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Wetland drainage has been intensively implemented globally, and it has exerted
significant effects on wetland ecosystems. The effects of wetland drainage on the soil
fungal community remain to be clarified. Soil samples were collected at depths of 0–
5 and 5–10 cm in freshwater Phragmites australis wetlands to investigate changes in
the fungal community before and after drainage (termed FW and DFW, respectively)
using high-throughput sequencing of the fungal-specific internal transcribed spacer
1 (ITS1) gene region. No significant differences in the α diversity of the soil fungal
community were found in 0–10 cm soils between FW and DFW (p > 0.05), except
for the abundance-based coverage estimator (ACE) and Chao1 indices in 5–10 cm
soils. Significantly higher values of ACE and Chao1 in 5–10 cm soils in FW than in DFW
indicated that wetland drainage may reduce fungal community richness in 5–10 cm
soils. Ascomycota, Sordariomycetes, and Cephalothecaceae were the dominant fungal
phylum, class, and family, respectively, in 0–5 and 5–10 cm soils of both FW and DFW,
representing as high as 76.17, 58.22, and 45.21% of the fungal community in 5–10
FW soils, respectively. Saprotrophic fungi predominated in both FW and DFW. Drainage
altered both the fungal community structure and some edaphic factors. Mantel tests
and Spearman correlation analyses implied that edaphic factors [i.e., soil organic matter
(SOM), electronic conductivity (EC), pH, and clay] also affected soil fungal community
structure. Overall, wetland drainage altered the community structure of the fungal
community in the freshwater wetlands.

Keywords: wetland drainage, fungal community, diversity, community structure, freshwater wetlands

INTRODUCTION

Due to anthropogenic activities (i.e., overexploitation), and the ecosystem services they
provide have been strongly impacted (Jones et al., 2018). Specifically, extensive wetland
drainage for agriculture or other land uses has been conducted throughout the world and
has increased dramatically (Drexler et al., 2009; Cortus et al., 2011; Xue et al., 2020).
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Wetland drainage is one of the primary reasons for wetland
loss, for example, causing the loss of more than 40% of prairie
wetlands in Alberta (Canada), more than 90% of the wetland area
in some states of the midwestern and eastern United States, and
even turning 90.5% of fens into seasonally inundated wetlands
(Cortus et al., 2011; Jones et al., 2018; Zhang et al., 2019). Wetland
drainage will cause drastic changes in the structure and function
of wetland soils and further lead to landscape modifications such
as land-surface subsidence and loss of water storage capacity
(Wiltermuth and Anteau, 2016; Jones et al., 2018). Consequently,
the loss of soil mass, the changes in soil physiochemical
properties, reduced soil fertility, and the reduction of ecosystem
services will result from the drainage of wetlands (Drexler et al.,
2009). Additionally, the oxidation of organic matter caused by
drainage will result in secondary subsidence in wetlands (Drexler
et al., 2009). Historical data also indicate that the landscape
modifications by drainage have altered the exchange of energy
and moisture at the surface, finally affecting local and regional
climate (Schneider and Eugster, 2007). Undoubtedly, drainage
induces inevitable variation in the water table, thereby changing
hydraulic conductivity and hydrologic processes in wetlands
(Brunet and Westbrook, 2012; Jones et al., 2018). However,
drainage in depressional wetlands has turned temporarily flooded
wetlands into permanently flooded areas with higher water levels
(McCauley et al., 2015). It has been reported that the drainage
accelerated wetland degradation in the Zoige Plateau (Li et al.,
2012; Xue et al., 2020) as the stability of the hydrology maintains
the structure and function of wetlands (Zedler, 2000). It is worth
noting that the hydrologic modifications may further lead to
changes in wetland sedimentation and nutrification as well as
community composition (Wiltermuth and Anteau, 2016). Thus,
the biota in wetlands, including vegetation and microbes, will
certainly be affected by drainage (Brunet and Westbrook, 2012;
McCauley et al., 2015).

Fungi are substantially involved in vital ecosystem services
(i.e., nutrient cycling, production of clean water, pollutant
degradation, compound transformations, suppression of disease-
causing soil organisms, and ecological restoration), and they
affect global biogeochemical cycles on a large scale due to their
important roles as plant symbionts, primary decomposers of
organic material, key regulators of soil carbon balance, and
the meditation in phosphorus and nitrogen cycles through
secreting extracellular enzymes (Treseder and Lennon, 2015;
Xu et al., 2017; Guan et al., 2018; Xiao et al., 2020).
Fungal biodiversity has been shown to essentially influence the
maintenance of wetland ecosystems due to its functions involved
in soil health, resilience to perturbations, and capacity for
coevolution, interpreting biogeographic patterns, and screening
natural products (Mueller and Schmit, 2007; Frąc et al., 2018; Xie
et al., 2020). Moreover, the variation in soil fungal community
composition can signify environmental changes (Xu et al., 2017).
Dini-Andreote et al. (2016) highlighted the importance of fungal
community composition in reflecting the successional stages of a
marine environment being transformed into a terrestrial system.
Onufrak et al. (2020) reported that the variations in fungal
community structure contributed to wetland quality assessments
with support from the Ohio Rapid Assessment Method (ORAM),

and this will further facilitate better management of wetland
ecosystems. In addition, Almeida et al. (2020) emphasized that
the diversity and composition of the fungal community can
be utilized to evaluate and improve restoration success. Thus,
the important roles played by fungi necessitate identifying the
important factors determining the diversity and composition of
the fungal community. Therefore, more exploration of soil fungi
is needed, as fungi still exist in a kind of “Earth’s dark matter”
(Xu et al., 2017).

