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Abstract 

Purpose The aim of this study is to answer how the biogeographic patterns of fungi are 

affected by spatial and environmental factors in paddy soils characterized by unique field 

management. Given the generally low C:N ratios of paddy soils, we also want to test a 

hypothesis that the dominant fungi in paddy soils are Ascomycota, which reportedly prefer 

habitats with low soil C:N ratios. 

Materials and methods Using quantitative PCR and barcoded pyrosequencing, we 

investigated the abundance, diversity, and community composition of fungal communities in 

30 surface paddy soil samples collected from 10 rice cultivation regions of China. Pearson’s 

correlation, analysis of variance, partial least squares regression, principal coordinates 

analysis, and variation partition were performed for analyses of gene copy numbers, α-

diversity, β-diversity, and relative abundances of fungal taxa and their relationships with 

environmental factors. 

Results and discussion The abundance of fungal 18S rRNA gene varied from 10
6.4

 to 10
8.6

 

copies g
-1

 soil, and was positive correlated with soil sand, organic matter, and total nitrogen 

content, and negatively correlated with soil chloride concentration. Ascomycota comprised 88% 

of total fungal sequences and increased in relative abundance with increasing soil pH and 

decreasing mean annual temperature (MAT) and precipitation (MAP). The predominance of 

Ascomycota in fungal communities is probably due to the low soil C:N ratios (9-15) in the 

paddy soils studied. The α-diversity increased with MAT, MAP, and soil nitrate-N and total 

nitrogen content but decreased with soil pH, clay content, chloride concentration, and C:N 

ratio. Variation partition revealed that fungal β-diversity was mainly driven by geographic 

distance. 

Conclusions In paddy soils which are characterized by intensive rice cropping practices, 

fungal abundance is mainly influenced by soil properties, fungal α-diversity is constrained by 

both climatic factors and soil properties, while fungal community compositions are mainly 

structured by geographic distance. 
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1 Introduction 

Paddy ecosystems, composing the third largest cropland area and the largest anthropogenic 

wetland on Earth, are crucial for the global food security and environmental sustainability 

(Leff et al. 2004; Witt and Haefele 2005; Kögel-Knabner et al. 2010). Paddy fields provide 

food to more than 50% of the global population, with China as the largest rice-producing 

country (Lüke et al. 2014). Fungi are important decomposers of soil organic matter, and can 

form mycorrhizae with plant roots, act as pathogens, or produce greenhouse gases (Nishizawa 

et al. 2010; Tedersoo et al. 2014; Hu et al. 2015b). Fungi are mostly aerobic and often 

microaerophilic (Walker and White 2011), yet they have been reported to be numerously 

abundant in paddy soils with limited oxygen availability and fluctuating redox conditions 

(Hussain et al. 2011; Lee et al. 2011; Liu et al. 2012). Certain fungal taxa can survive in 

permanently waterlogged and poorly aerated soils (Hao et al. 1981), and some arbuscular 

mycorrhizal fungi are able to promote nutrient transportation to rice plants under flooded 

conditions (Solaiman and Hirata 1995; Watanarojanaporn et al. 2013). In addition, usually 

there is a period of drainage during rice cropping (Witt and Haefele 2005), and rice plants can 

transport oxygen to rhizosphere (Kögel-Knabner et al. 2010), which may facilitate the growth 

of aerobic and microaerophilic fungi. Despite of the important functioning provisions, 

however, to date far less attention has been paid to fungal communities in paddy soils 

compared to other terrestrial ecosystems.  

Early researchers isolated and enumerated fungi in paddy soils mainly via cultivation-

dependent techniques (Dutta and Ghosh 1965; Hao et al. 1981). With the advance of 

molecular biology techniques independent of cultivation, recent studies shed light on the total 

fungal community in paddy soils. The abundance and composition of fungal communities 

have been found to shift between rice cultivars and growth stages (Hussain et al. 2011; Lee et 

al. 2011). The land-management practices including organic farming, irrigation, and 



application of fertilizers, manure, or rice straw (Lopes et al. 2011; Somenahally et al. 2011; 

Yuan et al. 2013; Ma et al. 2016; Pan et al. 2016), as well as toxic-metal pollution 

