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Abstract

:

The effects of calcium cyanamide on the soil fungal communities in successive tea-cuttings nursery soils were investigated based on Illumina high-throughput sequencing. The field experiment was carried out with three treatments, including control (CK), flooding (F) and calcium cyanamide (CC). The treatment with calcium cyanamide increased pH (~1 unit) and reduced the accumulation of phenols (~50%), available phosphorus (~28%) and exchangeable Al (~90%) significantly, and improved soil quality. The predominant phylum in all treatments was Ascomycota. FUNGuild revealed that the dominant trophic mode was saprotrophy in tea-cuttings nursery soil. Plant pathogens had a low abundance in the calcium cyanamide treatment. Alpha diversity analysis showed lower richness in the calcium cyanamide than the other treatments. Network analysis showed a poorly connected but highly modularized network in the calcium cyanamide treatment, with the crucial OTUs functions related to anti-pathogenicity. The results showed that calcium cyanamide should be recommended for improving long-term tea nurseries by increasing the survival rate of tea seedlings due to increasing soil pH value, reducing aluminum toxicity, decreasing the accumulation of polyphenols, diminishing pathogenic fungi and making the taxa related to anti-pathogenicity occupy a more important niche.
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1. Introduction


Tea (Camellia sinensis L.) is a major and monetarily important crop in China. In recent years, both the area and yield have increased rapidly. As a result, there is a large requirement for tea nurseries. However, soil degradation and acidification are significant obstacles during the long-term monoculture of tea plants, thereby limiting tea seedling survival rate [1,2,3]. Soil acidification induced by growing tea or breeding tea seedling increases soil exchangeable Al and soluble Al concentrations and phenol accumulation, resulting in Al toxicity and accretion of phenols in tea soil [4,5,6,7]. The stimulation of soil-borne pathogens, deterioration of soil physical and chemical properties, and the accumulation of autotoxic substances were the common problems associated with monoculture [1,8]. These phenomena have also been observed in annual crops, such as cotton, potato and cucumber [8,9,10]; also in perennial plants, such as apple, peach and sugarcane [11,12,13]. In view of the widespread problems in the long-term cropping soils, the common ameliorating measures are reducing fertilization, applying organic fertilizers, adding chemical conditioners such as biochar, etc. Considering particularly tea nurseries, we chose calcium cyanamide and flooding as the means to improve the soil.



As a nitrogenous fertilizer, calcium cyanamide (CaCN2) was usually utilized in the field and greenhouse production of vegetables [14]. Recent Chinese and Japanese researches focused more on the application of calcium cyanamide in oilseed rape, vegetable and tea crops [15,16,17]. Calcium cyanamide was found to have fungicidal, insecticidal, nematicidal, and herbicidal properties [18]. It releases nitrogen slowly, enhances soil fertility and helps diminish the infestation of the soil with soil-borne pathogens and weeds [16]. Additionally, many studies about calcium cyanamide as a plant growth regulator have been performed, such as break the natural dormancy of apple and grape, regulate flowering [19,20]. Calcium cyanamide is an environmentally benign product, it has negligible impact on the environment because it does not leave residues in soil and is not poisonous to animals [14,18]. It could be broken down into harmless products by microbes (such as some Aspergillus and Penicillium spp.) [14,21]. Calcium cyanamide can increase some enzymatic activity of the soil, including protease, amylase, invertase, dehydrogenase and alkaline phosphatase activities, which finally encourages soil microbial activity [14,21,22]. Instead, it can decrease urease activity in soil, resulting in a lower hydrolysis rate and nutrient release rate of urea, and ultimately reduce nitrogen loss [19]. In agricultural soils, it is often used to ameliorate soil acidification, increase nitrogen utilization rate, and control soil-borne diseases [16,18,23].



Short-term soil flooding is the method used to kill aerobic pathogens in soil by creating a strong reducing environment (anaerobic soil). The effect of flooding or a combination of flooding treatment and organic materials on overcoming obstacles associated with continuous cropping caused by soil-borne diseases has been well verified in short-term crops or greenhouse-potted plants [24,25].



