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Abstract: Greenhouse vegetable cultivation (GVC) is an example of intensive agriculture aiming to increase crop yields by extending cultivation seasons and intensifying agricultural input. Compared with cropland, studies on the effects of farming management regimes on soil microorganisms of the GVC system are rare, and our knowledge is limited. In the present study, we assessed the impacts of different long-term fertilization regimes on soil fungal community structure changes in a greenhouse that has been applied in tomato (Solanum lycopersicum L.) cultivation for 11 consecutive years. Results showed that, when taking the non-fertilizer treatment of CK as a benchmark, both treatments of Conventional chemical N (CN) and Organic amendment only (MNS) significantly decreased the fungal richness by 16%–17%, while the Conventional chemical N and straw management (CNS) restored soil biodiversity at the same level. Saprotroph and pathotroph were the major trophic modes, and the abundance of the pathotroph fungi in treatment of CNS was significantly lower than those in CK and CN soils. The CNS treatment has significantly altered the fungal composition of the consecutive cropping soils by reducing the pathogens, e.g., Trichothecium and Lecanicillium, and enriching the plant-beneficial, e.g., Schizothecium. The CNS treatment is of crucial importance for sustainable development of the GVC system.
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1  Introduction

Soil fungi are indispensable to soil quality. They are involved in various processes, e.g., nutrient cycling, organic matter (OM) decomposition, and toxin removal [1–3]. The group functions diversely. Some play important roles as plant symbionts, such as arbuscular mycorrhizal fungi (AMF) [4,5]; some are biocontrol agents (e.g., Trichoderma spp.) [6]; and some are pathogens (e.g., Botrytis cinerea, Fusarium spp., etc.) [4,7].

Greenhouse vegetable cultivation (GVC) is a kind of intensifying agriculture aiming at increasing food production using more agricultural resources. As the largest operator, China has been the bellwether for nearly 50 years [8]. However, after long-time intensive management and consecutive cropping, soil fertility of the GVC system and crop yield decrease, while, soil-borne diseases aggravate [9,10]. Fungi were considered as the causative agent for plant disease [11]. Results have shown that, after consecutive cropping, fungal community structure shifted with beneficial fungi decreasing and the pathogenic increasing, which contributed to the continuous cropping obstacles [12–15].

Straw return is an effective practice to change soil microbial community structure in ago-ecosystems. Owing to its high content of organic C (about 50% or higher), straw incorporation increases the abundance of the C-related microflora by regulating soil organic C storage and compensating the loss of native soil C [16–18]. Also, fertilization can ameliorate soil microbial properties [19,20]. Compared to chemical fertilizers, organic fertilizers bring more benefits to soil microbial communities for it is more sustainable in nutrient releasing and the OM it contains offers various carbon resources and abundant substrates to microbial habitats [21,22].

Thanks to the high-throughput pyrosequencing, interpreting microbiome data and tracking the community changes in complex habitats turn to be feasible in light of differences in relative abundance [23]. Because of the ecological complexity of microbial communities, taxon with relative abundance above a certain threshold (e.g., 1%) was considered as the dominant that would be further selected as the research focus [24]. Reports concerning on the impacts of fertilization and straw return on soil microbial diversity and dominant microflora are numerous [25–29]. However, most of them are relevant to cropland, little is known about the GVC system with high temperature and high humidity environment that may affect OM decomposition [30,31]. Besides, compared with the studies on soil bacteria, relevant evaluations of the equally important soil fungi are scarce [32].

To make up the shortfall, soils of a greenhouse that have been used in tomato (S. lycopersicum L.) cultivation for 11 consecutive years (2004–2015) were subjected to pyrosequencing analysis. The aim of this study was (1) to have an accurate diagnosis about the fungal community composition after continuous cropping, and (2) to understand the effects of different fertilization practices on community structure in the GVC system.

2  Materials and Methods

2.1 Experimental Site

The fertilization experiments were based in Shouguang City (36°55′N, 118°45′E), Shandong Province, China, where the climate is semi-humid. Texture of the soil in the 0–30 cm has been characterized as 46% sand, 52% silt, and 2% clay, and the soil type is Fluvo-aquic Ochri-Aquic Cambisols. The original soil had a pH value of 7.8, contents of OM and total N (TN) were 18.3 and 1.37 g kg-1, available N (AN), available P (AP) and available K (AK) were 112, 437 and 299 mg kg-1, respectively.

