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Abstract: Soil fungi are extremely important for maintaining soil health and plant production in agricultural systems. Currently, the effect of continuous cropping of sweet potato on soil fungal communities and physiochemical parameters has not been well documented. In the present study, four sweet potato fields consecutively monocultured for 1, 2, 3, and 4 years were selected to investigate the effect of monoculture on soil fungal communities through Illumina MiSeq sequencing. Continuous cropping of sweet potatoes dramatically altered the fungal community composition, whereas fungal diversity was almost unchanged. Ascomycota and Basidiomycota were the most abundant phyla in all soil samples, accounting for 32.59% and 21.14% of the average relative abundance, respectively. The abundance of some potential pathogens, such as Ascobolus spp, specifically Ascobolus stercorarius, and some unknown fungi increased significantly as the sweet potato monoculture period increased, and their presence were highly positively correlated with disease incidence. In contrast, Basidiomycota, Bullera, Fusarium and Trichocladium most likely play roles as antagonists of sweet potato disease development, as their relative abundance decreased significantly over time and were negatively correlated with disease incidence. Redundancy and correlation analyses revealed that soil pH and organic carbon content were the most important factors driving these changes. Our findings provided a dynamic overview of the fungal community and presented a clear scope for screening beneficial fungi and pathogens of sweet potato.
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1  Introduction

Sweet potatoes are an important root crop used as food and feed and as a renewable energy source. China is the largest producer of sweet potatoes in the world and the area used for their cultivation ranks fourth among China’s agricultural crops [1]. However, the limited amount of arable land and expanding population centers have resulted in widespread use of continuous cropping for sweet potato cultivation. This has resulted in increased disease that has seriously restricted the development of the sweet potato industry [2,3]. Our previous field studies determined that there is a substantial reduction in sweet potato production and plant health after 3 years of continuous cropping [4].

Continuous cropping is the cultivation of the same crop in the same field year after year without crop rotation [5,6]. The result is a decrease in soil quality that lowers yields while increasing soil-borne diseases. This process has been defined as the “continuous cropping obstacle” [7,8]. The factors causing this obstacle include nutrient deficiency, accumulation of toxic substances and an imbalance in soil microfloral populations [9,10]. However, there is an increasing body of evidence that alterations in the microflora are a primary cause for this effect [11–13]. Soil ecosystem balance and function are largely governed by rhizosphere microbial dynamics as well as microbial composition and diversity. All these affect geochemical cycles, humus dynamics and soil structure [14]. In turn, microbial diversity and dynamics in soil is largely determined by soil health and this is related to both the outbreak or suppression of soil-borne plant diseases [15].

The fungi play an important role in soil ecosystems that are responsible for plant diseases and plant disease suppression. Fungi are major causes of soil borne diseases [16], while many fungal populations have been identified as antagonists of soil borne plant pathogens and play important roles in promoting plant growth [17,18]. In addition, fungal diversity both has beneficial effect [19,20] or harmful effect [13] on plant pathogen suppression and plant productivity. Since soil fungal communities and diversity play crucial roles in soil health, understanding how continuous cropping influences soil fungal communities may provide potentially useful guidance for regulating and maintaining soil health. Until now, although there are more and more reports on soil microbes and plants, there are relatively few reports on soil fungal communities and physiochemical parameters in sweet potato [21–25].

Establishing the link between fungal communities and the physicochemical properties of soil is essential to uncover the mechanism of the continuous cropping obstacle for sweet potatoes. This will also assist in the development of sustainable crop cultivation practices [5,25]. Numerous studies have concluded that continuous cropping alters soil fungal community structures but only a handful of these have focused on the links between fungal communities and soil properties. For instance, soil pH had the greatest impact on fungal community composition in rhizosphere soil under continuous cropping of C. chinensis while soil organic matter composition was a primary driver of diversity in banana monocultures [13,25]. On the other hand, it has not detected obvious relationship between soil properties and soil fungal community in Panax notoginseng continuous cropping soils [20]. Thus, the mechanisms for fungal community shifts are most likely complex interactions that are plant species, microorganism and soil property dependent [26–28].