The effects of anthropogenic activities on the soil fungal
community have been reported by numerous researchers. For
example, Hui et al. (2018) found that reforestation of farmland
restored the transitional fungal communities and decreased
soil fungal diversity. Liu et al. (2020) demonstrated that
afforestation of cropland altered functional groups of fungi
and reduced fungal diversity. Xiao et al. (2020) found that
freshwater restoration reduced the diversity of soil fungi but
strengthened the network connectivity. However, how wetland
drainage affects the soil fungal community has rarely been
reported. As fungi are primarily aerobic heterotrophs and are
sensitive to soil oxygen conditions, it can be predicted that the
water table drawdown and the consequent increase in oxygen
availability brought by wetland drainage will affect the soil
fungal community (Asemaninejad et al., 2018; Bergsveinson
et al., 2019; Xue et al., 2020). Previous studies have indicated
that soil characteristics (i.e., salinity, pH, soil organic carbon,
and soil moisture), geographic conditions, and vegetation types
impact the diversity of the fungal community (Guan et al., 2018;
Hui et al., 2018; Xie et al., 2020). Liu et al. (2018) reported
that soil physicochemical characteristics could be reshaped
by water table drawdown in Zoige peatlands. Therefore, this
study focused on the changes in the diversity and community
structure of the soil fungal community before and after drainage
to investigate the effects of wetland drainage on the soil
fungal community.

MATERIALS AND METHODS

Sampling Sites, Soil Sample Collection,
and Soil Analysis
Close to the north bank of the Yellow River, the studied
freshwater Phragmites australis wetlands (FW) are located in the
Nature Reserve of the Yellow River Delta. FW were created in
2002 to restore degraded salt marshes by channeling freshwater
from the Yellow River. The soils of FW have been inundated by
freshwater since then. However, FW has been drained for the
construction project of artificial islands since November 2018.
Consequently, no standing water exists where P. australis grows,
but the soils were still saturated in December 2018.

Soil samples with three replicates were taken from 0–5 and 5–
10 cm depths of FW before (October 2018) and after (December
2018) the wetland drainage. As we intended to investigate
whether there were differences in the fungal community from 0–5
and 5–10 cm soils, we selected these two soil layers instead of just
0–10 cm soils. After drainage, the wetlands were named drained
freshwater P. australis wetlands (DFW). Soils for sequencing
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were placed in an ice cooler box and stored in a refrigerator
at −80◦C after being brought to the laboratory. Sequencing
and data processing were conducted by Beijing Novogene Co.
Ltd. (Beijing, China). Soils for the determination of water
content (WC) were dried using a drying oven. Soils for the
measurement of other soil properties were air-dried and sieved
through a 10-mesh sieve (soil particle analysis), a 20-mesh sieve
[pH and electronic conductivity (EC)], or a 100-mesh sieve
[including soil organic matter (SOM) and TN], respectively. The
specific methods for the determination of soil properties can be
found in Zhao et al. (2020).

DNA Extraction, Internal Transcribed
Spacer Amplification, and Illumina MiSeq
Sequencing
Soil DNA was extracted from approximately 0.5 g soil using a
TIANGEN R©Magnetic Soil and Stool DNA Kit (Qiagen, Valencia,
CA, United States). The DNA concentration and purity were
monitored on 1% agarose gels. According to the concentration,
DNA was diluted to 1 ng/µl using sterile water. The internal
transcribed spacer 1 (ITS1) region was amplified using the
primer pair ITS1-1F-F (5′-CTTGG TCATTTAGAGGAAGTAA-
3′) and ITS1-1F-R (5′-GCTGCGTT CTTCATCGATGC-3′). All
PCR reactions were carried out in 30 µl reactions with 15 µl
of Phusion R© High-Fidelity PCR Master Mix (New England
Biolabs, Ipswich, MA, United States); 0.2 µM of forward and
reverse primers, and about 10 ng template DNA. Thermal cycling
consisted of initial denaturation at 98◦C for 1 min, followed by
30 cycles of denaturation at 98◦C for 10 s, annealing at 50◦C
for 30 s, elongation at 72◦C for 30 s, and final extension at
72◦C for 5 min.

Equal volumes of 1X loading buffer (containing SYB green)
were mixed with PCR products and subjected to electrophoresis
on 2% agarose gels for detection. Samples with a bright main
strip between 400 and 450 bp were chosen for further analysis.
PCR products were mixed in equidensity ratios. Then, the PCR
products were purified using the GeneJET Gel Extraction Kit
(Thermo Scientific, Belmont, MA, United States). Sequencing
libraries were generated using an Illumina TruSeq DNA
PCR-Free Sample Preparation Kit (Illumina, San Diego, CA,
United States) following the manufacturer’s recommendations,
and index codes were added. The library quality was assessed on
the Qubit@ 2.0 Fluorometer (Thermo Scientific, Belmont, MA,
United States) and Agilent Bioanalyzer 2100 system. Finally, the
library was sequenced on an Illumina NovaSeq 6000 platform and
250 bp paired-end reads were generated.

Sequence Processing and Taxonomic
Assignment
Sequencing of purified amplicon products was conducted on the
Illumina MiSeq PE300 platform in Beijing Novogene Biotech Co.
Ltd. (Beijing, China). Paired-end reads were assigned to samples
based on their unique barcode and truncated by cutting off the
barcode and primer sequence. FLASH (version 1.2.71) was used to
merge paired-end reads, and then raw tags were obtained. Quality

1http://ccb.jhu.edu/software/FLASH/

filtering on the raw tags was performed under specific filtering
conditions to obtain the high-quality clean tags according to the
QIIME (Quantitative Insights into Microbial Ecology, version
1.9.12) quality control process. The tags were compared with the
UNITE database (version 8.03) using the UCHIME algorithm
(UCHIME4) to detect and remove chimera sequences. Then,
the effective tags were finally obtained. Sequence analyses were
performed using Uparse software (Uparse version 7.0.10015).
Sequences with ≥ 97% similarity were assigned to the same
OTUs. A representative sequence for each OTU was screened
for further annotation. For each representative sequence, the
UNITE Database6 was used based on the Mothur algorithm to
annotate taxonomic information. The phylogenetic relationships
of different OTUs and the difference in the dominant species
in different samples (groups) of multiple sequence alignment
were identified using the MUSCLE software (version 3.8.317).
All raw sequencing data of this study are deposited into the
NCBI database with the Short Read Archive (SRA) accession
number PRJNA814347.