2.2 Tomato Cultivation and Management

The experiment was conducted in a plastic greenhouse established in 2002. Tomato cultivation and management were the same to that described in Liang et al. [33]. In brief, plants were cultivated twice a year, i.e., the winter-spring (WS) season and the autumn-winter (AW) season (corresponding growth periods were mid-February to mid-June, and early-August to the next January). Furrow irrigation (9–11 times each season with 60 mm of water each time), calcium superphosphate (12% P2O5, 300 kg P2O5 ha-1 season-1) and potassium sulfate (50% K2O, 400 kg K2O ha-1 season-1) as the P and K fertilizers were employed.

2.3 Description of the Long-Term Experiments

The different long-term fertilization experiments started from 2004. Twelve plots (1.6 × 1.2 m2 each) were established and divided into four different treatments. Each treatment were scattered randomly in three repetitive plots. The abbreviations and applications for each treatment were: the non-fertilizer treatment (CK) = no urea or straw applied; Conventional chemical N treatment (CN) = chicken manure + urea; Organic amendment only treatment (MNS) = chicken manure + pre-cut wheat straw; and Conventional chemical N and straw management (CNS) = chicken manure + urea + pre-cut wheat straw. All treatments (except CK) were first broadcast with air-dried chicken manure (10 t ha-1 season-1) as the base fertilizer, and incorporated into the top soil by ploughing. Urea (with the dosage of 120 kg N ha-1 time-1 and at least 6 times per season) was side-dressed in treatments of CN and CNS, and pre-cut wheat straw (3–5 cm in length) was applied at a concentration of 8 t ha-1 season-1 in MNS and CNS. For more detailed information about the long-term experiments, please consult in Zhang et al. [34].

2.4 Soil Sampling

After the harvest of tomato in the WS season of 2015, soils within the depth of 0–20 cm were collected with a 2 cm diameter soil auger using five-point sampling method, and pooled together to obtain a composite sample per plot. The representative samples were then passed through a 2 mm sieve, homogenized, and utilized for genomic DNA extraction using soil DNA kits (Omega Bio-Tek, Inc., Norcross, GA, USA).

2.5 Pyrosequencing

The qualified DNA and the primer sets of 1737F (5’-GGAAGTAAAAGTCGTAACAAGG-3’) and 2043R (5’-GCTGCGTTCTTCATCGATGC-3’) were employed to amplify the internal transcribed spacers (ITS) rRNA gene fragments [35]. The 20-μL PCR reaction mixture comprised of 4 μL 5x FastPfu Buffer, 2 μL 2.5 mM dNTPs, 0.8 μL each primer, 0.4 μL FastPfu Polymerase and 10 ng Template DNA. The amplification was conducted using ABI GeneAmp® 9700 (ABI, Foster City, USA), and the procedure was: pre-degeneration at 95°C for 3 min, 33 cycles of 95°C for 30 s, 55°C for 30 s and 72°C for 45 s, followed by the final elongation at 72°C for 10 min. Sequencing was performed using the GS FLX titanium platform (Roche GS FLX, Roche Life Sciences, USA). Processes for sample differencing and raw data filtering were the same to that described in [34,36,37]. The trimmed sequences were phylogenetically assigned according to their best matches to the sequences in the ITS reference database, Unite (http://unite.ut.ee/index.php) [38]. The operational taxonomic units (OTUs) were classified using a 97% identity threshold, and the phylogenetic affiliation was assigned using the Ribosomal Database Project (RDP) classifier at a confidence level of 70%.