We studied the succession of soil fungal communities under continuous sweet potato cultivation. Four fields were used for consecutive sweet potato monocultures for 1, 2, 3 and 4 years to investigate the effects of this practice on the composition and diversity of soil fungal communities using Illumina MiSeq sequencing. The objectives of our study were to (1) examine the changes in abundance and composition of the soil fungal community over monoculture time (2) determine which soil properties contribute to the soil fungal community composition and (3) identify potential pathogenic fungi as well as pathogen antagonists under sweet potato continuous cropping. This study will assist in improving sweet potato farming using continuous cultivation.

2  Materials and Methods

2.1 Study Sites and Sampling

The study was conducted at the modern agricultural science and technology demonstration garden of Qingdao Agricultural University, Jiaozhou, Shandong Province, China (150°25’E, 36°13’N). This area is characterized by a warm temperate monsoon climate with an average temperature of 11–14°C and mean annual precipitation of 695 mm. The experimental soil samples were collected on September 25, 2016 from 4 sweet potato fields containing the same sweet potato cultivar (Yan25) that had been continuously cultivated for 1, 2, 3 and 4 years, referred below as y1, y2, y3, and y4, respectively. For each field, the area was 3600 m2 (120 m × 30 m) and three representative subplots within each field, with an area of 100 m2 (10 m × 10 m) were selected for soil collection and estimation of disease incidence and crop yield. The distance between subplots was 20 meters and the distance between subplots and plot edges were at least 10 meters. For each subplot, 15 sweet potato plants were randomly selected for monitoring and soil core samples (20 cm × 2.5 cm) were collected from each plant after carefully removing the sweet potatoes and surface coverings. Fifteen (15) cores were mixed as a single soil sample. All 12 soil samples (4 fields × 3 replicates) were put into sterile plastic bags, placed into ice box, and transported to the laboratory. After passing through a 2 mm sieve, each sample was divided into two subsamples: one portion was air-dried for soil characterization and the remainder was stored at –80°C for DNA analysis. The methods for determination of soil physicochemical parameters, sweet potato yield and disease incidence have previously been described [4], and these data were shown in Tab. S1.

2.2 DNA Extraction, ITS rRNA Gene Amplification, and Miseq Sequencing

For each soil sample, DNA was isolated from 500 mg of soil using the FastDNA Spin kit for soil (MP Biomedicals, Vista, CA, USA) according to the manufacturer’s recommendations. The primer sets of ITS1F (5’-CTTGGTCATTTAGAGGAAGTAA-3’) and ITS2 (5′-GCTGCGTTCTTCATCGATGC-3′) were used to amplify the internal transcribed spacers 1 (ITS1) region [29]. Transposase sequences (5’-TCGTCGGCAGCGTCAGATGTGTA TAAGAGACAG-3’) and (5’-GTCTCGTGGGCTCGGAGATGTGTATAAGAGACAG-3’) were added to the 5’ end of ITS primers, respectively. The PCR reactions contained 12.5 μL 2x KAPA HiFi HotStart Ready Mix (Kapa Biosystems, Woburn, MA, USA), 0.5 μL of each primer (10 μM), and 2.5 μL DNA template (5 ng/μL) with the following cycling conditions: 95°C for 3 min for initial melting; 25 cycles of 95°C for 30 s, 60°C for 30 s, 72°C for 30 s; final extension at 72°C for 10 min. PCR products were purified using the Agencourt Ampure XP beads (Beckman Coulter, Danvers, MA, USA) and used for Miseq sequencing. Paired-end sequencing (2 ×300 bp) was carried out on the Illumina MiSeq platform with MiSeq Reagent Kit v3 (Illumina, San Diego, CA, USA) at the Chinese National Human Genome Center in Shanghai.

2.3 Bioinformatics Analysis

The initial quality filtering and assembling of paired-end reads were performed by the Chinese National Human Genome Center. Briefly, low quality sequences with average quality scores <30, ambiguous nucleotides, nucleotide mismatches with the barcode or primer and those <200 bp were removed [4]. The modified sequences were OTUs (Operational Taxonomic Units) clustered with a cutoff of 97% similarity, and phylogenetically assigned according to their best matches to the sequences in the ITS reference database, UNITE+INSD database (https://unite.ut.ee/repository.php) [30]. Representative sequences have been deposited in GenBank (accession numbers MT924327–MT925512).