The α diversity indices, including observed species (Sobs),
abundance-based coverage estimator (ACE), Chao1, and
Shannon diversity, were calculated using QIIME. The β-diversity
indices, including principal component analysis (PCA) and
principal coordinate analysis (PCoA), were calculated using
QIIME software to evaluate the differences in bacterial
community composition before and after drainage. Both
PCA and PCoA were assessed on the basis of the Bray–Curtis
distance of OTUs.

Statistical Analyses
Student’s t-test was conducted to test the difference in soil
properties and soil α-diversity indices between the same soil
layer of different sites and different soil layers from the
same site at p < 0.05 level. Sequencing data were processed
on the cloud platform of Novegene. Based on the Bray–
Curtis distance, the similarity percentage (SIMPER) analysis
was performed using R software to evaluate the contribution
of fungal species to the difference in the fungal community
between FW and DFW. The Mantel test between the fungal
communities and soil properties was conducted at the OTUs,
phylum, and class levels based on the Bray–Curtis distance
algorithm, to determine environmental variables that structure
these communities. Spearman correlation analysis was used to
identify the relationships between environmental variables and
selected fungal taxa by calculating the correlation coefficients.
Mantel test, and Spearman correlation analysis were performed
using R software. The trophic model of the fungal community
was categorized by subjecting the taxonomic data to the
FUNGuild database8.

2http://qiime.org/scripts/split_libraries_fastq.html
3http://unite.ut.ee/
4http://www.drive5.com/usearch/manual/uchime_algo.html
5http://drive5.com/uparse/
6http://www.arb-silva.de/
7http://www.drive5.com/muscle/
8http://www.stbates.org/guilds/app.php

Frontiers in Ecology and Evolution | www.frontiersin.org 3 May 2022 | Volume 10 | Article 837747

http://ccb.jhu.edu/software/FLASH/
http://qiime.org/scripts/split_libraries_fastq.html
http://unite.ut.ee/
http://www.drive5.com/usearch/manual/uchime_algo.html
http://drive5.com/uparse/
http://www.arb-silva.de/
http://www.drive5.com/muscle/
http://www.stbates.org/guilds/app.php
https://www.frontiersin.org/journals/ecology-and-evolution
https://www.frontiersin.org/
https://www.frontiersin.org/journals/ecology-and-evolution#articles


fevo-10-837747 May 25, 2022 Time: 12:29 # 4

Zhao et al. Drainage Affects Soil Fungal Community

RESULTS

The Changes in Edaphic Factors After
Drainage
Soil properties in different soil layers before and after drainage are
shown in Table 1. Soil EC, Mg2+, Ca2+, SO4

2−, and silt content
in 0–5 cm soils were significantly lower in FW than in DFW
(p < 0.05), while sand content in 0–5 cm soils was significantly
higher in FW than in DFW (p < 0.05). In 5–10 cm soils, soil
Mg2+ and SO4

2− were higher in DFW than in FW (p < 0.05),
whereas soil pH was lower in DFW than in FW (p < 0.05).
However, EC, Ca2+, SO4

2−, and clay content between FW and
DFW showed significant differences (p < 0.05). Vertically, soil
Na+, K+, Mg2+, Ca2+, SO4

2−, and WC in 0–5 cm soils were
significantly higher than in 5–10 cm soils in FW (p < 0.05),
while soil SOM, EC, Mg2+, Ca2+, and SO4

2− in 0–5 cm soils
were significantly lower than those in 5–10 cm soils in DFW
(p < 0.05).

The α and β Diversities of Soil Fungal
Community Before and After Drainage
The comparison of α diversity indices of the fungal community
between FW and DFW is shown in Table 2. The coverage index
of the fungal communities in FW and DFW both exceeded
99%, indicating that the sequencing could reflect the fungal
communities of both sites. The values of Sobs in 0–5 cm
soils showed no significant differences between FW and DFW
(p > 0.05). However, significantly higher values of Sobs in
FW compared with DFW were observed in 5–10 cm soils
(p < 0.05), with mean values of 416 and 272 in soils in FW
and DFW, respectively. Similar to Sobs, the ACE and Chao1
showed significant differences in 5–10 cm soils between FW
and DFW (p < 0.05), with higher values occurring in FW. As
for the Shannon index, no significant differences between FW

and DFW in 0–5 or 5–10 cm soils (p < 0.05) were found.
Besides, no significant differences in Sobs, ACE, Chao1, or
Shannon indices were observed between 0–5 and 5–10 cm soils
in either FW or DFW.

The PCA and PCoA plots, based on the Bray-Curtis distance
of OTUs between FW and DFW, are shown in Figures 1A,B,
respectively. In the PCA plot, PC1 and PC2 explained 19.1 and
12.15% of the total variance, respectively. Fungi in the soils
of DFW were distributed on the upper axis of PC2. However,
fungi in soils of FW were scattered on the lower axis of PC2,
except for fungi from one soil sample, which showed a closer
relationship with samples of DFW. This indicated that the fungal
communities between soils from FW and DFW can be separated
to a great degree. Similar to PCA, the PCoA plot showed that
the fungal communities of most soil samples from DFW can be
distinguished from those of soil samples from FW (Figure 1B),
as soil samples from FW and DFW are mainly distributed on the
upper and lower axis of PCoA 2, respectively.

The Fungal Community Structure Before
and After Drainage
The fungal community structure at phylum level in 0–5 and
5–10 cm soils of FW and DFW is illustrated in Figure 2A.
More ITS reads in 0–10 cm soils of DFW (>40%) than in
those of FW (<30%) could not be assigned to known fungal
phyla. In total, 15 fungal phyla were identified in the soils
of FW and DFW. Ascomycota was recognized as the most
predominant fungal phylum in both 0–5 and 5–10 cm soils
of FW and DFW, with the relative abundance exceeding
50% in 0–10 cm soils of FW and 5–10 cm soils of DFW.
The highest relative abundance of Ascomycota was found in
5–10 cm soils of FW, reaching 76.17%. The rest of the 14
fungal phyla occupied less than 1% of the fungal community in
0–10 cm soils of both FW and DFW, except for Rozellomycota,

TABLE 1 | The changes of soil properties before and after drainage.