2.6 Statistical Analysis

All data were examined for homogeneity of variance and were normally distributed. The α-diversity indices of the number of observed OTUs (Sobs), Shannon and Simpson were compared after resampling the read number of each sample to the same (30379 reads) in Mothur (version v.1.30.1 http://www.mothur.org/wiki/Schloss_SOP#Alpha_diversity). ANOVA was applied to compare the α-diversity indices and the relative abundances (RAs) of each taxon among treatments based on the Tukey’s honestly significant difference (HSD) test using SPSS v20.0 (IBM Inc., Armonk, NY, USA). The β- diversity indices were evaluated by the PERMANOVA test on Bray-Curtis distance measures with the “vegan” package in R (version v. 2.4–4), and the Kruskal-Wallis test function was employed in the Linear Discriminant Analysis Effect Size (LEfSe) to identify biomarkers that differed significantly (p < 0.05) with Linear Discriminant Analysis (LDA) score >3 [39]. Stack columns of the community composition were drawn by Origin 9.0, and heatmap of the genus was generated by Matlab (version R2014a). Main genera (with average RA>1% in either treatment) were selected to analyze the effects of urea (MNS vs. CNS) and straw (CN vs. CNS) with paired t-test. Principal coordinate analysis (PCoA) of the fungal communities based on the composing OTUs was conducted using Canoco 5.0 (Microcomputer Power, Ithaca, USA). FUNGuild: Taxonomic Function (http://www.stbates.org/guilds/app.php) was applied to explore the fungal functional group composition [40].

3  Results

3.1 Diversity of Soil Fungal Communities

A total of 465,063 sequences were obtained after quality control. The sample sequence numbers ranged from 30,379 to 43,959 with an average length of 306 bp. A 3% dissimilarity threshold was used to classify the sequences into 1027 OTUs before taxonomy assignment. In each sample, 268–446 OTUs were obtained. There were 436 OTUs defined as “unclassified” owing to the inadequate development of the ITS reference database of Unite, which accounted for 28%, 9%, 6% and 21% of the total sequences detected in the CK, CN, MNS and CNS treatments.

Values of Sobs differed significantly among treatments, but there was no difference in either values of Shannon or Simpson. Taking CK treatment as a benchmark, CNS maintained a good biodiversity of fungi (the Sobs value was 419 vs. 415 in CK), but CN and MNS treatments significantly decreased the community richness by 16% and 17%, respectively (Tab. 1).

Table 1: The α- diversitya of fungal community
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PCoA score plot based on the composing OTUs showed that the fungal community profiles of the three replicates for each treatment were with high reproducibility. Effects of fertilizers were the main factors (26% of contribution rate), separating CK on the positive side and other treatments on the negative side of the X-axis (Fig. 1). PERMANOVA test showed that the fungal community structures between CK and CNS soils were significantly different (R2 = 0.5001, p = 0.014, Appendix A).
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Figure 1: PCoA score plot based on weighted UniFrac metrics to show overall structural changes of soil fungi. The three replicated plots of each treatment were represented by the number 1, 2 and 3, respectively
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Figure 2: Fungal community structure at the levels of phylum (a) and genus (b, c). Taxons with average RA > 1% are listed. For more clarity, genera with average RA > 2% are shown in (b), and the rest (with average RA in the range of 1%–2%) are shown in (c)

3.2 Composition of Fungal Community

The retrieved and assigned sequences were classified into three main (with average RA > 1%) fungal phyla: Ascomycota (45%–51%), Zygomycota (17%–47%) and Basidiomycota (1.9%–3.8%, Fig. 2a). Corroborating previous studies conducted in agricultural ecosystems [41], Ascomycota was the dominant with Sordariomycetes (23%–33%) as the primary class, and Mortierella (15%–45%), Acremonium (1.6%–3.9%), Emericellopsis (0.3%–6.9%), Schizothecium (0.04%–4.5%) and Fusarium (0.8%–3.0%) as the predominant genera with average RA > 2% (Fig. 2b). Other main genera with average RA values ranging from 1% to 2% were listed in Fig. 2c. Schizothecium was detected with higher proportion in CNS soils (4%), while Acremonium, Emericellopsis and Fusarium were more abundant in CK soils. For example, the proportions of Acremonium and Emericellopsis in CK soils were 4% and 7%, respectively; while the corresponding ratio of the former was merely 2% and the latter was even undetectable in CNS soils.

