orchards in Luochuan County. Note: the red dot represents the sampling location, and the map was generated by ArcMap. T1: Gao Bao Village; T2: Lu Bai Village; T3: Bei Anshan Village; T4: Lunar Eclipse Village; T5: Bei Gu Village; T6: Yang Wu Village; T7: Bed Guang Rong Village; T8: Bai Jia Zui Village; T9: Northwest Ding Village; T10: Shang Cao Di Village; T11: Shang Huang Zhang Village; T12: Gu Xian Village; T13: Jing Yao Ke Village; T14: A Si Village. 
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Figure 2. Number of fungal OTUs in soil samples from different aged apple orchards. (a) Proportion of total OTUs in different aged orchards; (b) Number of unique OTUs in different aged orchards. T1: Gao Bao Village; T2: Lu Bai Village; T3: Bei Anshan Village; T4: Lunar Eclipse Village; T5: Bei Gu Village; T6: Yang Wu Village; T7: Bed Guang Rong Village; T8: Bai Jia Zui Village; T9: Northwest Ding Village; T10: Shang Cao Di Village; T11: Shang Huang Zhang Village; T12: Gu Xian Village; T13: Jing Yao Ke Village; T14: A Si Village. 
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Figure 3. Differences in fungal community structures and compositions in soil samples of different aged apple orchards. (a) The compositions of fungal community structures characterized by the phylum level; (b) The compositions of fungal community structures characterized by the genus level. T1: Gao Bao Village; T2: Lu Bai Village; T3: Bei An Shan Village; T4: Lunar Eclipse Village; T5: Bei Gu Village; T6: Yang Wu Village; T7: Bed Guang Rong Village; T8: Bai Jia Zui Village; T9: Northwest Ding Village; T10: Shang Cao Di Village; T11: Shang Huang Zhang Village; T12: Gu Xian Village; T13: Jing Yao Ke Village; T14: A Si Village. 
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Figure 4. Alpha diversity analysis, cluster analysis, and PCoA analysis of fungal genera in soil samples from different aged apple orchards. (a) Chao index of fungi; (b) Simpson index of fungi; (c) Hierarchical cluster analysis of fungi; (d) PCoA analysis of fungi. A single-factor ANOVA was used to test the differences in alpha and beta diversity of soil samples from different aged apple orchards, and the y-axis shows the average value of each index. Values followed by different letters indicate significant difference among treatments (p < 0.05) T1: Gao Bao Village; T2: Lu Bai Village; T3: Bei An Shan Village; T4: Lunar Eclipse Village; T5: Bei Gu Village; T6: Yang Wu Village; T7: Bed Guang Rong Village; T8: Bai Jia Zui Village; T9: Northwest Ding Village; T10: Shang Cao Di Village; T11: Shang Huang Zhang Village; T12: Gu Xian Village; T13: Jing Yao Ke Village; T14: A Si Village. 
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Figure 5. Correlation between fungal community composition and soil physical and chemical properties of soil samples from different aged apple orchards. SOM: soil organic matter; AN: soil available nitrogen; AP: soil available phosphorus; AK: soil available potassium. The values on axis 1 and axis 2 represent the percentage interpreted for each axis. The red arrow represents environmental factors, and the green arrow represents dominant bacteria. Patterns with different colors and shapes refer to soil samples from different aged apple orchards. T1: Gao Bao Village; T2: Lu Bai Village; T3: Bei An Shan Village; T4: Lunar Eclipse Village; T5: Bei Gu Village; T6: Yang Wu Village; T7: Bed Guang Rong Village; T8: Bai Jia Zui Village; T9: Northwest Ding Village; T10: Shang Cao Di Village; T11: Shang Huang Zhang Village; T12: Gu Xian Village; T13: Jing Yao Ke Village; T14: A Si Village. 
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Figure 6. Correlation network analysis of fungal communities in soil samples of aged apple orchards. (a) Two-way network correlation analysis of environmental factors and total species abundance of the top 120 fungal genera; (b) Univariate network analysis among the top 30 fungal genera at the taxonomic level. The node size is directly proportional to environmental factors and species abundance. Nodes with different colors represent different species. The connecting line color indicates a positive or negative correlation: red indicates a positive correlation, and green indicates a negative correlation. The thickness of the connecting line indicates the magnitude of the correlation coefficient. The thicker the connecting line, the higher the correlation between species; more lines indicate a closer connection between the nodes. 
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Figure 7. Relative abundance of FUN Guild functional groups of soil fungal communities in different aged apple orchards. T1: Gao Bao Village; T2: Lu Bai Village; T3: Bei An Shan Village; T4: Lunar Eclipse Village; T5: Bei Gu Village; T6: Yang Wu Village; T7: Bed Guang Rong Village; T8: Bai Jia Zui Village; T9: Northwest Ding Village; T10: Shang Cao Di Village; T11: Shang Huang Zhang Village; T12: Gu Xian Village; T13: Jing Yao Ke Village; T14: A Si Village. 
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Table 1. Physical and chemical properties of soil samples from different aged apple orchards.
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	Sample
	Organic