FW (0–5 cm) DFW (0–5 cm) FW (5–10 cm) DFW (5–10 cm)

SOM (%) 1.06 ± 0.46aA 0.98 ± 0.39aA 0.38 ± 0.09aA 0.24 ± 0.11aB

TN (g/kg) 0.70 ± 0.32aA 1.04 ± 0.34aA 0.28 ± 0.06aA 0.39 ± 0.08aA

C/N ratio 10.60 ± 2.14aA 10.81 ± 1.10aA 9.13 ± 0.47aA 7.08 ± 2.22aA

EC (mS/cm) 0.61 ± 0.06bA 1.20 ± 0.04aA 0.50 ± 0.09aA 0.67 ± 0.10aB

Na+ (g/kg) 0.51 ± 0.11aA 0.44 ± 0.12aA 0.25 ± 0.04aB 0.29 ± 0.10aA

K+ (mg/kg) 36.43 ± 6.20aA 58.59 ± 18.32aA 22.09 ± 1.77aB 32.14 ± 9.09aB

Mg2+ (mg/kg) 56.30 ± 11.64bA 141.15 ± 50.05aA 20.32 ± 1.69bB 53.49 ± 20.09aB

Ca2+ (g/kg) 0.14 ± 0.02bA 0.39 ± 0.11aA 0.08 ± 0.01aB 0.15 ± 0.05aB

Cl− (g/kg) 0.51 ± 0.14aA 0.32 ± 0.06aA 0.30 ± 0.04aA 0.18 ± 0.05bB

SO4
2− (g/kg) 0.39 ± 0.03bA 1.60 ± 0.38aA 0.07 ± 0.007bB 0.42 ± 0.11aB

pH 7.93 ± 0.76aA 7.64 ± 0.04aA 8.33 ± 0.09aA 7.96 ± 0.19bA

WC (%) 34.25 ± 0.97aA 33.34 ± 2.95aA 29.94 ± 4.61aB 26.53 ± 3.09aA

Clay (%) 0.39 ± 0.67aA 8.60 ± 3.74aA 0.00 ± 0.00aA 6.87 ± 9.07aA

Silt (%) 17.57 ± 8.43bA 38.27 ± 1.83aA 22.57 ± 2.89aA 24.16 ± 18.96aA

Sand (%) 82.04 ± 8.82aA 53.13 ± 4.92bA 77.43 ± 2.89aA 68.97 ± 27.85aA

abDifferent letters represent significant differences between the same soil layer of different sites at p < 0.05 level.
ABDifferent letters represent significant differences between 0–5 cm and 5–10 cm soils at the same site at p < 0.05 level.
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TABLE 2 | The α diversity indices of fugal community in FW and DFW.

FW (0–5 cm) DFW (0–5 cm) FW (5–10 cm) DFW (5–10 cm)

Coverage (%) 99.87 ± 0.04 99.90 ± 0.02 99.83 ± 0.02 99.93 ± 0.01

Sobs 440 ± 146aA 289 ± 14aA 416 ± 41aA 272 ± 58bA

ACE 479.60 ± 142.56aA 321.74 ± 11.47aA 474.84 ± 50.77aA 291.35 ± 60.38bA

Chao1 477.84 ± 142.38aA 328.31 ± 10.46aA 458.14 ± 48.73aA 287.40 ± 59.58bA

Shannon 4.05 ± 1.44aA 3.58 ± 0.80aA 2.85 ± 0.33aA 3.07 ± 0.82aA

abDifferent letters represent significant differences between microbes in the same soil layer of different sites (p < 0.05).
ABDifferent letters represent significant differences between 0-5 cm and 5-10 cm soils at the same site at p < 0.05 level.

FIGURE 1 | PCA (A) and PCoA (B) plots.

Chytridiomycota, Basidiomycota, Mortierellomycota, and
Glomeromycota. Kickxellomycota was not detected in
FW, while Monoblepharomycota, Blastocladiomycota,
Neocallimastigomycota, and Basidiobolomycota were only
found in FW. Ascomycota and Mortierellomycota in both FW
and DFW, Chytridiomycota in DFW, and Glomeromycota,
Mucoromycota, Monoblepharomycota, Blastocladiomycota,
Neocallimastigomycota, and Basidiobolomycota in FW showed
higher abundances in 5–10 cm soils than in 0–5 cm soils. The
SIMPER analysis showed that the change in abundance of
Ascomycota contributed 43.67 and 43.66% to the dissimilarity
in 0–5 and 5–10 cm soils between FW and DFW, respectively
(Table 3). Additionally, Rozellomycota, Chytridiomycota,
Basidiomycota, Mortierellomycota, and Glomeromycota each
explained more than 1% of the dissimilarity in 0–5 and 5–10 cm
soils between FW and DFW (Table 3). At the phylum level, the
changes in abundance of these six taxa determined as high as
about 61% of the dissimilarity between FW and DFW, among
those with individual contributions greater than 1%.

Figures 2B,C show the top 15 fungal classes and families
in 0–5 and 5–10 cm soils of FW and DFW, respectively. The
dominant soil fungal class was Sordariomycetes in 0–10 cm
soils of both FW and DFW. The proportions occupied by
Sordariomycetes in FW were 48.16% in 0–5 cm soils and
58.22% in 5–10 cm soils. However, the relative abundance of

Sordariomycetes was lower in DFW than in FW, with values of
26.81% in 0–5 cm soils and 45.61% in 5–10 cm soils. Although
Leotiomycetes was the second most abundant fungal class,
the proportions of Leotiomycetes in the fungal community
in 0–5 cm soils of FW and 0–10 cm soils of DFW were less
than 10%. Sordariomycetes, Leotiomycetes, Dothideomycetes,
Lecanoromycetes, Saccharomycetes, Mortierellomycetes, and
Tremellomycetes in both FW and DFW; Glomeromycetes,
Pezizomycetes, and Eurotiomycetes in FW; and unidentified
Glomeromycotina in DFW showed increasing trends along
with the soil profile, while unidentified Rozellomycota
sp., Agaricomycetes, Lobulomycetes, and Spizellomycetes
in FW and DFW; Glomeromycetes, Pezizomycetes, and
Eurotiomycetes in DFW; and unidentified Glomeromycotina
in FW were more enriched in 0–5 cm soils than in 5–10 cm
soils. Simultaneously, the changes in the abundances of
Sordariomycetes, Leotiomycetes, unidentified Rozellomycota
sp., Agaricomycetes, Dothideomycetes, Lecanoromycetes,
and Saccharomycetes contributed 61.34 and 61.36% of the
dissimilarity in 0–5 and 5–10 cm soils between FW and
DFW, respectively, among those with individual contributions
greater than 1% (Table 3). The largest contribution was made
by Sordariomycetes (32.89% in 0–5 cm soils and 32.88%
in 5–10 cm soils), followed by Leotiomycetes (11.79% in
0–10 cm soils).
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FIGURE 2 | The fungal community structure in 0–5 and 5–10 cm soils of FW and DFW at phylum level (A), at class level (B), and at family level (C). (Note: 1
represents 0–5 cm soils and 2 represents 5–10 cm soils).