2.4 Statistical Analysis

We calculated various indexes (Coverage, Sobs, Chao1, Shannon indices) after resampling the read number for each sample to 18920 reads in Mothur (Version 1.39.5) (http://www.mothur.org) (for rarefaction curves of OTU and Shannon diversity see Fig. S1). One-way analysis of variance (ANOVA) was conducted using Turkey’s HSD test for multiple comparisons. Pearson correlation coefficients between fungal taxa and soil properties and yield and disease incidence were calculated using SPSS v20.0 (IBM, Armonk, NY, USA). All fungal community-related analyses were based on relative abundances of OTUs per sample. The Bray-Curtis index was used as a distance measure unless otherwise stated. Principal Coordinate Analysis (PCoA), redundancy analysis (RDA) and Monte Carlo test of fungal communities were conducted using Canoco 5.0 software (Microcomputer Power, Ithaca, NY, USA).

3  Results

3.1 Overall Miseq Sequencing Information

Coverage for our samples was all >99% and the rarefaction curve of each library approached a saturation plateau indicating the sequencing depth was reasonable and sufficient for the needs of our experiments (Tab. 1 and Fig. S1). We obtained 239,878 ITS sequences from 12 samples and the sequence number per sample ranged from 18,920 to 22,061. All of the obtained sequences were divided into 1186 OTUs using a 3% dissimilarity threshold. The fungal communities were taxonomically classified into 6 phyla, 26 classes, 62 orders, 119 families and 199 genera. Ascomycota and Basidiomycota were the dominant phyla in the soil of sweet potato consecutive monoculture.

Table 1: Alpha-diversitya of treatment groups for sweet potato monocultures
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3.2 Fungal α-Diversity and Community Composition

We analyzed the richness and diversity of these samples using the coverage, Chao1, sobs and Shannon indexes. None of these indices showed any significant differences between the soil samples from the four sweet potato fields (Tab. 1). However, UniFrac-weighted Principal Coordinate Analysis (PCoA) based on the OTU composition revealed distinct differences in fungal community composition between plot ages and similar patterns for triplicate subplot samples (Fig. 1). The first two principal components explain 64.52% of the total variation for the fungal data. The first principal coordination axis (accounting for 43.76% of the variation) clearly separated the “y3” and “y4” fields from the “y1” and “y2” fields, suggesting that the third year might be considered as the critical period for the occurrence of fungal disease in sweet potato monoculture soils.
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Figure 1: UniFrac-weighted PCoA plots for fungal communities over time in four sweet potato fields. “A”, “B”, “C” and “D” refers to the four consecutive monoculture spans of 1, 2, 3 and 4 years, respectively. Numbers represent replicates for each year

3.3 Shifts in Soil Fungal Community Composition Under Consecutive Monoculture

Five genera were changed significantly along with continuous cropping years (Fig. 2a). The relative abundance of Bullera (belongs to Basidiomycota), Fusarium (Ascomycota) and Trichocladium (Ascomycota) decreased significantly with the increasing continuous cropping years; whereas the abundance of Ascobolus (Ascomycota) and Macrorhabdus (Ascomycota) increased significantly over time (Fig. 2a).
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Figure 2: Dominant genera (a, with the relative abundance value in at least one sample above 1%) and Dominant OTUs (b, with relative abundance >1% in at least one sample) with significant differences among treatments (Tukeys HSD, p < 0.05). “y1”, “y2”, “y3” and “y4” refers to the four consecutive monoculture spans of 1, 2, 3 and 4 years, respectively

With respect to OTU level, ten OTUs were identified to be significantly changed with continuous cropping years (Fig. 2b). Among them, OTU18 (Ascobolus stercorarius), OTU25 (uncultured Trichocladium), OTU56 (uncultured Fusarium) and OTU 5 (uncultured Bullera), had the same trend in their relative abundance trend as their respective genera. The relative abundance of OTU18 increased significantly with increasing cropping years whereas OTU25, OTU56 and OTU 5 had the reverse trend. Moreover, four unclassified fungi (OTU4, OTU8, OTU12, OTU27 and OTU49) increased significantly over time (Fig. 2b).