Fungi are the primary decomposers and carbon sequesters in soils and agroecosystems [26,27]. They are beneficial for plant growth, crop production and crop protection [28]. Fungi could decompose different polymers by producing extra-cellular enzymes [29]. In addition, fungi are also associated with the degradation of protein-like materials [30]. Compared to bacteria, fungi are well adjusted with soil pH and can normally survive in an environment with a range pH (5–9) without significantly hindering growth [31]. FUNGuild is an ecological guild independent of sequencing platform or analysis pipeline, which can be used as a tool for fungal OTUs classification and analysis [32]. Many known functions of fungi are mediated by specific guilds [33]. Pathotrophic fungi commonly attack host cells to obtain nutrients, and usually have negative effects on plant performance [34]. Some symbiotrophic fungi could benefit crops regarding quality, health and nutrition [35,36]. The saprotrophic fungi are generally recognized as critical decomposers of soil organic matter, which derive nutrients by decomposing dead host cells [37].



The changes in tea soil microbial communities have been investigated in previous studies. As a result, many researchers have found that the soil fungal community will be altered by long-term tea cropping, and this alteration could have negative impacts on tea growth and yield [38]. Although the application of calcium cyanamide and flooding is widespread and the vitality of fungi in terrestrial ecosystem processes is well acknowledged, there are seldom researches on the response of soil fungi in the tea-cuttings nursery to flooding and calcium cyanamide applications. The targets of this study were to (1) explore the alteration of physiochemical properties in the successive tea-cutting nursery soils after treatment with flooding or calcium cyanamide, (2) explore the reaction of fungal community structure, composition and function to the changes in physiochemical soil properties, and (3) evaluate flooding and calcium cyanamide as methods for improving successive tea nursery soils and the survival rate of tea seedlings.




2. Materials and Methods


2.1. Sample Collection


The sampling site was situated at Da Gangtou Town (28.30 N, 117.75 E) in Liandu District, Lishui City, Zhejiang Province. The chosen tea-cuttings nursery is used for cultivating tea seedlings. Before the experiment, the soil properties were pH 4.98, total phenols (TP) 7546.46 mg/kg, bound phenols (BP) 861.94 mg/kg, available potassium (AK) 39.38 mg/kg, available phosphorus (AP) 101.50 mg/kg, soil organic carbon (SOC) 15.17 g/kg and total nitrogen (TN) 2.04 g/kg. Tea seedlings used in the experiment were raised from cuttings in December 2018. The spikes used for cuttings were 3 ± 0.3 cm long, with one bud and one leaf. The cuttings density was about 4,200,000 per hectare. Three treatments were applied in October 2018 (each treatment was set in triplicate, with each replicate plot measuring 40 m2): (1) control (labeled “CK”); (2) flooding (labeled “F”), flooding for a month before cutting; the depth of flooding was 10–15 cm above soil surface; and (3) calcium cyanamide (labeled “CC”); calcium cyanamide was applied at a rate of 350 kg/ha to a depth of 10 cm; then, the soil was plowed, leveled and irrigated to field capacity. Afterwards, we covered the soil with transparent polyethylene sheets for 30 days for the treatments, and the edges of the plastic were covered with 20 cm height of soil to prevent gas exchange [18].



The soil samples were collected in September 2019. The soil samples in each plot (0–20 cm depth after removing any litter from the surface) were collected at five points along an “S” shape and thoroughly mixed. After sieving (10-mesh), we divided every soil sample into two parts, and quickly sent one part to the lab (surrounded by ice bags during transportation) and stored at −80 °C for Illumina sequencing. The other part was air-dried and sieved through 20-mesh and 60-mesh sieves for determining soil physiochemical properties.




2.2. Soil Physicochemical Properties


The pH was measured using a calibrated glass electrode (E-201-C type) in a 1:2.5 of soil: H2O suspension. Soil organic carbon (SOC) was determined using the dichromate sulfuric acid method [39]. Total nitrogen (TN) was measured by the Kjeldahl digestion procedure [7]. Ammonium nitrogen (NH4+-N) and nitrate nitrogen (NO3−-N) were measured according to NY/T 1849-2010 and GB/T 32737-2016, respectively. Briefly, NH4+-N was extracted by combined extraction which is composed of NaF (0.015 M), Na2SO4 (0.025 M), CH3COONa (0.2 M) and disodium EDTA (0.001 M) and measured by spectrophotometric method. NO3−-N was extracted by 1 M KCl and determined by spectrophotometric method with a correction factor. Available phosphorus (AP) was extracted by sodium bicarbonate and measured via molybdenum antimony colorimetry method [7]. Available potassium (AK) was extracted by 1 M ammonium acetate (according to LY/T 1235-1999) and measured by flame photometry. Exchangeable aluminum (Ex-Al) and acid-soluble aluminum (Col-Al) were extracted by KCl (1 M) and HCl (1 M), respectively, and measured by flame photometry [4]. Total phenols (TP) and bound phenols (BP) were determined by the modified Folin–Ciocalteu method [7,40].