(Somenahally et al. 2011; Liu et al. 2012), can also trigger variation of the fungal abundance 

and community structure. However, due to the limited number of soil samples or parameters 

examined and the low throughput and resolution of methods employed, we can hardly have a 

panoramic view of fungal diversity and its relationships with environmental factors in paddy 

ecosystems. High-throughput sequencing technologies can help in overcoming this bottleneck 

and is increasingly being adopted in the broad-scale survey of soil fungi. Recently, using 

Illumina HiSeq sequencing, Liu et al. (2016a) investigated fungal community composition in 

a few soils with different rice cultivation history. Jiang et al. (2016) extended the scope to East 

Asia and explored mechanisms shaping fungal communities in paddy soils. These studies 

provided useful information in understanding fungal community composition and its spatial 

distribution, but failed to systematically address the influence of environmental factors on 

fungal abundance, diversity, and distribution, which is important for understanding fungal 

microbial ecology and relevant processes in paddy soils and prediction of their responses to 

environmental change.  

Soil properties such as pH, water content, and nutrient levels (particularly nitrogen) have 

considerable influence on fungal distribution (Taylor and Sinsabaugh 2015). Intensive human 

manipulation introduces unique features to paddy soils such as water-logging conditions and 

heavy fertilizer input (Witt and Haefele 2005) that can alter soil properties. One may therefore 

expect unique patterns of fungal community structure and their responses to environmental 

gradients in paddy soils, which are not fully understood. To help filling this research gap, we 

collected 30 surface paddy soil samples from 10 rice cultivation areas in China with a wide 

range of environmental parameters and investigated the abundance, α- and β-diversity, and 

community composition of fungal communities. The aim is to answer how the distribution of 



fungi is affected by the unique environment in paddy soils. Given the generally low C:N ratios 

of paddy soils (Witt and Haefele 2005), we also want to test a hypothesis that the dominant 

fungi in paddy soils are Ascomycota, which reportedly prefer habitats with low soil C:N ratios 

(Lauber et al. 2008).  

 

2 Materials and methods 

2.1 Soil sampling  

A total of 30 paddy soil samples were collected from 10 rice cultivation regions in China with 

a wide range of latitude (N27.18°-N41.52°) and mean annual temperature (8-18°C) and 

precipitation (650-1500 mm) (Fig. 1 and Table 1), during the rice growth period (May to 

August) when paddy fields were saturated. The 10 regions were Binhai, Jiangsu Province 

(BH), Changshu, Jiangsu Province (CS), Hengyang, Hunan Province (HY), Jiaxing, Zhejiang 

Province (JX), Jingzhou, Hubei Province (JZ), Shenyang, Liaoning Province (LN), Miluo, 

Hunan Province (ML), Panjin, Liaoning Province (PJ), Shangyu, Zhejiang Province (SY), and 

Xiantao, Hubei Province (XT). At each site, three soil samples were taken 20 m apart from 

each other. For each of the three samples, five cores of surface soil (0-20 cm) were taken from 

an approximate 50 m
2
 plot and mixed into a composite sample. Soil samples were transported 

to the laboratory on ice, and split into two parts. A part of the soil was frozen at -80°C 

immediately upon arrival for DNA extraction, and another part was stored at 4°C for 

determination of soil physicochemical properties. 

 

2.2 Physicochemical characterization 

The methods used to determine the soil physicochemical properties have been described 

previously (Hu et al. 2015a). Briefly, soil pH was measured with a soil to water ratio of 2.5 



and soil water content was determined by oven-drying soil subsamples at 105°C for 48 hours. 

Soil organic matter was determined using the K2Cr2O7 oxidation-reduction titration method, 

and total nitrogen was measured on an Element Analyzer (Vario EL III, Elementar, Hanau, 

Germany). Ammonium and nitrate were extracted from soils with 1 M KCl and measured on a 

Continuous Flow Analyzer (SAN++, Skalar, Breda, Netherlands). Sulfate (SO4
2-

) and chloride 

(Cl
-
) ions were extracted with water (CO2-removed by boiling) with a soil to water ratio of 2.5 

and analyzed using an Ion Chromatography (ICS2500, Dionex, USA). Soil particle size was 

determined using the rapid sieving method (Kettler et al. 2001).  