Matter (SOM)

(g/kg)
	Available Nitrogen (AN)

(mg/kg)
	Available

Phosphorus (AP)

(mg/kg)
	Available

Potassium (AK)

(mg/kg)





	T1
	1.48 ± 0.08 bcde
	39.32 ± 5.75 cde
	131.15 ± 31.23 d
	56.90 ± 10.02 b



	T2
	1.21 ± 0.29 e
	30.57 ± 4.08 ef
	4.55 ± 1.89 d
	53.14 ± 16.58 bcd



	T3
	1.25 ± 0.14 de
	34.65 ± 2.02 de
	2.03 ± 0.21 d
	55.18 ± 4.78 bc



	T4
	1.47 ± 0.07 cde
	31.15 ± 2.02 ef
	8.84 ± 6.07 d
	46.92 ± 5.28 bcd



	T5
	1.05 ± 0.26 e
	24.15 ± 2.02 f
	4.02 ± 2.96 d
	28.62 ± 5.72 bcd



	T6
	1.37 ± 0.15 de
	32.32 ± 4.67 ef
	18.52 ± 11.24 d
	121.19 ± 38.89 a



	T7
	1.24 ± 0.03 de
	32.32 ± 1.17 ef
	167.72 ± 1.39 bc
	15.14 ± 0.11 cd



	T8
	1.66 ± 0.01 bcd
	35.23 ± 0.58 de
	151.65 ± 0.98 cd
	14.50 ± 0.12 cd



	T9
	1.92 ± 0.02 ab
	47.48 ± 0.58 abc
	177.84 ± 3.58 abc
	16.33 ± 0.30 bcd



	T10
	2.33 ± 0.01 a
	51.57 ± 0.58 a
	199.47 ± 0.70 ab
	20.66 ± 0.53 bcd



	T11
	2.33 ± 0.02 a
	49.23 ± 0.58 ab
	205.68 ± 1.48 a
	20.42 ± 0.13 bcd



	T12
	1.88 ± 0.08 bc
	45.73 ± 0.58 abc
	196.22 ± 3.47 ab
	19.87 ± 0.05 bcd



	T13
	1.85 ± 0.06 de
	42.23 ± 0.58 bcd
	198.42 ± 2.17 ab
	17.44 ± 0.38 bcd



	T14
	1.37 ± 0.05 de
	35.23 ± 0.58 de
	157.56 ± 2.87 cd
	12.45 ± 0.12 d







Note: different letters in the same column indicate significant differences between aged apple orchards (p < 0.05). T1: Gao Bao Village; T2: Lu Bai Village; T3: Bei An Shan Village; T4: Lunar Eclipse Village; T5: Bei Gu Village; T6: Yang Wu Village; T7: Bed Guang Rong Village; T8: Bai Jia Zui Village; T9: Northwest Ding Village; T10: Shang Cao Di Village; T11: Shang Huang Zhang Village; T12: Gu Xian Village; T13: Jing Yao Ke Village; T14: A Si Village.
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