At the family level, the relative abundance of
Cephalothecaceae was highest in 0–10 cm soils in both
FW (35.72% in 0–5 cm soils and 45.20% in 5–10 cm soils)
and DFW (23.62% in 0–5 cm soils and 36.62% in 5–10 cm
soils), followed by Pseudeurotiaceae (Figure 2C). The
relative abundance of Pseudeurotiaceae was less than 1%
in 0–5 cm soils of DFW but reached 12.00% in 5–10 cm
soils of FW. Notably, fungi belonging to Cyphellaceae and
Debaryomycetaceae were not detected in 0–10 cm soils
in FW. Cephalothecaceae, Pseudeurotiaceae, unidentified
Sordariomycetes sp., Lasiosphaeriaceae, Coccocarpiaceae,
Mortierellaceae, Didymellaceae, and Aureobasidiaceae in FW
and DFW; Chaetomiaceae, Strophariaceae and Ceratobasidiaceae
in DFW; and Glomeraceae in FW showed a lower relative
abundance in 0–5 cm soils than in 5–10 cm soils, while
the relative abundances of unidentified Rozellomycota
sp. in FW and DFW; Chaetomiaceae, Strophariaceae, and
Ceratobasidiaceae in FW; Cyphellaceae, Debaryomycetaceae,
and Glomeraceae in DFW were higher in 0–5 cm soils

than in 5–10 cm soils. According to the SIMPER analysis
(Table 3), Cephalothecaceae and Pseudeurotiaceae made the
highest (28.46%) and second-highest (10.21%) contributions
to the dissimilarity in 0–10 cm soils between FW and DFW
at the family level, respectively. Each of the abundances of
unidentified Rozellomycota_sp., Chaetomiaceae, unidentified
Sordariomycetes sp., Lasiosphaeriaceae, Strophariaceae,
Cyphellaceae, and Coccocarpiaceae explained > 1% of the
dissimilarity between FW and DFW, while the sum of the
contributions made by these seven taxa reached 59.04% in both
0–5 and 5–10 cm soils.

The Trophic Characterization of Soil
Fungal Community Before and After
Drainage
The fungal OTUs in 0–10 cm soils of FW and DFW were
categorized into eight trophic modes based on FUNGuild
(Figure 3). The proportion of OTUs that could be classified by

Frontiers in Ecology and Evolution | www.frontiersin.org 6 May 2022 | Volume 10 | Article 837747

https://www.frontiersin.org/journals/ecology-and-evolution
https://www.frontiersin.org/
https://www.frontiersin.org/journals/ecology-and-evolution#articles


fevo-10-837747 May 25, 2022 Time: 12:29 # 7

Zhao et al. Drainage Affects Soil Fungal Community

TABLE 3 | The similarity percentage (SIMPER) analysis at phylum, class and family
level between FW and DFW.

Contribution (%) of

Species fungi at different depth

0-5 cm 5-10 cm

Phylum Ascomycota 43.67 43.66

Rozellomycota 7.22 7.22

Chytridiomycota 4.06 4.06

Basidiomycota 3.51 3.50

Mortierellomycota 1.41 1.41

Glomeromycota 1.07 1.07

Class Sordariomycetes 32.89 32.88

Leotiomycetes 11.79 11.79

Unidentified_Rozellomycota_sp 5.82 5.82

Agaricomycetes 2.85 2.85

Dothideomycetes 1.74 1.75

Lecanoromycetes 1.46 1.46

Saccharomycetes 1.28 1.28

Family Cephalothecaceae 28.46 28.46

Pseudeurotiaceae 10.21 10.21

Unidentified_Rozellomycota_sp 5.03 5.03

Chaetomiaceae 4.55 4.55

Unidentified_Sordariomycetes_sp 2.31 2.31

Lasiosphaeriaceae 1.88 1.88

Strophariaceae 1.83 1.83

Cyphellaceae 1.25 1.25

Coccocarpiaceae 1.10 1.10

FUNGuild was higher in FW (>60%) than in DFW (<50%).
Saprotroph was the dominant trophic mode in both 0–5
and 5–10 cm soils of FW and DFW, accounting for more
than 54.26, 67.16, and 55.98% in 0–5 and 5–10 cm soils
of FW and 5–10 cm soils of DFW, respectively. Although
Saprotroph just occupied 27.08% of the fungal community
in 0–5 cm soils of DFW, its abundance ranked the highest
among the OTUs that could be assigned by FUNGuild at
92.79%. Among the remaining seven trophic modes, only the
relative abundance of Symbiotroph in 0–10 cm soils of FW and
Pathotroph-Saprotroph in 0–5 cm soils of DFW and 5–10 cm
soils of FW were higher than 1%. Saprotroph, Pathotroph,
Saprotroph-Pathotroph-Symbiotroph, Saprotroph-Symbiotroph,
and Saprotroph-Symbiotroph in 0–5 and 5–10 cm soils
of FW; Pathotroph-Saprotroph-Symbiotroph and Pathotroph-
Symbiotroph in 0–5 cm soils of FW; and Pathotroph-Saprotroph
in 5–10 cm soils of FW were more enriched than those of DFW,
showing a decreasing trend after drainage.