2.3. Soil DNA Extraction, PCR Amplification and Illumina Sequencing


Soil DNA was extracted by a DNeasy Powersoil kit (QIAGEN, Germany). NanoDrop 2000 UV-vis spectrophotometer (Thermo Scientific, Wilmington, DE, USA) was used to determine the final DNA concentration and purification. In addition, DNA quality was checked by 1% agarose gel electrophoresis. Each of the 15 DNA samples (3 treatments × 5) was amplified by a pair of barcode specific primers (ITS1F:5′-CTTGGTCATTTAGAGGAAGTAA-3′, ITS2R:5′-GCTGCGTTCTTCATCGATGC-3′) [41] by thermocycler PCR system (GeneAmp 9700, ABI, Waltham, MA, USA). The PCR reactions were performed using the following procedure: 3 min of denaturation at 95 °C, 27 cycles of 30 s at 95 °C, 30 s for annealing at 55 °C, and 45 s for elongation at 72 °C, and the last extension at 72 °C for 10 min. The total 20 μL PCR reaction system contains 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, and 10 ng of template DNA. Then, 2% agarose gel was adopted to extract PCR products, following the AxyPrep DNA Gel Extraction Kit (Axygen Biosciences, Union City, CA, USA) and QuantiFluor™-ST (Promega, Madison, WI, USA) were used to purify and quantify the PCR products according to the manufacturer’s recommendations, respectively. The purified PCR products were sequenced on the Illumina MiSeq platform (Illumina, San Diego, CA, USA) according to the standard protocols by Majorbio Bio-Pharm Technology Co. Ltd (Shanghai, China).




2.4. Data Analysis


Statistically significant differences in soil properties among the treatments were determined using one-way ANOVA, along with the Duncan test for multiple comparisons in SPSS (version 25.0). Raw fastq files were quality-filtered by Trimmomatic and merged by FLASH software (version 1.2.11). Operational taxonomic units (OTUs) were clustered with 97% similarity cutoff using UPARSE (version 7.0.1090) with a novel “greedy” algorithm that performs chimera filtering and OTU clustering simultaneously. Species annotation was performed to compare the OTU sequences with those in the fungal ITS database (http://unite.ut.ee/index.php, accessed on 29 July 2021) in UNITE (version 8.0).



Alpha diversity was adopted to evaluate the richness and diversity of fungi according to five indices: the Shannon, Chao1, ACE, Simpson, Coverage. Mothur software (version 1.30.2) was used to calculate these indices. Box plots of alpha diversity were drawn by Origin software (version 2018). Among soil samples, dissimilarities in fungi community composition were calculated based on Bray–Curtis distance matrices. Afterwards, principal coordinate analysis (PCoA) and a hierarchical tree were used for ordination. RDA analysis was based on vegan package in R. The correlation heatmap plot was analyzed in pheatmap package in R.



Additionally, fungal networks were separately constructed for each treatment based on the MENAP website (http://ieg4.rccc.ou.edu/mena/main.cgi, accessed on 29 July 2021) according to the developer’s instructions [42,43]. Firstly, the standardized OTU tables in the three treatments were prepared. Secondly, we submitted the OTU tables to the MENA website and the correlations between the OTUs were obtained. Thirdly, an appropriate threshold was chosen for defining network structure according to the RMT-based network approach [43]. Finally, employing Cytoscape software (version 3.7.1) and Origin software (version 2018), all the networks and Z-P plots were drawn, respectively.



FUNGuild (version 1.0) was adopted to analyze the fungal guilds. The original OTU table sorted by sequencing abundance was outputted, including the trophic mode, guild and confidence data. To avoid over-interpretation of the results, only the probable and highly probable results were selected for analysis. Function predictions were achieved as stated by the descriptions detailed elsewhere.