 

2.3 DNA extraction and quantitative PCR (qPCR) analysis 

Soil DNA was extracted from 0.5 g of soil using the Fast DNA
®
 SPIN Kit for soil (Q 

BIOgene Inc., Carlsbad, CA, USA) according to the manufacturer’s instructions, and 

evaluated using a NanoDrop ND-2000c UV-Vis Spectrophotometer (NanoDrop Technologies, 

Wilmington, DE, USA). The copy numbers of fungal 18S rRNA gene (see discussion in 

Section 4.1) in the 30 paddy soil samples were quantified on an iCycler iQ 5 thermocycler 

(Bio-Rad Laboratories, Hercules, CA, USA) using the forward primer NS1 (5’-

GTAGTCATATGCTTGTCTCPCR-3’) (White et al. 1990) and the reverse primer Fung (5’-

ATTCCCCGTTACCCGTTG-3’) (May et al. 2001). PCR reactions were performed in a 25 μl 

volume containing 12.5 μl of SYBR
®
 Premix Ex Taq

TM
 (TaKaRa Technology, Dalian, China), 

0.5 μl of each primer, and 2 μl of DNA template. Thermal-cycling conditions were as follows: 

95°C for 3 min, followed by 35 cycles of 95°C for 10 s, 55°C for 30 s, 72°C for 60 s, and 

plate read at 83°C for 10 s. Standard curves for qPCR assays were developed using the 

pGEM-T Easy Vector (Promega, Madison, WI, USA) containing the correct insert of the 

fungal 18S rRNA gene. 

 



2.4 Barcoded pyrosequencing and data processing 

The fungal 18S rRNA gene (see discussion in Section 4.1) was amplified using the primer set 

EF4/Fung5 (Smit et al. 1999) for barcoded pyrosequencing. A Roche 454 adapter A followed 

by 10-bp sample-specific barcode sequence was added to the 5′ portion of the forward primer, 

and a Roche 454 adapter B was added to the 3′ portion of the reverse primer. PCR 

amplification was conducted in 50 μl reactions including 25 μl of Premix Ex Taq
TM

 (TaKaRa 

Biotechnology, Dalian, China), 1 μl of each primer, 0.5 μl of bovine serum albumin (25 mg 

ml
-1

), and 3 μl of DNA template. Thermal-cycling conditions were as follows: 94°C for 15 

min; 94°C for 60 s, 48°C for 60 s, and 72°C for 3 min (40 cycles); and 72°C for 10 min. The 

PCR products were gel-purified using Wizard SV Gel and PCR Clean Up Kit (Promega, 

SanLuis Obispo, CA, USA), combined into an equimolar mix, and sent to Macrogen Inc., 

South Korea for pyrosequencing from the end of adapter A on the Roche 454 GS FLX 

Titanium platform (Roche Diagnostics, Branford, CT, USA). The resultant sequences were 

summited to NCBI (SRP116099). 

Pyrosequencing data was processed following the standard operation procedure using the 

Mothur platform (Schloss et al. 2009). Briefly, raw pyrosequencing reads shorter than 200 bp 

and with quality scores lower than 20 were removed to improve sequence quality. Putative 

chimeric sequences were eliminated by performing the chimera.uchime algorithm (Edgar et 

al. 2011). The resultant sequences were classified using the Bayesian method (with a bootstrap 

time of 1,000 and a cutoff 80%) with the SILVA reference database (Pruesse et al. 2007) and 

the corresponding NCBI taxonomy outline. After removing non-fungal tags, the remaining 

sequences were binned into operational taxonomic units (OTUs) at the 97% similarity level. 

To ensure the same level of sampling effort, a randomly selected subset of 189 sequences per 

sample was used to calculate OTU-based α-diversity and β-diversity. Samples containing 



fewer sequences were excluded and consequently 27 fungal communities remained for the 

diversity calculation.  