The Relationship Between the Fungal
Community and Environmental Variables
The results of the Mantel tests between the fungal community and
environmental variables at OTU, phylum, class, and family level
are shown in Table 4. EC and pH showed significant correlations
with the fungal community at OTU, phylum, class, and family
levels (p < 0.05) with correlation coefficients ranging from 0.31

to 0.48. However, no significant relationships between the fungal
community and other environmental variables were observed
(p > 0.05).

The Spearman correlations between environmental
variables and α diversity of the fungal community and fungal
community at phylum, class, and family level are exhibited
in Figures 4A–D, respectively. Soil clay and Cl− showed
significantly negative and positive relationships with Sobs,
ACE, and Chao1 indices (p < 0.05), respectively, while soil
Ca2+ showed a significantly negative relationship with the
Chao1 index (p < 0.05). At the phylum level, there were
significant correlations between Ascomycota, Chytridiomycota,
Mortierellomycota, Aphelidiomycota, Zoopagomycota,
Olpidiomycota, Mucolomycota, Blastocladiomycota, and
Neocallimastigomycota and all soil properties except for silt
(p < 0.05, Figure 4B). At the class level, Dothideomycetes,
Saccharomycetes, Mortierellomycetes, Glomeromycetes,
Lobulomycetes, Tremellomycetes, and Spizellomycetes were
significantly related to all soil properties except for silt and pH
(p < 0.05, Figure 4C). At the family level, soil clay, Cl−, Ca2+,
K+, Na+, pH, EC, C/N ratio, TN, and SOM were significantly
related to Lasiosphaeriaceae, Strophariaceae, Cyphellaceae,
Coccocarpiaceae, Debaryomycetaceae, Mortierellaceae,
Didymellaceae, and Aureobasidiaceae (p < 0.05, Figure 4D).

DISCUSSION

How Drainage Affects the Soil Fungal
Community
Drainage caused the disappearance of standing water in FW,
turning the long-term flooded soils into a saturated state and
temporarily creating a more aerobic soil environment. Hydrology
is one of the dominant controlling factors of fungal diversity
and community composition, and water table drawdown could
induce both positive and negative effects on fungal communities
(Asemaninejad et al., 2017; Almeida et al., 2020). The increased
oxygen availability by short-term water table drawdown favors
the fungal cell energy metabolism (especially for saprotrophs),
while long-term water table drawdown results in comprehensive
changes in the soil environment (Asemaninejad et al., 2017).
Microorganisms are sensitive to the availability of water and
oxygen in wetland ecosystems (Xue et al., 2020). Fungi are also
capable of compensating for unfavorable soil moisture conditions
(Jassey et al., 2017). Soil moisture has been confirmed as one
of the main drivers for changes in the fungal community (Zhao
et al., 2019). Different oxygen requirements of different fungi in
their life cycle possibly render fungal communities altered after
drainage (Guan et al., 2018). Almeida et al. (2020) considered
that the sensitivity of some fungi to dry conditions or the
increased dispersal of spores to wetter sites could explain the
decreased fungal diversity and shifted composition as the water
level relatively lowered in the Everglades tree islands. Peltoniemi
et al. (2009) reported that a short-term water-level drawdown
induced an increase in fungal diversity in a boreal peatland in
Finland. Tian et al. (2022) found that the composition and size of
the fungal community in 0–25 cm soils in Zoige peatlands were
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FIGURE 3 | The relative abundance of fungal trophic modes in 0–5 and 5–10 cm soils of FW and DFW. (Note: 1 represents 0–5 cm soils and 2 represents 5–10 cm
soils).

not significantly affected by aerobic conditions. A decreasing
trend in the richness of the soil fungal community was observed
after drainage, but statistically significant differences were only
detected for the Sobs, ACE, and Chao1 indices in 5–10 cm soils
(Table 2). The diversity indicated by the Shannon index in 0–
10 cm soils and the abundance of the fungal community in
0–5 cm soils showed no significant differences before and after
drainage. The disparity in these studies might be caused by the
initial in situ water table level, duration time of the water-level
drawdown, or the wetland type (Peltoniemi et al., 2009; Tian et al.,
2022).

Various studies have reported the influence of soil properties
on soil fungal abundance and diversity (Guan et al., 2018; Zhao
et al., 2019; Xue et al., 2020; Hou et al., 2021). According to
Hou et al. (2021), soil Ca2+ was negatively correlated with the
Chao1 index of soil fungi. In this study, Spearman correlation
analysis showed that soil clay and Ca2+ negatively affected the
abundance of the fungal community (Figure 4A). However,
soil Ca2+ and clay positively responded to wetland drainage,
indicating that drainage possibly causes the decreased abundance
of the fungal community in the long run. Guan et al. (2018)
found that soil organic carbon negatively affected the diversity
of the fungal community due to the competition for organic
matter and the increased decomposition ability. No significant
differences in SOM were found in 0–10 cm soils of FW or DFW
in this study, a factor that might explain the similar α diversity of
fungal communities in FW and DFW. Salinity has been reported
to negatively affect the fungal Shannon diversity in degraded
grasslands (Wu et al., 2021). Xiao et al. (2020) found that EC
explained 14.93% of the difference in soil fungal communities
between freshwater restored wetlands and natural wetlands. Zhao
et al. (2019) reported that salinity could predict changes in the
fungal community. Although no significant correlations were
observed between fungal α diversity indices or EC and salt

ions, these salinity parameters selectively affected some fungal
species as shown by the Spearman correlation analysis (Figure 4).
Simultaneously, soil EC, Mg2+, Ca2+, and SO4