3. Results


3.1. General Characteristics of Soil Properties


The results showed that the pH value, AK and NO3−-N contents were significantly higher in the CC than in the CK treatment (Table 1). The contents of TP, BP, SOC, and Ex-Al were significantly lower in the CC compared with the CK treatment. Similarly, the AP content also showed a decreasing trend. The NH4+-N and Col-Al contents in the CC treatment were not significantly different from the CK treatment.



At the end of the cutting period, we found that both F and CC treatments increased the survival rate of tea seedlings, especially the CC treatment that generated values close to those in the non-successive tea nursery (Table 2).




3.2. Assessment of Sequencing Data


A dataset of 1,076,411 quality sequences was generated from all soil samples. As Figure 1A shows, the rarefaction curves of all the samples flattened, and it indicated that the sequencing depth in this study was sufficient to reflect the fungal communities’ composition in various treatments and the results were reliable. Furthermore, the coverage index values in all samples exceeded 99.5% (see Table S1), also proving the above results. A total of 2787 operational taxonomic units (OTUs) were clustered based on 97% similarity. According to the OTU-Venn graph, there were 1880, 1810 and 1713 OTUs in total in soil samples from CK, F and CC, respectively (Figure 1B). What is more, there were 987 common OTUs in soil samples. The numbers of unique OTUs in CK, F and CC were 438, 347 and 373, respectively.




3.3. Alpha Diversity Analysis


Comparing the alpha diversity of the fungal communities among the three tea nursery soil samples (Figure 2), the ACE and Chao 1 index values (estimating the richness) were significantly lower in the CC than the other treatments, however, no significant difference was observed between the CK and F treatments. Additionally, Shannon and Simpson index values (estimating the diversity) were similar among the three treatments.




3.4. Fungal Community Structure and Composition


Principal coordinate analysis (PCoA) based on the Bray–Curtis measure revealed different patterns in the fungal communities of the three types of tea soil samples (CK, F, CC), with the first two axes explaining 35.3% and 31.96% of the total variation (Figure 3A). The linkage hierarchical clustering analysis (Bray–Curtis dissimilarity) further confirmed that the fungal patterns in F and CC were separated from CK (Figure 3B), indicating that the two treatments considerably shifted soil fungal community composition.



High-throughput sequencing identified 15 phyla, 50 classes, 116 orders, 261 families, and 524 genera in 15 tea nursery soil samples. A similar composition of soil fungal community among the three treatments was observed, but the relative abundances were obviously different. At the phylum level (Figure 4A,C), the fungal community was dominated by Ascomycota. The relative abundances of Ascomycota in the CK, F and CC samples were 74.27%, 56.72% and 83.28%, respectively. The next most abundant phylum in the CK and the F treatments was Basidiomycota (9.45% and 18.83%), while in the CC it was Rozellomycota (5.62%). The relative abundance of Basidiomycota was significantly higher in the F than in the CK treatment. With respect to the relative abundance of phylum Mortierellomycota, CC showed the lowest value (2.89%), while CK and F showed a similar value (nearly 5.5%). The relative abundance of Chytridiomycota was reduced to almost zero after the treatment with flooding or calcium cyanamide, while it was about 2.49% in the CK. At the genus level (Figure 4B,D), Trichoderma, Mortierella, unclassified_c_Sordariomycetes and Derxomyces were the dominant genera in CK, accounting for 7.32%, 5.38%, 5.37%, 5.09%, respectively. In the F treatment, unclassified_o_GS11 and Derxomyces were the significant dominant genera, accounting for 14.36% and 12.77%, respectively. The dominant genera in the CC treatment were Talaromyces, Emericellopsis and unclassified_c_Sordariomycetes, accounting for 8.41%, 7.72% and 5.44%, respectively.




3.5. Correlation among Soil Physicochemical Properties and Abundance of Fungal Taxa


Redundancy analysis (RDA) results of the soil fungal communities are shown in Figure 5A. Of the total variance, 86.06% and 4.87% were explained by the first two RDA axes. Ascomycota was positively associated with AK and pH, and negatively associated with Col-Al, TN, BP, SOC, Ex-Al, and TP. Conversely, Basidiomycota was positively associated with Col-Al, TN, BP, SOC, Ex-Al, and TP, and significantly negatively associated with AK and pH. Rozellomycota was negatively associated with AP.