3.3 Significantly Enriched Communities in Each Treatment

Following CK treatment, members of Hypocreales (i.e., Nectriaceae, Emericellopsis, and Lecanicillium) and Sordariales_Incertae_Sedis (e.g., Madurella) were enriched, while in CNS soils, members of Sordariales (i.e., Schizothecium and Cephalotheca), Chaetothyriales, and Pezizaceae were more abundant. In CN soils, Savoryella and the subordinate of Teratosphaeriaceae (i.e., Devriesia) were enriched. And in MNS soils, both the clades of Zygomycota (phylum to genus; Zygomycota_Incertae_Sedis, Mortierellales, Mortierellaceae, Mortierella) and Chaetomiaceae (family to genus; Chaetomium) were predominant (Figs. 3a and 3b).
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Figure 3: Identification of the enrichment in each treatment. Cladogram showing the phylogenetic distribution of the predominant fungi (a) and LDA scores of the enriched (b). Circles denote clades from domain (the innermost) to genus (the outermost), and circle’s diameter is positively correlated with abundance

3.4 Composition of Functional Groups (Guilds)

FUNGuild detected all the three trophic modes and nine guilds, of which saprotrophs and pathotrophs dominated after removing the unassigned OTUs. The proportions of the OTUs that could be predicted with a trophic mode ranged from 54% to 74% in all treatments; and when it concerned to mode with the confidence ranking of “probable” or “highly probable”, the sequence ratios decreased to 11%–21% (Appendix B). Although both OTU and sequence richness of guilds varied among treatments, the undefined saprotroph and dung saprotroph dominated. As to OTU richness, undefined saprotroph was the largest guild in all treatments. However, with regard to sequence richness, saprotrophs of the undefined only dominated with great advantages in soils of CK, CN and MNS. In the treatment of CNS, dung saprotroph (49%) outweighed the undefined (45%), and its sequence ratio was 1.4–4.2 times of that in other treatments (Fig. 4a). Schizothecium was the typical dung-dweller. Its abundance differed significantly between CNS (4.5%) and the treatments without straw applied, i.e., CK (0.65%) and CN (0.04%, Fig. 4b).
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Figure 4: Guild assignments for the datasets using FUNGuild. (a) Proportions of the sequence richness and OTU richness assigned to guilds in each treatment; (b) Heatmap of the main genera affiliated to animal pathogen, plant pathogen and dung saprotroph. Unpredicted OTUs and the assigned OTUs with the confidence ranking of “possible” have been excluded in (a). Because Schizothecium and Zopfiella constitute a vast majority of dung saprotroph, the two genera were selected and separated with other low-abundance pathogens

Beside the two guilds of saprotrophs, plant pathogen and animal pathogen followed in the rank of guild sequence richness. Although there was no significant difference in the ratios of plant pathogen among treatments, the typical representative of Trichothecium differed between CK (0.28%) and other treatments (0.01%–0.06%). Meanwhile, both the animal pathogen of Lecanicillium and the whole guild had significantly higher abundances in CK (0.19% and 0.62%) than in MNS and CNS-treated soils (both ratios of the genus were 0.02%, and both percentages of the animal guild in the two treatments were 0.14%, Figs. 4a and 4b).

4  Discussion

In this study, changes of soil fungal community structure over a 11-year different fertilization managements in a commercial greenhouse monoculture system was assessed. Coupled with our previous study on soil bacteria [34], a comprehensive evaluation of the long-term fertilization on soil microflora was presented.

In the last study, treatment of CNS was proved to have the greatest positive effect on soil fertility, maintaining a high biodiversity as the non-fertilizer treatment of CK and a rational structure of the bacterial community [34]. Coincidentally, the fungal diversity following the CNS treatment was also as high as CK, while, both richness in treatments of CN and MNS significantly decreased (Tab. 1). Result that the no-fertilizer control plots maintained relatively higher fungal diversity and richness was consistent with previous reports [42,43]. Indeed, soil fungal biomass and abundance was found to be negatively correlated with soil fertility [43,44]. In the nutrient-poor environment (i.e., the non-fertilizer treatment of control), crop needs certain functional fungi, e.g., AMF, with a larger population size and a higher diversity to meet the demand for its growth, while, in a nutrient-rich environment (i.e., soils fertilized), diversity of the AMF decreases [42]. Also, the imbalanced addition of nutrients contributes to the reduction of species richness in CN and MNS soils. As calculated in our last study, the C/N ratios of the fertilizers applied in CN, MNS and CNS treatments were 18, 44 and 33, respectively [34]. Soils after long-term CN and MNS treatments might be C-lacking or N-devoid, which will inevitably suppress some fungal species. For example, in CN soils, the abundance of the cellulose-responsive fungi was supposed to be low or even undetectable. However, the soil treated by CNS recovered the decrease of biodiversity brought by CN and MNS, and it was reported that soils with higher degree of species richness are more stable in ecosystem function, and resistant to environmental stresses [41,45].