 

2.5 Statistical analyses 

Pearson’s correlation, analysis of variance (ANOVA) with LSD post hoc test, and partial least 

squares (PLS) regression were used for analyses of gene copy numbers, α-diversity, and 

relative abundances of fungi and their relationships with environmental factors using IBM 

SPSS Statistics 19 (IBM Co., Armonk, NY, USA). The copy numbers of fungal 18S rRNA 

gene were log10-transformed prior to statistical analyses. Principal coordinates analysis (PCoA) 

and homogeneity of molecular variance (HOMOVA) test were performed for β-diversity 

analyses based on the Bray-Curtis dissimilarity matrix (Stewart and Excoffier 1996; Schloss 

2008) using the “pcoa” and “homova” functions in Mothur, respectively. Variation partition 

based on distance-based redundancy analysis (db-RDA) was conducted via the “varpart” 

function in the “vegan” package of R to assess the relative contributions of spatial, climate, 

and soil factors to Bray-Curtis community dissimilarities. Spatial factors were derived from 

geographic distances between sampling sites using the “pcnm” function in the “vegan” 

package (Dray et al. 2006). Environmental factors were pre-selected with the “bioenv” 

function in the “vegan” package considering the possible collinearity between them (Clarke 

and Ainsworth 1993). Consequently, in variation partition, climatic factors included mean 

annual temperature and precipitation, and soil factors comprised soil pH, water content, and 

concentrations of total nitrogen (TN) and Cl
-
. A heatmap to present fungal community 

compositions was built using the Heatmap Builder software (Clifton Watt, Stanford 

University, USA). P values lower than 0.05 were considered significant.  

 



3 Results 

3.1 Soils properties 

Soil physiochemical characteristics varied widely across the 10 sampling sites, with pH 5.1-

8.7, water content 0.35-0.75 g g
-1

, organic matter (OM) 15-41 g kg
-1

 soil, TN 0.6-2.2 g kg
-1

 

soil, C:N ratios 9-15, sand content 0.07-0.47 g g
-1

, clay content 0.07-0.39 g g
-1

, NO3
-
-N 0.2-

4.5 mg kg
-1

, NH4
+
-N 11-54 mg kg

-1
, SO4

2-
 53-263 mg kg

-1
, and Cl

-
 7-157 mg kg

-1
 (Table 1).  

 

3.2 Fungal abundance 

The abundance of fungal 18S rRNA gene ranged between 10
6.4

-10
8.6

 copies g
-1

 soil across the 

30 paddy soil samples, with the highest value recorded in the CS site and the lowest value in 

the PJ site (Fig. 2). Fungal abundance was positively correlated with soil sand, OM, and TN 

content while negatively correlated with soil chloride concentration (Table 2). 

 

3.3 α- and β-diversity of fungal communities 

In total, 132,599 quality-filtered fungal sequences with a read length of ≥ 200 bp were 

recovered from the soil samples. We resampled 189 sequences per soil sample for analyzing 

community diversity at the same level of surveying effort. With 189 sequences the Shannon 

and Simpson indexes became stable (data not shown). Samples containing fewer sequences 

were excluded, resulting in 27 fungal communities for the α- and β-diversity analyses. 

The number of observed OTUs (at the 97% similarity level) varied from 23 to 64 across the 

27 paddy soils, and the Chao1, inverse Simpson, and Shannon indexes ranged from 58 to 241, 

4.6 to 14.4, and 2.3 to 3.7, respectively (Table 3). The lowest fungal diversity was observed in 

soils from the site PJ (Table 3), which had high soil pH and concentrations of SO4
2-

 and Cl
-
 

(Table 1). PLS regression analysis showed that fungal α-diversity had positive relationships 



with mean annual temperature and precipitation and soil nitrate-N and total N concentrations 

but had negative correlations with soil pH, C:N ratio, clay content, and sulfate and chloride 

concentrations (Fig. 3).  

Separation of fungal communities at different sites was significant according to the HOMOVA 

test (P < 0.05 across sites). In the PCoA ordination (Fig. 4), fungal communities separated 

largely according to location, and a few clusters could be identified: sites LN and PJ from 

Liaoning in the Northeast of China; sites BH, CS, and JX from Jiangsu and Zhejiang in the 

East of China; sites JZ and XT from Hubei in Central China; and sites HY and ML from 

Hunan in the South of China (Fig. 1 and Fig. 4). The distance-decay curve also revealed a 

significant correlation between community dissimilarity and geographic distance (Fig. 5). 