3.4 Relationship between Soil Fungal Community Composition and Soil Properties, Root Yield and Disease Incidence of Sweet Potato

Monte Carlo tests based on soil properties and the soil fungal community revealed that soil pH and organic carbon (SOC) were significantly correlated with variations in the whole fungal community (p > 0.05). On the other hand, available nitrogen, phosphorus and soil moisture were not significant factors affecting the fungal community composition in response to continuous cropping practices. Redundancy analysis (RDA) showed that the first and second RDA components explained 40.7% and 15.1% of the total variation (Fig. 3). Moreover, Pearson’s correlation analysis revealed that the soil pH and SOC correlated significantly with many fungal phyla (Tab. 2). In addition, this correlation analysis between disease incidence and soil properties also revealed that only soil pH and SOC were significantly correlated with sweet potato disease incidence with correlation coefficients of −0.879 (p < 0.001) and −0.827 (p < 0.005), respectively (data not shown). These results indicated that soil pH and SOC were strong predictors of fungal community composition and disease incidence in these monocropped sweet potato fields.
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Figure 3: Redundancy analysis (RDA) of fungal community and soil properties over time in four sweet potato fields. The vectors represent statistically significant variables that explain observed patterns (p < 0.05). “A”, “B”, “C” and “D” refers to the four consecutive monoculture spans of 1, 2, 3 and 4 years, respectively. Numbers represent replicates for each year. SOC, soil organic carbon

Table 2: Soil properties and Pearson’s correlations between significantly different fungal taxa
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Interestingly, we also identified relationships between fungal taxa and disease incidence. The abundance of the Basidiomycota as well as Bullera, Fusarium, OTU5 (uncultured Bullera) and OTU56 (uncultured Fusarium) were negatively correlated with disease incidence. In contrast, the abundance of Ascobolus and the unclassified fungi represented by OTU4, OTU8, OTU12, OTU27, OTU49 and OTU18 (A. stercorarius) were positive correlated with disease incidence (Tab. 2).

4  Discussion

Illumina MiSeq sequencing targeting the ITS1 region was employed to detect the soil fungal community composition and diversity. Long-term consecutive sweet potato monocropping significantly altered fungal community composition, whereas fungal diversity remained stable. Our results were consistent with previous findings in other crops, which showed no significant differences in the fungal diversity indices among different continuous cropping spans, even though the fungal community structures were quite different [31–33]. Our findings suggest that the fungal community composition responded more sensitive to consecutive monoculture than did the fungal diversity.

Analysis at the phylum level revealed that Ascomycota and Basidiomycota were the most abundant phyla, accounting for 32.59% and 21.14% of the average relative abundance, respectively. This finding agreed with previous results on peanut [21,34], soybean [23], and Salvia miltiorrhiza [24] monocultures. In addition, Ascomycota and Basidiomycota were reported as important fungal groups in most soils [35]. These studies suggested the ubiquity of these species and their important role in agroecosystems.

Ascomycota subgroups, including Ascobolus, Macrorhabdus, and OTU18 (A. stercorarius), accumulated with time and were significantly and positively correlated with disease incidence, thereby suggesting that these taxa may be potential pathogens that contribute to the formation of obstacles in sweet potato continuous cropping. In contrast, we found that four subgroups of Ascomycota decreased significantly over time and were negatively correlated with sweet potato disease incidence. These subgroups were Fusarium, Trichocladium (Ascomycota), OTU56 (uncultured Fusarium), and OTU25 (uncultured Trichocladium). Interestingly, members of the genus Fusarium have been commonly identified as plant pathogens [20,36,37]. The relative abundance of these species has increased in the continuous cropping of cucumbers [32], peanuts [34], vanilla [30], and Panax notoginseng [12]. In our study, Fusarium and its subgroup OTU56 were negatively associated with disease in sweet potatoes and their relative abundance decreased over time. This finding agreed with a previous report that Fusarium abundance was lower in a five-year continuously cropped field than in a one-year field of Coptis chinensis [25]. These discrepancies could partly be attributed to the broad range of fungi in this genus, because Fusarium is a functionally important component of agricultural soil ecosystems [38], and both soil pathogenic and nonpathogenic species exist [32]. It could also be attributed partly to different surrounding environment. A fungal species has different functions at different ecotypes because of the interaction between soil fungi and local soil’s physical, chemical, and biological characteristics [39,40]. Therefore, the same Fusarium species could possibly be either pathogenic or nonpathogenic species according to the different crop species and soil environments. In our study, the species of Fusarium could be beneficial to the rhizosphere of sweet potato and may play an important role in its cultivation. However, the exact mechanism for this observation has not been detected in our experiments and requires further study.