The Spearman’s correlation between physicochemical characteristics of soil samples and fungal phyla abundance was evaluated and visualized in a heatmap (Figure 5B). The Ascomycota abundance showed a significantly negative correlation with BP, NH4+-N, SOC, and TN, whereas the abundance of Basidiomycota, Rozellomycota and Mortierellomycota was positively associated with these four physicochemical properties. In addition, the Mortierellomycota abundance had a significantly positive relationship with Col-Al, TP and Ex-Al, and a negative relationship with pH and NO3−-N. In summary, BP, NH4+-N, SOC, and TN were the physiochemical properties with the most significant influences on the abundance of fungal phyla.




3.6. Molecular Ecological Network Analysis


To obtain a more particular knowledge of the interactions in the tea nursery soil fungal communities, three types of molecular ecological networks (pMENs) were constructed as shown in Figure 6. Moreover, Table 3 shows the ecological network indices. In total, 100 random networks were further performed to each empirical network and in terms of the average clustering coefficient, average path distance and modularity, significant differences between the three empirical networks and their corresponding random networks were observed (Table 3). Average connectivity (avgK, from 10.10 to 12.43), as a measure of the complexity of a network, indicated that the CC treatment generated a less complex network than the CK and F treatments. Conversely, the average path distance (GD) was highest in the CC treatment, revealing the most distant relationships in that treatment.



The topological roles of the OTUs were visualized in the Z-P plot (Figure 7), and the keystone OTUs were plotted according to two parameters: within-module connectivity (Zi) and connectivity among modules (Pi). As shown in Figure 7, about 2.14% of the OTUs were module hubs, and about 0.32% OTUs were connectors. Nevertheless, there were no network hubs in the three networks. In the CK, F and CC treatments, the numbers of OTUs for the module hubs were 7, 12 and 7, respectively; and the numbers of OTUs for the connectors were 2, 1 and 1, respectively. Apart from four unclassified OTUs, almost all module hubs belonged to Ascomycota only, with one belonging to Basidiomycota and one to Rozellomycota. Among the four connectors, two belonged to Basidiomycota, one to Ascomycota, and another one was unclassified. These results suggested that flooding and calcium cyanamide treatments influenced the topological roles and the putative keystone taxa, thus influencing the fungal community structure and integrity and the co-occurrence patterns.




3.7. Functional Prediction of Soil Fungal Communities


FUNGuild gave more detailed information on the trophic modes of fungal populations (Figure 8). The results (probable and highly probable) included 704 OTUs and showed that seven trophic mode groups could be classified. For all the three treatments, saprotrophy was the primary trophic mode, accounting for 78.87%, 83.74% and 82.32% in CK, F and CC, respectively. According to the Guild analysis, undefined saprotroph was the most abundant guild in the saprotroph mode, being higher in the F and CC treatments (61.14% and 62.64%) than the CK (57.59%). Conversely, the Dung Saprotroph–Plant Saprotroph guild was in the following order: CK (11.33%) > CC (7.83%) > F (5.86%). In addition, the symbiotrophic mode consisted primarily of the endophyte, arbuscular mycorrhizal, lichenized, and ectomycorrhizal groups. Endophyte decreased in the F and CC treatments (0.77% and 1.04%) compared with the CK (1.47%). The pathotrophic mode was detected in the three soil treatments. The ratios of plant pathogens were in the following order: F (8.07%) > CK (7.69%) > CC (6.23%). However, the ratios of animal pathogens were in the reverse order: F (0.50%) < CK (0.87%) < CC (1.44%). We could infer that the F treatment decreased animal pathogens, but increased plant pathogens, whereas CC increased animal pathogens and decreased plant pathogens.





4. Discussion


In our study, we observed low pH, high polyphenols and high exchangeable aluminum and acid-soluble aluminum in the CK treatment. The treatment with calcium cyanamide significantly increased soil pH value and decreased the contents of exchangeable aluminum and total and bound phenols. This is because the Ca (OH)2 produced by the hydrolysis of calcium cyanamide neutralized soil acidity. With an increase in pH, soluble aluminum in the soil wound complex with anions (F−, PO3−, SO42−, etc), which could explain the lower content of AP and Ex-Al in the F and CC treatments. The allelochemical activity of polyphenols and aluminum toxicity was closely associated with replanting disease in agricultural systems [4,44]. The present results indicated that calcium cyanamide could solve the growth obstacles in tea-cuttings nurseries by moderating soil pH and decreasing the concentrations of polyphenols and toxic aluminum. In addition, flooding and calcium cyanamide increased the survival rate of tea seedlings, which could be related to the improvement of the soil physiochemical properties.