Variation partitioning further indicated that spatial and environmental factors considered in the 

study together explained 42% of fungal community dissimilarity (Fig. 6). Spatial, soil, and 

climatic factors accounted for 36, 26, and 15% of the variation, with their exclusive 

percentages of explanation confined to 8, 1, and < 0.001%, respectively. 

 

3.4 Fungal community composition and distribution 

Fungal communities retrieved from paddy soils were dominated by the phylum Ascomycota 

(comprising 87.8% of total fungal sequences), followed by Basidiomycota (5.9%), 

Glomeromycota (0.8%), and unclassified sequences (4.9%) (Fig. 7). The relative abundance 

of Ascomycota increased with soil pH (r = 0.382, P < 0.05, n = 27) but decreased with mean 

annual temperature and precipitation (r was -0.483 and -0.558, respectively; P < 0.05 and n = 

27 for both). The relative abundance of Glomeromycota had positive correlations with soil 

water content and the ammonium-N concentration (data not shown).  

Of Ascomycota, 96% were classified into Pezizomycotina, which included Sordariomycetes 



(64.0% of total fungal sequences), Dothideomycetes (5.3%), Eurotiomycetes (1.1%), 

Leotiomycetes (1.0%), Pezizomycetes (0.5%), and unclassified Pezizomycotina (12.0%). The 

relative abundance of Dothideomycetes was negatively correlated with mean annual 

temperature and precipitation and soil water content, OM, TN, and sand content, but 

positively correlated with soil clay and chloride content. The relative abundance of 

Eurotiomycetes had a negative relationship with soil pH. The relative abundance of 

Leotiomycetes decreased with mean annual temperature and precipitation and soil water 

content, OM, and TN content (data not shown).  

The dominant class Sordariomycetes was composed of Hypocreomycetidae (17.3% of total 

fungal sequences), Sordariomycetes incertae sedis (1.6%), Sordariomycetidae (0.3%), 

Xylariomycetidae (0.4%), and unclassified Sordariomycetes (44.4%). The relative abundance 

of Hypocreomycetidae decreased with mean annual temperature and precipitation and soil TN 

content, but increased with soil pH and C:N ratio. The proportion of Xylariomycetidae 

increased with soil chloride concentration (data not shown). 

Of the second largest phylum Basidiomycota, 93% were Agaricomycetes, whose relative 

abundance was not significantly correlated with any environmental parameters examined. 

 

4 Discussion 

4.1 18S rRNA gene as a marker for fungi  

Both the internal transcribed spacer (ITS) region and 18S rRNA gene are used as markers for 

fungal community studies (Lindahl et al. 2013). The ITS region is usually preferred because it 

gives finer taxonomic resolution and can be useful for species separation (Bellemain et al. 

2010; Lindahl et al. 2013). Nevertheless, Lindahl et al. (2013) also pointed out the ITS region 

is too variable for phylogenetic analysis at high taxonomic ranks like families and orders. For 



assessment of fungal abundance, the reproducibility and accuracy of qPCR results are 

hampered by the length of the ITS region and its polymorphism as well as taxonomic bias of 

primers (Bellemain et al. 2010; Chemidlin Prévost-Bouré et al. 2011). Therefore, primers 

targeting 18S rRNA gene region have also been used in qPCR, although issues related to the 

length of targeted region and the specificity of primers still exist (Chemidlin Prévost-Bouré et 

al. 2011; Liu et al. 2016b). In this study, taxonomic resolution is not relevant to abundance 

analysis, and community composition was discussed at the taxonomic level of families or 

above. Thus, we believe using 18S rRNA gene as a marker for fungi is valid in this study. 