The abundance of Basidiomycota and its subgroups, including Bullera and OTU5 (uncultured Bullera), decreased significantly as the sweet potato monoculture period increased. Moreover, their relative abundance was highly negatively correlated with disease incidence. This result was consistent with previous reports, thereby indicating that Basidiomycota was depleted as time progressed and showed a negative correlation with the incidence for vanilla stem rot [30,34]. These results indicated that these species may be a potentially beneficial fungi for sweet potato. In addition, Basidiomycota dominated all our soil samples, thereby suggesting its vital role in maintaining the microbial ecological balance of sweet potato cultivation.

Besides these known species, the ratios of unclassified fungi and their subgroups, including OTU4, OTU8, OTU12, OTU27, and OTU49, increased markedly along with the monuculture years, which indicated that these fungal phyla may be the potential pathogens of sweet potato. Despite their unknown taxonomy and function, they must be associated with continuous cropping stress and should not be dismissed. With the development of next-generation DNA sequencing and the improvement of fungal gene database, their function may be revealed, as well as their role in regulating continuous cropping obstacles.

Soil properties, especially pH and soil organic matter, greatly affect the composition of soil microbial communities [41,42]. In our study, the RDA and correlation analysis revealed that soil pH and SOC had the most significant effect on fungal community composition in monocropped sweet potato fields. This result agreed with previous observations in soils of the monocultures of P. notoginseng [12] and C. chinensis [25]. Moreover, our results indicated that pH and SOC were negatively correlated with disease incidence, which was consistent with results of several previous studies [5,8,13,43]. In addition, these two factors were positively correlated with the relative abundance of some potential beneficial taxa, such as Basidiomycota, Bullera, Fusarium, and OTU5, but were negatively correlated with some harmful taxa, such as Ascobolus, Macrorhabdus, and OTU18. These findings suggested that the decrease of soil pH and SOC can lead to an imbalance of soil fungal communities and thus limit sweet potato growth. Soil organic matter plays a key role in maintaining soil quality and disease suppression by promoting soil physical, chemical, and biological properties and long-term productivity [13,44]. However, in China, organic fertilizers have been ignored for a long time, because growers are more inclined to use large amounts of chemical fertilizers to increase yield [5,8]. The reduced organic material input and excessive application of chemical fertilizers not only result in unbalanced soil fertility but also decrease the soil pH significantly [8,45]. The decrease in soil pH may impose physiological constraints on fungal survival and growth, which directly alter fungal community composition [46,47]. Therefore, exploring sustainable agricultural measures to improve soil pH and SOC is extremely important for sweet potato production.

In conclusion, this study demonstrated that the continuous cropping of sweet potatoes affected fungal community composition, whereas fungal diversity remained unchanged. Alterations of the fungal community in the sweet potato monoculture soils were mainly driven by soil pH and soil organic carbon. Some potential pathogens, such as Ascobolus, Macrorhabdus, OTU18 (A. stercorarius), and some unknown fungi, accumulated with increasing time and were positively correlated with sweet potato disease incidence. By contrast, the potentially beneficial taxa, including Basidiomycota, Bullera, Fusarium, and Trichocladium, decreased considerably along with monoculture time and were negatively correlated with disease incidence. Our findings helped elucidate the mechanism of fungal community alteration under the sweet potato monoculture system and presented an outline for screening beneficial fungi and pathogens. Further exploration of these potential microbe and pertinent fertilization measures might be useful for biological control in sweet potato continuous cropping.
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Appendix

1.1 Sweet Potato Yield and Disease Incidence Determinations

For each subplot (10 m × 10 m), sweet potato disease incidence was assessed and calculated as the percentage of infected fruits among the total number of fruits after harvest by carefully observing the potato block. All mature and edible sweet potato in each subplot were weighed and used to estimate the total yield at harvest.