Changes in soil physical and chemical properties cause a relatively quick response of soil microorganisms (fungi). Clustering and PCoA analysis revealed the changes in the fungal community composition. The results showed that the restructuring of fungal communities caused by the CC treatment occurred mainly at the lower taxonomic levels, because the dominant genera in different treatments were obviously different. Conversely, the composition of the dominant fungal phyla was similar across the treatments, whereas the composition ratio exhibited large variations. Ascomycota was the predominant phylum in tea nursery soil in the three treatments, with the strongest domination of Ascomycota in the CC treatment. It could be due to the capability of Ascomycota to tolerate stress conditions (such as low nutrient availability) [45]. The higher relative abundance of Ascomycota in the CC treatment could be related to the lower soil nutrient status. There were consistent results showing that N amendments or N fertilizers lead to a high relative abundance of Ascomycota and low relative abundance of Basidiomycota [46,47]; this could be another reason for fungi shifts in the calcium cyanamide treatment. The flooding treatment showed a lower relative abundance of aerobic fungi such as Ascomycota and Chytridiomycota, but a higher relative abundance of Basidiomycota and Rozellomycota compared with CK. These sensitive fungi could represent succession in fungal diversity, because flooding may change the composition of the fungal community rapidly by creating an anaerobic environment, thus causing significant shifts in the fungal community.



At the genus level, Trichoderma was found as the dominant genus mainly in the CK treatment. Trichoderma species are capable to protect plants from pathogen infections via several mechanisms, such as mycoparasitism, secondary metabolites, nutrient competition, enzymes, hyperparasitism, and induced systemic resistance (ISR) [48]. Mortierella species are thought to have the ability to degrade chitin and hemicellulose [49]; in addition, as phosphate-solubilizing fungus, Mortierella can also enhance the colonization by AMF (Arbuscular Mycorrhizal Fungi) and alleviate the effects of salt on plant growth and soil enzyme activities [50]. Mortierella was dominant in the CK treatment, and the relative abundance of Mortierella in the F treatment was close to that of CK (about 5.5%), whereas it was lower in the CC treatment (2.8%). Some species of Emericellopsis were reported as alkalophilic fungi [28], and we found them at a relatively high abundance (7.72%) in the CC treatment. Talaromyces was one of the dominant genera in the CC treatment, accounting for 8.41% of the total; they were reported to solubilize phosphorus [51]. It could be beneficial fungi in the soils that have low phosphorus availability [28], thus increasing plant efficiency of phosphorus uptake.



Alpha diversity analysis showed that the calcium cyanamide treatment diminished the richness of fungal communities. This is simply because fungi is more sensitive to toxic calcium cyanamide [18]. Additionally, there was a report showing that the abundance of soil bacteria increased after calcium cyanamide application, whereas the abundance of fungi decreased [15]. It is likely that calcium cyanamide may restore the microbial community balance due to its different toxic extent for microbes [52].



In the network analysis, the structural community switched to a poorly connected (based on the GD, avgCC, and avgK parameters) and highly modularized (based on the modularity parameter) network in CC treatment. As the distribution of OTUs based on the topological roles shows, the OTUs of the CK, F and CC treatments were divided into peripheral nodes, module hubs and connectors. The module hubs and connectors could function as the keystone taxa, and if the OTUs from the keystone decreased sharply, the network would severely deteriorate or collapse [53,54]. However, the absence of peripheral nodes will not affect the functions of the ecological network [55,56]. The classification and related functions of the keystone taxa are summarized in Table 4, which revealed that more taxa related to root pathogens were found in the CK, whereas more taxa related to anti-pathogenicity were found in the CC treatment. These findings suggest that, at least partially, the calcium cyanamide treatment hindered the signal, energy or matter transfer efficiency among fungal species [57]. In addition, it engendered a shift in the keystone OTUs, making the pathogens occupy a less important niche in the fungal community structure, whereas the taxa related to anti-pathogenicity occupied a more important niche, thus improving the soil quality.



FUNGuild was used to further explore the trophic modes in tea nursery soil. In our study, the CC treatment resulted in a higher proportion of saprotrophs compared with the CK. Sun et al. [58] concluded that the addition of nitrogen enhanced the growth of saprotrophic fungi and stimulated the decomposition of organic matters, which was consistent with the results of our study. Additionally, the CC treatment had a lower proportion of pathotrophs compared with the CK, indicating that calcium cyanamide might decrease the risk of soil-borne fungal diseases.