2− responded
positively to wetland drainage. Thus, drainage possibly imposes
a further decreasing effect on fungal community diversity by
affecting soil salinity. Soil pH has been shown to significantly
affect soil fungal OTU numbers and community structure, but
no significant relationship between the abundance of the fungal
community and pH was observed (Wang et al., 2015; Dini-
Andreote et al., 2016). In this study, pH significantly affected the
soil fungal community at various levels (p < 0.05, Table 4) and
had significant relationships with the abundances of Ascomycota,
Chytridiomycota, Olpidiomycota, Strophariaceae, Cyphellaceae,
and Debaryomycetaceae (p< 0.05, Figure 4). Several studies have
reported the structuring effect of both silt and sand content on
the fungal community (Chen et al., 2017; Zhao et al., 2017; Dos
Passos et al., 2021), a pattern that was confirmed in this study.
Although a statistically significant difference was only observed
in 0–5 cm soils, the silt and sand content increased and decreased
after drainage in this study. Higher WC can stimulate an increase
in the diversity of the fungal community (Xu et al., 2017).
However, drainage did not have any significant effects on the soil
WC (Table 1), which might be another reason for the similar
diversity of the fungal community before and after drainage.
Additionally, SOM, TN, C/N ratio, Na+, and WC significantly
affected some fungal species despite the fact that there were no
significant drainage effects on these factors. Thus, the associated
changes caused by drainage in soil properties would alter the
soil fungal community. Apart from soil properties, soil depth is
considered a non-negligible influencing factor. The variations of
the fungal community along the soil profile have been reported
at both small and large spatial scales by several researchers. For
example, Pagano et al. (2016) found that the abundance of the
fungal community showed a clear decreasing tendency as soil
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FIGURE 4 | Spearman correlation analyses between environmental variables and α diversity indices (A), fungal community at phylum level (B), selected fungal
classes (C), and selected fungal families (D).

depth increased in anthropic Amazonian dark soils. Li et al.
(2020) reported that the community structure of soil fungi in
paddy fields varied along with soil depth due to the variations of
soil organic carbon and nitrogen content in three regions across
China. In this study, the fungal community richness showed no
significant changes along with the depth, but the community
composition varied between 0–5 and 5–10 cm soil depths.

The Specific Effects of Drainage on
Fungal Community Structure and the
Possible Ecological Impact
The fungal community structure seemed to be more sensitive to
drainage than the α diversity indices. The proportions of ITS
reads that could not be assigned to any fungal phyla reached
up to 60.62% in 0–5 cm soils and 36.24% in 5–10 cm soils
of DFW, which were much higher than those in 0–10 cm
soils of FW (25.16% for 0–5 cm soil layer and 17.92% for
5–10 cm soil layer). Dini-Andreote et al. (2016) also found
that 49.5% of the fungal sequences from sediments of salt

marshes with zero year of succession could not be affiliated
with any fungal phylum in the database. Recently, Cheung
et al. (2018) reported that about 23% of ITS reads cannot
be recognized as known fungal phyla, and they considered
that these unassigned fungi might be identified as novel early
diverging lineages that could facilitate our understanding of the
evolution of fungi.

Both compositional and functional shifts in the fungal
community associated with water table level changes have
been observed by Peltoniemi et al. (2012) and Asemaninejad
et al. (2017). In this study, drainage decreased the relative
abundances of Saprotroph, Pathotroph, Saprotroph-
Pathotroph-Symbiotroph, Saprotroph-Symbiotroph,
Saprotroph-Symbiotroph Pathotroph-Saprotroph-Symbiotroph,
Pathotroph-Symbiotroph, and Pathotroph-Saprotroph in 0–5
or/and 5–10 cm soils in the freshwater wetlands. Jassey et al.
(2017) found that saprotrophic fungi showed a gradually
increasing trend as water level decreased, which collaborates
with this study. Saprotrophic fungi can boost the process of
carbon mineralization and potentially affect long-term carbon
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TABLE 4 | The Mantel test between fungal community and environmental
variables.

R(OTU) R(phylum) R(class) R(family)

SOM 0.16 0.13 0.15 0.17

TN 0.10 0.02 0.07 0.08

C/N ratio 0.09 0.03 0.15 0.16

EC 0.33* 0.48* 0.33* 0.36*

pH 0.37* 0.31* 0.40** 0.36*

Na+ 0.10 0.08 0.16 0.15

K+ 0.06 0.00 0.05 0.05

Mg2+ 0.03 0.06 0.02 0.01

Ca2+ 0.07 0.05 0.03 0.03

Cl− 0.24 0.24 0.24 0.27

SO4
2− 0.01 0.12 0.03 0.05

Clay 0.08 0.02 0.01 0.03

Silt 0.00 0.07 0.04 0.00

Sand 0.02 0.06 0.05 0.01

WC 0.11 0.11 0.01 0.04

* and ** represent the significant difference at p < 0.05 and p < 0.01
level, respectively.

storage through accretion of soil recalcitrant C carbon (Treseder
and Lennon, 2015). Moreover, increased saprotrophic fungi
improved enzyme activity (Jassey et al., 2017). Thus, the changes
in the relative abundance of saprotrophic fungi resulting from
wetland drainage will consequently affect wetland carbon
storage in the future. At the phylum level, the fungal species
contributing more than 1% to the dissimilarity before and after
drainage were Ascomycota, Rozellomycota, Chytridiomycota,
Basidiomycota, Mortierellomycota, and Glomeromycota.
However, the fungal class and family that contributed more than
1% to the difference between the soil fungal communities of FW
and DFW belonged to three phyla (Ascomycota, Rozellomycota,
and Basidiomycota). Among fungal species (at phylum, class, and
family level) that made higher contributions to the dissimilarity
before and after drainage, the relative abundances of most
species in both 0–5 and 5–10 cm soils decreased after drainage
except for Mortierellomycota, Chaetomiaceae, and unidentified
Sordariomycetes sp. in 5–10 cm soils of FW, Dothideomycetes,
and Saccharomycetes in 0–5 cm soils of FW and Cyphellaceae in
both 0–5 and 5–10 cm soils of FW.