1.2 Soil Physical and Chemical Properties

Soil pH, soil organic carbon (SOC), available phosphorus (AP) and available nitrogen (AN) were determined in the same manner as reported in our previous paper [1]. Briefly, Soil pH was determined with a soil to water ratio of 1:2.5 (w:v). SOC was determined by the K2Cr2O7 oxidation method. AP was extracted with 0.5 M NaHCO3 and measured with Mo-Sb Anti-spectrophotometry Method. AN was assayed through the alkaline hydrolysis method.
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Figure S1: Rarefaction curves of Number of OTUs and Shannon-Weiner index for all samples

Table S1: Selected soil properties, storage root yield and disease incidence (%) for sweet potatoes under consecutive monoculture
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OEBPS/Images/tab-2.png
Fungal taxon Soil properties Root yield Disease

] incidence
pH Soil SOC AP AN
moisture

phylum
Basidiomycota 0.836%*  —0.672** 0.691** — —  0.808**  —0.809**
unclassified Fungi —0.672*  0.745%* - - -

Genus
Ascobolus —0.884%** — —0.712%* —0.773** —  —0.815%* 0.751**
Bullera 0.870%**  — 0.78**  0.635* —  0.788**  —(0.739%**
Fusarium 0.667* - 0.966*** — - 0.742%*  —0.786**
Macrorhabdus —0.805%* - —0.596* —0.713** —0.642* -
Trichocladium — - 0.705* - - 0.623* -

OTU
OTU4 (unclassified Fungi) — 0.51%* - - - —0.595*%  0.64*
OTUS (uncultured Bullera) 0.743**  — 0.846** — - 0.81** —0.781%*%*
OTUS (unclassified Fungi) —0.643*  0.68* -0.6* - —  —0.784** (.855%**
OTU12 (unclassified —0.89%**  — —0.636*% —0.581* —  —0.895%** (.821**
Fungi)
OTU18 (Ascobolus —0.907%** — —0.704* —0.753** —  —0.845%* (.79**
stercorarius)
OTU25 (uncultured - - 0.7* - - = -
Trichocladium)
OTU27 (unclassified —0.882%** - -0.786*%* — —0.703*  0.637*
Fungi)
OTU49 (unclassified —0.843** — —0.578*% —0.738** — —0.689*  0.609*
Fungi)
OTUS56 (uncultured - - 0.759** — - 0.676* -0.631*
Fusarium)

Note: Only significant correlations are listed. *, ** and *** represent significance at p < 0.05, 0.01 and 0.001, respectively.
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OEBPS/Images/tab-3.png
Treatment Soil properties Root yield Disease incidence

pH Soil moisture (%)  SOC (g/kg) AP (mg/kg) AN (mg/kg) (t/hm?) (%)
yl 6.23+0.06a 15.16+0.43 ab 9.58+0.51a 3620+043a 131.66+246a 31.85+1.78a 538+1.30ab
y2 630+0.10a 13.64+1.18b 8.00+048b 3634+260a 130.03+622a 28.02+134b 1421+592b
y3 597+0.06b 1595+0.67a 7.62+033b 37.66+092a 128.13+3.11a 17.81+0.77¢ 4820+7.70a
y4 563+0.06c 16.00+0.19a 7.12+0.15b 3238+086b 12661 £679a 1423+042d 5484+4.65a

Note: Values are means + standard deviation (n = 3). Different letters in the same column represent significant difference at the level of p < 0.05 using
the Tukey’s HSD tests. The “y1”, “y2”, “y3” and “y4” refers to the four consecutive monoculture spans of 1, 2, 3 and 4 years, respectively.
SOC, soil organic carbon; AN, available nitrogen; AP, available phosphorus.
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Plot Age (years) Coverage (%) Richness estimators Diversity indices

Sobs Chaol Shannon
1 0.99 £ 0.00 a 633.59 +£ 60.86 a 837.95+194.74 a 443 +021a
2 0.99 £ 0.00 a 639.29 £ 65.39 a 817.17 £ 98.26 a 439+0.14 a
3 0.99 £ 0.00 a 542.70 + 48.86 a 72731 +£121.60 a 4.07 £0.07 a
4 0.99 +£0.00 a 523.19 £ 61.80 a 738.16 £ 102.35 a 420+0.15a

Note: *: Parameters were calculated based on equal number of reads (18920).
Values are means + standard deviation (n = 3). The lowercase letters in the same column represent significant differences of p < 0.05 using the Tukey
HSD test.