 

4.2 Relationships between fungal abundance and α-diversity with climatic and soil 

factors 

The fungal abundance in our paddy samples was influenced by several soil properties (Table 

2). Fungi cannot fix carbon and nitrogen and require provision of organic matter and 

nitrogenous compounds for growth and energy, and most fungi prefer warm, sugary, acidic, 

aerobic, and moisture conditions (Walker and White 2011). This might explain the positive 

correlations of fungal abundance with soil OM and TN content (Table 2). The negative 

correlation between fungal abundance and soil chloride concentration may be attributed to the 

impact of salinity, because it has been reported that fungal growth needs high water activity 

(i.e. low solute concentration) (Walker and White 2011) and could be suppressed by excessive 

salt in the soil (Juniper and Abbott 1993). The positive influence of soil sand content on 

fungal abundance may be direct via affecting aeration and oxygen availability or indirect due 

to the correlations of soil sand content with OM content (r = 0.406, P < 0.05, n = 30) and 

chloride concentration (r = -0.579, P < 0.05, n = 30). Nevertheless, in upland soils, Chemidlin 

Prévost-Bouré et al. (2011) found that fungal abundance was negatively correlated with sand 



content. Perhaps in dry soils fungal growth is more constrained by water, which is less 

withheld in sandy soils. 

The number of observed OTUs (23-64) in the paddy soils studied was comparable to that 

reported in upland soils when estimating with the same quantity of 18S rRNA gene sequences 

(Allison et al. 2007). Fungal diversity was correlated with both climatic and soil factors (Fig. 

3). Greater quantity and diversity of fungal OTUs were observed at sites with higher mean 

annual temperature and precipitation, consistent with their physiological characteristics 

mentioned above. In contrast to the observation in some forest ecosystems where nitrogen 

addition could reduce fungal diversity (Allison et al. 2007), fungal diversity in our paddy soils 

increased with soil TN and nitrate-N content but decreased with C:N ratio. This is probably 

due to, as discussed later, the dominant fungi in our paddy soils were Ascomycota which 

reportedly can proliferate in soils with low soil C:N ratios (Allison et al. 2007; Lauber et al. 

2008). Since most fungi are acidophilic (Walker and White 2011), it is not surprising that 

paddy diversity also had a significant negative relationship with soil pH.  

 

4.3 Geographic distance as the main driver of fungal community dissimilarity 

Two processes shaping microbial biogeography have been proposed: contemporary 

environmental conditions (environmental selection) and historical contingencies which is 

reflected by dispersal limitation (Hanson 2016). In the paddy soils studied, variation partition 

showed that the dissimilarity of fungal communities was more associated with geographic 

distance compared to soil properties and climatic factors (Fig. 6), corroborated by the 

significant increase of community dissimilarity with increasing geographic distance (Fig. 5). 

Similarly, an investigation in paddy soils across East Asia also found better prediction by 

geographic distance than soil properties for fungal community composition (Jiang et al. 2016). 



This suggests that in paddy soils dispersal limitation (historical contingencies) is the main 

driver for community dissimilarity, which contrasts with some studies in forest soils where 

climatic factors have been shown as the best predictors (Shi et al. 2014; Tedersoo et al. 2014). 

The reason requires further investigation, but the relative importance of historical 

contingencies and contemporary environment may vary in different types of soils or 

ecosystems which have distinct current environmental conditions and experienced different 

historic events. 

 

4.4 Dominance of Ascomycota in paddy soils 

Like in most other flooded paddy soils (Hussain et al. 2011; Lee et al. 2011; Jiang et al. 2016; 

Liu et al. 2016a; Liu et al. 2016b) and upland agricultural soils (Klaubauf et al. 2010; 

Nishizawa et al. 2010; Xu et al. 2012; Moll et al. 2016), the dominant fungi in our samples 

were Ascomycota (Fig. 7), which supports our hypothesis that the dominant fungi in paddy 

soils are Ascomycota. The finding contrasts with forest soils where Basidiomycota were often 

reported as the most dominant phylum (O'Brien et al. 2005; Allison et al. 2007; Lauber et al. 