Given the short-term duration of our study, the long-term effects of calcium cyanamide on continuous tea nurseries need to be clarified in further research. Due to the limitation of the sequencing data in this study, the differences in fungal community composition also might be attributed to the niche differentiation of fungi and bacteria. Calcium cyanamide application may increase soil bacterial abundance and decrease pathogenic fungi abundance according to Shi et al. [59]. Hence, in further work, we will focus on the effects of calcium cyanamide on bacterial and fungal communities and pay particular attention to the long-term effects.




5. Conclusions


The application of calcium cyanamide and flooding had some effect on alleviating the soil obstacles and increasing the survival rate of tea seedlings in tea-cuttings nurseries. Moreover, calcium cyanamide should be recommended for improving successive tea nurseries, as it can improve the survival rate of tea seedlings mainly by increasing soil pH value, decreasing aluminum toxicity, reducing the accumulation of polyphenols, diminishing pathogenic fungi, and making the taxa related to anti-pathogenicity occupy a more important niche. All these changes may promote the growth of tea seedlings; however, because of the short-term duration of our study, long-term experiments are needed to explore further the effects of calcium cyanamide in the tea nursery soils.
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Figure 1. (A) Rarefaction curves of tea nursery soil samples and (B) Venn diagram of the control (CK), flooding (F) and calcium cyanamide (CC) treatments in tea nursery. 
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Figure 2. Box plot of alpha diversity indices of the fungal communities in tea nursery soil. Different letters indicate significant differences between the three treatments (control (CK), flooding (F) and calcium cyanamide (CC) at p < 0.05). 
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Figure 3. (A) Principal coordinate analysis (PCoA) and (B) hierarchical cluster tree of fungal community in tea nursery soil samples. 
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Figure 4. The relative abundance of top fungal phyla (A) and genera (B), and comparison of top 10 fungal phyla (C) and genera (D) using One-Way ANOVA analysis in different treatments in tea nursery. The significant differences are denoted by asterisks (* p < 0.05; ** p < 0.01; *** p < 0.001). 
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Figure 5. (A) Redundancy analysis (RDA) of the abundant fungal phyla and soil physicochemical characteristics. (B) The heatmap based on Spearman’s correlation analysis between fungal phyla and physicochemical variables. The significant correlations are denoted by asterisks (* p < 0.05; ** p < 0.01; *** p < 0.001). 
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Figure 6. Ecological network graph of CK (A), F (B), and CC (C) treatments. Nodes’ colors represent the different phyla. The red edges represent a positive relationship between two nodes, and blue ones show a negative interaction. The size of nodes indicates the size of node degree. 
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Figure 7. Z-P plot based on OTUs’ topological roles. Each symbol represents an OTU in the CK (blue), F (red), and CC (green) treatments. The module hubs and connectors are labeled with OTU numbers. 
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Figure 8. The relative abundance of trophic modes (A) and the main guilds (B–D) in the soil fungal communities in the three treatments as assigned by FUNGuild. 
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Table 1. Physical and chemical properties of the soil from the control, flooding and calcium cyanamide treatments in tea nursery.
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	Treatment
	pH
	TP (mg/g)
	BP (mg/g)
	AP (mg/kg)
	AK (mg/kg)
	Ex-Al (mg/kg)
	Col-Al (g/kg)
	SOC (g/kg)
	TN (g/kg)
	NO3−-N (mg/kg)
	NH4+-N (mg/kg)





	CK
	3.96 ± 0.04 a
	10.06 ± 0.45 c
	1.10 ± 0.04 b
	212.27 ± 4.21 b
	218.28 ± 16.25 a
	180.99 ± 1.30 c
	3.11 ± 0.02 a
	21.76 ± 0.05 b
	2.43 ± 0.006 b
	62.77 ± 0.064 a
	38.37 ± 0.32 a



	F
	4.07 ± 0.01 a
	8.80 ± 0.15 b
	1.16 ± 0.01 b
	157.64 ± 6.88 a
	292.22 ± 3.88 ab
	152.17 ± 2.31 b
	3.04 ± 0.66 a
	22.08 ± 0.07 b
	2.47 ± 0.006 c
	69.06 ± 0.055 b
	42.1 ± 0.1 b