Although both CK and CNS soils maintained higher species richness, the variation of fungal assemblages between the two treatments was significant as revealed by the PERMANOVA test. The CK soils mainly assembled members of Hypocreales and Sordariales_Incertae_Sedis (Fig. 3). Chen et al. [46] reported that Hypocreales showed increased abundance with continuous cropping, and interestingly, most of the enrichment of Hypocreales identified in CK soils were pathogens as inferred by FUNGuild (Fig. 4). For example, the subfamily Nectriaceae, especially Fusarium, was notorious for the broad-spectrum pathogenicity [47], Lecanicillium were leaf miners, Madurella was animal pathogen causing mycetoma [48], and species of Pleosporales were reported to be able to attack Chusquea serrulatae by producing elongated yellow spots in leaves [49]. Similar to the assemblages in CK soils, pathogens also converged in CN soils. For example, Devriesia as revealed by LEfSe (Fig. 3) was recorded to be able to cause sooty blotch and flyspeck on trees [50].

Unlike the CK and CN soils, most of the microbial enrichment in CNS soil was beneficial. For example, Pezizaceae dominates the beneficial ectomycorrhizal fungal communities [51]. Cephalotheca (C. sulfurea) is known to promote plant growth by producing Gibberellins [52], and the Ascomycetes belonging to Chaetothyriales (MSX 47445) have antibacterial activities against Staphylococcus aureus [53]. Of all the enrichment, Schizothecium is the most prominent. As a coprophilous fungus, Schizothecium can be found in various types of dung, and is a well-known biocontrol agent against soil-borne pathogens [54,55]. Although Schizothecium had no direct relationship with soil fertility, the dominant subordinator, OTU456 was found to be positively correlated with contents of soil OM, TN and AN (the correlation coefficients were 0.717, 0.747 and 0.650, Appendix C). This implied that it was reciprocal for enrichment of the dung-dweller of Schizothecium and high fertility of the greenhouse soil.

Sordariales was reported to dominate the cellulose decomposition process after straw return to field [56]. In this study, we also found that, the relative abundance of Sordariales in CNS soils (12.4%) was significantly higher than that in CN soils (3.3%). Specifically, on the genus level, Schizothecium and Chaetomium differed significantly (Fig. 5). Except Schizothecium is beneficial as illustrated above, the lignocellulosic degrader Chaetomium is also famous for its ability in activating the defense system of plant to antagonize pathogens, e.g., Pyrenophora tritici-repentis and Rhizoctonia Solani, etc. [57,58]. Results that pathogens accumulated in treatments of CN while the beneficial assembled in CNS soils proved that straw return was effective in mitigating the continuous monocropping obstacles in the GVC system.
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Figure 5: Extended error bar plot showing the significantly (p < 0.05) abundant genera in soils of CNS. Comparison was conducted for the main genera (with average relative abundance >1% in either treatment) with paired t-test

In conclusion, we conducted an accurate diagnosis about the fungal community composition after continuous cropping, and evaluated the effects of different long-term fertilization regimes on community structure in the GVC system. After consecutive monoculturing, pathogenic fungi accumulated, and the obstacles can be relieved by effective fertilizing. The CNS treatment restored soil biodiversity and significantly altered the fungal composition with pathogens decreasing and probiotics increasing. The CNS treatment is of crucial importance for sustainable development of the GVC system.
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Appendix A: PERMANOVA test based on Bray-Curtis distance measures
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Appendix B: Proportion of reads with function predicted and different confidence rankings inferred by FUNGuild
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Appendix C: OTU composition of Schizothecium and correlations with physicochemical properties. (a) Average relative abundance of the composing OTUs in each treatment; (b) Person’s correlationship between OTUs and physicochemical properties. Abbreviations in (b) were as follows: OM, organic matter; TN, total nitrogen; AN, available nitrogen; AP, available phosphorus; AK, available potassium. * and ** represent significance at p < 0.05 and 0.01
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