As saprotrophic fungal species and important decomposers
of cellulose, Ascomycota have been reported as the dominant
fungal phylum in various soil types, such as coastal wetlands
sediments, alpine wetlands soils, paddy soils, subtropical
bamboo forests, and degraded grasslands (Li et al., 2017,
2020; Cheung et al., 2018; Xie et al., 2020; Wu et al., 2021).
Consistently, Ascomycota, the Sordariomycetes class, and the
Cephalothecaceae family belonging to Ascomycota held the
highest proportions in fungal communities in 0–5 and 5–
10 cm soils in both FW and DFW in this study, respectively,
demonstrating that cellulose-degrading species dominated in the
fungal community of both FW and DFW (Li et al., 2017).
Dothideomycetes have been reported as the largest class of
Ascomycota with the highest ecological diversity (Hongsanan,
2020). Most species of freshwater Dothideomycetes are saprobic
fungi, decomposing submerged woody debris and leaves in

water (Dong et al., 2020). However, the relative abundance of
Dothideomycetes in 0–10 cm soils of FW and DFW was quite
low in this study. As the second-largest class of Ascomycota,
Sordariomycetes are widely found in various environments and
contain functionally diverse members, such as plant pathogens
and saprobes (Maharachchikumbura et al., 2016). Freshwater
Sordariomycetes contain diverse lignicolous freshwater fungi and
thus participate in the functioning of ecosystems (Luo et al.,
2019). Similar to Sordariomycetes, Leotiomycetes consist of a
large number of non-lichenized ascomycetes fungi and are widely
found in various biotopes, producing inoperculate, unitunicate
asci in perithecial or apothecial ascomata (Zhang and Wang,
2015). Members of Chaetomiaceae are capable of producing
a series of enzymes that possess significant applications in
biotechnology and industry, and most members are renowned
for breaking down cellulose (Ibrahim et al., 2021). The decrease
in the relative abundances of Ascomycota, Sordariomycetes, and
Cephalothecaceae after drainage indicated that drainage would
affect cellulose decomposition (Li et al., 2017).

Rozellomycota consist of uniflagellated and unwalled
zoospores with ready motility acquired from swimming (Dini-
Andreote et al., 2016). Thus, the members of Rozellomycota
may thrive more in the flooding soil environment of FW
than in DFW, explaining the higher relative abundance of
Rozellomycota in FW than in DFW. Besides, it has been reported
that sand content positively affected the relative abundance of
Rozellomycota (Dini-Andreote et al., 2016). The higher sand
content in 0–10 cm soils of FW than that of DFW might partly
explain why Rozellomycota was more enriched in FW.

Generally, Chytridiomycota (Chytrids) favor aquatic
environments and terrestrial habitats with surface water
(Peltoniemi et al., 2009). However, many Chytrids can endure
short-term desiccation through producing resistant spores, and
thus they can survive from water table drawdown for short
periods (Asemaninejad et al., 2017). In this study, the relative
abundance of Chytridiomycota increased after drainage, perhaps
due to the high proportion of desiccation-resistant Chytrids
in the freshwater.

Basidiomycota are also involved in carbon cycling
through degrading organic substances (especially lignin),
and members (especially in the class Agaricomycetes) are
typical representatives of cellulose degraders (Treseder and
Lennon, 2015; Li et al., 2017; Wu et al., 2021). Xue et al. (2020)
reported that the relative abundance of Basidiomycota showed
an enormously increasing trend as the water table lowered in
drained peatlands of the Zoige Plateau. This might be associated
with the differences in drainage duration observed in these two
studies, as drainage duration affects the response of microbial
communities to the decline of the water table (Xue et al., 2020). In
line with the study of Fu et al. (2021), no environmental variables
significantly affected the relative abundance of Basidiomycota.
Agaricomycetes are the most abundant class within the phylum
Basidiomycota are widely distributed in soils due to the high
production of atmospheric fungal spores (50%) (Santillán et al.,
2021). The relative abundance of Agaricomycetes also showed a
negative response to wetland drainage in this study.

Mortierellomycota contain a large group of saprotrophs in the
soil that can dissolve soil mineral phosphorus to enhance soil
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nutrient levels (Wang et al., 2020). The relative abundance of
Mortierellomycota has been reported to be diminished by higher
SOM and TN content (Qiu et al., 2020; Wu et al., 2021),
which collaborates with the spearman correlation results of this
study (Figure 4). However, SOM and TN weren’t significantly
altered by drainage in this study, which might explain why only
a quite small change was observed in the relative abundance
of Mortierellomycota.

Glomeromycota are a globally distributed fungal phylum, and
Glomeromycota fungi that can form arbuscular mycorrhiza are
known as Arbuscular mycorrhizal fungi (AMF), importantly
affecting plant growth and maintaining soil functions and the
sustainability of the soil environment (Rivera-Becerril et al.,
2017; Stürmer et al., 2018). Although no significant relationships
between Glomeromycota and edaphic factors were observed, the
relative abundance of Glomeromycota decreased after drainage.

CONCLUSION

This study has shed light upon the effects of drainage on the
fungal community and soil properties in a freshwater wetland
in the Yellow River Delta vegetated with P. australis. Wetland
drainage lowered the water table in freshwater wetlands and
turned the flooded soil environment into a saturated state,
altering the soil fungal community as well as several edaphic
factors. Drainage increased the contents of soil EC, Mg2+, Ca2+,
SO4

2−, and silt but lowered sand content and pH in 0–5 or 5–
10 cm soils. The predominant Ascomycota, Sordariomycetes, and
Cephalothecaceae at phylum, class, and family level, respectively,
all decreased after drainage and also made the highest
contribution to the dissimilarity in the fungal community before
and after drainage, as revealed by the SIMPER analysis. However,
drainage increased the relative abundances of Chytridiomycota
and Cyphellaceae in both 0–5 and 5–10 cm soils. Additionally,
most of the remaining fungal species caused large changes
(1%) in the fungal community before and after drainage
exhibited a decrease after drainage in both 0–5 and 5–10 cm
soils except for Mortierellomycota, Chaetomiaceae, unidentified
Sordariomycetes sp., Dothideomycetes, Saccharomycetes, and
Cyphellaceae. Multiple statistical analyses unraveled that SOM,

TN, C/N ratio, EC, pH, Cl−, Na+, K+, Mg2+, Ca2+, SO4
2−,

clay, and WC influenced fungal community structure at different
levels. Thus, drainage also changed the soil fungal community
through altering edaphic factors. The effects of drainage on the
soil fungal community potentially change soil nutrient cycling,
especially the carbon cycle in wetlands. Therefore, the possible
influence of drainage on wetland ecosystems should be taken
into consideration when trading off whether to conduct a
drainage project.
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