	CC
	4.93 ± 0.08 b
	5.50 ± 0.002 a
	0.981 ± 0.05 a
	154 ± 2.38 a
	303.29 ± 42.23 b
	20.66 ± 3.88 a
	2.59 ± 0.10 a
	20.30 ± 0.27 a
	2.38 ± 0.006 a
	76.94 ± 0.055 c
	38 ± 0.1 a







Different letters in the same column indicate significant differences among the three treatments at p < 0.05.
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Table 2. The survival rate in different tea nurseries.
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	Survival Rate (%)





	CK
	69.64



	F
	82.64



	CC
	83.65



	Non-successive tea nursery
	86.97
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Table 3. Major topological properties of the empirical molecular ecological networks (MENs) of the microbial communities and their associated random MENs.
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Empirical Networks

	
Random Networks




	
Treatment

	
Similarity Threshold (St)

	
Network Size (n)

	
Average Connectivity (avgK)

	
Average Clustering Coefficient (avgCC)

	
Average Path Distance (GD)

	
Modularity (No. of Modules)

	
Average Clustering Coefficient (avgCC)

	
Average Path Distance (GD)

	
Modularity (M)






	
CK

	
0.91

	
437

	
12.43

	
0.824

	
4.594

	
0.751(12)

	
0.037 ± 0.003

	
2.694 ± 0.005

	
0.242 ± 0.004




	
F

	
0.92

	
437

	
12.252

	
0.785

	
4.742

	
0.722(18)

	
0.034 ± 0.002

	
2.725 ± 0.009

	
0.243 ± 0.004




	
CC

	
0.91

	
387

	
10.098

	
0.827

	
5.607

	
0.772(12)

	
0.035 ± 0.003

	
2.828 ± 0.006

	
0.273 ± 0.005
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Table 4. The classification and related functions of keystone taxa in the fungal network.
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Treatment

	
Keystones OTU Name

	
Classification

	
Related Functions

	
References






	
CK

	
OTU757

	
s_Aspergillus_chlamydosporus

	
halophilic and halotolerant fungi

	
[60]




	
OTU953

	
s_Coniochaeta_fasciculata

	
Canker and wood rot pathogens

	
[61]




	
OTU221

	
s_Leucosporidium_golubevii

	
psychrotolerant

	
[62]




	
OTU1295

	
s_Neocosmospora_rubicola

	
Causing stem rot

	
[63]




	
OTU1363

	
s_Setophoma_sp

	
Some depsides showed moderate antibacterial activity against Gram-positive bacteria

	
[64]




	
OTU973

	
s_unclassified_g_Colletotrichum

	
anthracnose pathogen

	
[65]




	
OTU2761

	
s_unclassified_o_Pleosporales

	
Function unknown

	




	
OTU21

	
s_unclassified_k_Fungi

	
Function unknown

	




	
OTU1123

	
s_unclassified_f_Cyphellaceae

	
Function unknown

	




	
F

	
OTU1706

	
s_Westerdykella_purpurea

	
Antagonist to agricultural pathogenic fungi

	
[66]




	
OTU1843

	
s_Arachnomyces_sp

	
Function unknown

	




	
OTU1791

	
s_Biatriospora_sp

	
antifungal activity

	
[67]




	
OTU1204

	
s_Rozellomycota_sp

	
Function unknown

	




	
OTU1279

	
s_unclassified_g_Calonectria

	
blight and crown and root rot pathogens

	
[68]




	
OTU1813

	
s_unclassified_k_Fungi

	
promising sources of hemicellulases

	
[69]




	
OTU26

	
s_unclassified_o_Onygenales

	
Function unknown

	




	
OTU2420

	
s_unclassified_g_Talaromyces

	
Function unknown

	




	
OTU1594

	
s_unclassified_k_Fungi

	
Function unknown

	




	
OTU1893

	
s_unclassified_g_Acaulium

	
Function unknown

	




	
OTU451

	
s_unclassified_p_Ascomycota

	
Function unknown

	




	
OTU66

	
s_unclassified_k_Fungi

	
Function unknown

	




	
OTU614

	
s_unclassified_o_Hymenochaetales

	
Function unknown

	




	
CC

	
OTU837

	
s_Neocosmospora_ramosa

	
ability of biodeterioration

	
[70]




	
OTU503
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