2008; Buée et al. 2009; Shi et al. 2014; Tedersoo et al. 2014). This divergence was also 

observed by Lauber et al. (2008) who found that Ascomycota (mainly Sordariomycetes) were 

more abundant in cultivated and pasture soils compared to forest soils which contained more 

Basidiomycota (mainly Agaricales). They further reported that the relative abundance of 

Sordariomycetes decreased while Agaricales increased with soil C:N ratio. This may explain 

the predominance of Ascomycota over Basidiomycota in our paddy soils and other 

agricultural soils, because the C:N ratio, which has been widely observed influencing fungal 

community structure (Lauber et al. 2008; Curlevski et al. 2010; Newsham et al. 2016), is 

generally lower in agricultural soils than forest soils due to the quality (C:N ratio) of litter 



received (Compton and Boone 2000; Lauber et al. 2008; Chapin III et al. 2011) and N 

fertilizer input (Witt and Haefele 2005; Allison et al. 2007). Indeed, the C:N ratios in our 

paddy soils (9-15) were much lower compared to those (generally > 20) in most forest soils 

(Compton and Boone 2000; Lauber et al. 2008; Ross et al. 2011).  

The relative abundance of Ascomycota had a positive relationship with soil pH, despite that 

most fungi prefer slightly acid habitats (Walker and White 2011). The response of 

ascomycotal distribution to soil acidity has been scarcely investigated, but alkalophilic or 

alkali-tolerant Ascomycota are present in soil (Nagai et al. 1995; Nagai et al. 1998; Elíades et 

al. 2006; Grum-Grzhimaylo et al. 2016). Especially, Grum-Grzhimaylo et al. (2016) recently 

studied fungi isolates from soda soils and found that the alkaliphilic trait is spread throughout 

Ascomycota. The results in this study call for assessment of prevalence of alkaliphilic 

Ascomycota in paddy soils. 

 

5 Conclusions 

Microbial abundance, diversity, and community composition and their relationships with the 

environment are fundamental information for understanding microbial ecology and processes 

in soil ecosystems. This study examined the abundance, diversity, and distribution patterns of 

fungal communities in 30 paddy soils sampled from 10 representative rice-growing regions of 

China. The results revealed Ascomycota are the dominant fungi in paddy soils, and fungal 

abundance, α-diversity, and β-diversity are influenced by different environmental parameters. 

The findings may help us better understand fungal ecology and related processes and predict 

their responses to environmental changes in paddy ecosystems.  
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Fig. 1 Sampling sites of Chinese paddy soils indicated by stars in the map with labels showing 

site name and coordinates. BH, Binhai, Jiangsu Province; CS, Changshu, Jiangsu Province; 

HY, Hengyang, Hunan Province; JX, Jiaxing, Zhejiang Province; JZ, Jingzhou, Hubei 

Province; LN, Shenyang, Liaoning Province; ML, Miluo, Hunan Province; PJ, Panjin, 

Liaoning Province; SY, Shangyu, Zhejiang Province; XT, Xiantao, Hubei Province 

  



   
Fig. 2 Copy numbers of the fungal 18S rRNA gene in Chinese paddy soils. The error bars 

represent standard deviations of triplicates. Values that do not share the same letters are 

significantly different at P < 0.05. BH, Binhai, Jiangsu Province; CS, Changshu, Jiangsu 

Province; HY, Hengyang, Hunan Province; JX, Jiaxing, Zhejiang Province; JZ, Jingzhou, 

Hubei Province; LN, Shenyang, Liaoning Province; ML, Miluo, Hunan Province; PJ, Panjin, 

Liaoning Province; SY, Shangyu, Zhejiang Province; XT, Xiantao, Hubei Province  
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Fig. 3 PLS regression for the relationships between fungal α-diversity (blue lines) and 

environmental and climatic factors (red lines) (n = 27). MAT and MAP are mean annual 

temperature and precipitation; OM, organic matter; TN, total nitrogen. Variables pointing in 

opposite directions are negatively related while in the same directions are positively related, 

but if they point perpendicularly, their correlations are weak. Two factors were extracted in the 

model. The first factor explained 41.2 % of the variance in the predictors (environmental 

factors) and 32.1 % of the variance in the dependent variables (α-diversity). The second factor 

explained 14.5 % of the variance in the predictors and 11.4 % of the variance in the dependent 

variables   
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Fig. 4 Ordination by principal coordinates analysis (PCoA) for the 27 fungal communities 

based on the Bray-Curtis dissimilarity matrix. BH, Binhai, Jiangsu Province; CS, Changshu, 

Jiangsu Province; HY, Hengyang, Hunan Province; JX, Jiaxing, Zhejiang Province; JZ, 

Jingzhou, Hubei Province; LN, Shenyang, Liaoning Province; ML, Miluo, Hunan Province; 

PJ, Panjin, Liaoning Province; SY, Shangyu, Zhejiang Province; XT, Xiantao, Hubei Province  
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Fig. 5 Linear relationship between geographic distance and the Bray–Curtis dissimilarity of 

fungal communities (slope = 1.275×10
-4

, R
2
 = 0.3114, P < 0.001)  
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Fig. 6 Partition of variation of fungal communities into components accounted for by spatial, 

climatic, and soil factors. Spatial factors are PCNM eigenvectors derived from geographic 

distances between sampling sites. Climate factors include mean annual temperature and 

precipitation. Soil factors are soil pH, water content, and concentrations of total nitrogen and 

chloride. Figures represent variation explained by the factors (values < 0.001 are not shown; 

total variation is 1)  
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Fig. 7 Distribution of fungal phylotypes in 27 paddy soils. In each soil, red and white were 

given to phylotypes with the highest and lowest relative abundance, respectively. Asco., 

Basidio., and Glomero. indicate Ascomycota, Basidiomycota and Glomeromycota, 

respectively. uc. stands for unclassified. Ascomycota and Basidiomycota were assigned to the 

class level and Glomeromycota were assigned to the family level. Figures following taxa are 

their relative abundances (%). BH, Binhai, Jiangsu Province; CS, Changshu, Jiangsu 

Province; HY, Hengyang, Hunan Province; JX, Jiaxing, Zhejiang Province; JZ, Jingzhou, 

Hubei Province; LN, Shenyang, Liaoning Province; ML, Miluo, Hunan Province; PJ, Panjin, 

Liaoning Province; SY, Shangyu, Zhejiang Province; XT, Xiantao, Hubei Province 

 
 

  



Table 1 Information of sampling sites and selected properties of the 30 paddy soil samples
a
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00 
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3.3 a Mean ± standard error for soil properties; MAT and MAP are mean annual temperature and precipitation; OM, organic 

matter; TN, total nitrogen 
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Table 2 Pearson’s correlations between environmental factors and copy number of fungal 18S 

rRNA gene
a 

Variable r 

MAT 0.298 

MAP 0.203 

pH 0.023 

Water content 0.064 

OM 0.467 

TN 0.424 

C:N -0.287 

Sand 0.477 

Clay -0.357 

Nitrate-N 0.242 

Ammonium-N -0.141 

Sulfate 0.053 

Chloride -0.381 
a
 n = 30. r values in bold are with P < 0.05. MAT and MAP are mean annual temperature and 

precipitation, respectively; OM, organic matter; TN, total nitrogen  
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Table 3 α-diversity of fungal communities in surface paddy soils
a 

Site Number of OTUs Chao1 Inverse Simpson Shannon 

BH 56±7ab 176±138 8.13±2.08b 3.36±0.06abc 

CS 48±9b 180±93 4.62±2.58b 2.83±0.46de 

HY 55±8ab 142±72 10.79±3.44ab 3.43±0.25abc 

JX 45±4b 101±12 5.41±0.73b 2.94±0.04cd 

JZ 59±17ab 241±113 11.74±1.21ab 3.54±0.40ab 

LN 46±1b 149±22 7.98±3.21b 3.03±0.15bcd 

ML 64±5a 203±27 14.44±4.77a 3.69±0.14a 

PJ 23±5c 58±50 6.49±4.19b 2.32±0.46e 

SY 50±16ab 129±95 7.98±0.44b 3.18±0.39abcd 

XT 55ab 150 11.84ab 3.43abc 
a 
Mean ± standard deviation, standard deviation was not available for XT because there was 

only one soil sample left after removing samples containing less than 189 sequences. Values 

that do not share the same letters are significantly different at P < 0.05 (a post hoc test was 

not conducted for Chao1 because ANOVA showed no significant difference between sites). 

Chao1, Chao1 richness estimate; Inverse Simpson, inverse of the Simpson diversity index; 

Shannon, non-parametric estimate of the Shannon diversity index 

 

 

 


