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Abstract

Aims Soil fungal communities play a critical role in
ecosystem carbon (C) and nitrogen (N) cycling. Al-
though the effect of plant invasions on ecosystem C
and N cycling is well established, its impact on soil
fungal communities is not fully understood. The objec-
tive of this study was therefore to understand the varia-
tions in soil fungal communities as affected by plant
invasion, and the mechanisms that drive these changes.
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Methods We examined the impacts of invasive Spartina
alternifolia Loisel. (SA) on soil fungal abundance, di-
versity, community composition, trophic modes and
functional groups in comparison with bare flat (BF)
and native Suaeda salsa (Linn.) Pall. (SS), Scirpus
mariqueter Tang et Wang (SM), and Phragmites
australis (Cav.) Trin. ex Steud. (PA) communities in
coastal salt marshes of eastern China, based on analyses
of the quantitative polymerase chain reaction (qQPCR)
and Illumina MiSeq DNA sequences of fungal internal
transcribed spacer (ITS) region.

Results SA invasion increased the soil fungal abun-
dance and diversity compared to BF, SS, SM, and PA
soils. The increased soil fungal abundance and diversity
were highly related to soil organic carbon (C) and nitro-
gen (N), water-soluble organic carbon (WSOC), litter
C:N ratio, and root C:N ratio. Soil fungal community
composition was shifted following SA invasion. Specif-
ically, SA invasion significantly enhanced the relative
abundance of Basidiomycota, and reduced the relative
abundance of Ascomycota compared with BF, SS, SM,
and PA soils. Additionally, SA invasion changed soil
fungal trophic modes and functional groups. The rela-
tive abundance of saprotrophic fungi significantly in-
creased, while the relative abundances of symbiotic and
pathotrophic fungi decreased following SA invasion.
Conclusions Our data revealed that SA invasion altered
soil fungal abundance, diversity, community composi-
tion, trophic modes and functional groups, which were
primarily driven by the quality and quantity of plant
residues, soil nutrition substrates, as well as soil physi-
cochemical properties. The changes in soil fungal
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communities, especially their trophic modes and func-
tional groups following SA invasion would greatly af-
fect soil C and N decomposition and accumulation with
potential feedback on climate change.

Keywords Coastal wetland - Fungal functional groups -
[llumina MiSeq DNA sequencing - Plant invasions - Soil
carbon and nitrogen sequestration - Soil fungal
community composition

Abbreviations
ACE Abundance-based coverage estimator
AMF Arbuscular mycorrhizal fungi

ANOVA  Analysis of variance

BF Bare flat

C Carbon

Chaol Chao’s species richness estimator
C:Nratio Carbon: Nitrogen ratio

ITS Internal transcribed spacer

N Nitrogen

OTUs Operational taxonomic units

PA Phragmites australis (Cav.) Trin. ex Steud.
PCoA Principal coordinates analysis

QIIME Quantitative insights into microbial ecology
qPCR Quantitative polymerase chain reaction
RDA Redundancy analysis

RDP Ribosomal database project

SA Spartina alternifolia Loisel.

Shannon  Shannon’s diversity index

SM Scirpus mariqueter Tang et Wang
SOC Soil organic carbon

SOM Soil organic matter

SON Soil organic nitrogen

SS Suaeda salsa (Linn.) Pall.

WSOC Water-soluble organic carbon

Introduction

Invasive plant species occupy many ecosystems world-
wide, and have been documented to change ecosystem
structure through competition with, and substitution of
native species (Bray et al. 2017). This results in changes
to ecosystem processes and functions (Vila et al. 2011).
Numerous studies have reported that invasive plants can
change local ecosystem carbon (C) and nitrogen (N)
cycling (Liao et al. 2008; Castro-Diez et al. 2014; Lee
et al. 2017). Soil microorganisms play essential roles in
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mediating ecosystem C and N cycling through the de-
composition of plant residues and soil organic matter
(SOM) (Hargreaves and Hofmockel 2014). Soil fungi
are ecologically and functionally diverse kingdom of
eukaryotic organisms (Khomich et al. 2017), which
have the capacity to decompose numerous complex
and recalcitrant compounds found in plant-derived or-
ganic matter (e.g., cellulose and lignin) compared with
bacteria (Matsuoka et al. 2018). Thus, estimating the
variations in soil fungal communities as a result of plant
invasions is important to improve our understanding of
the mechanisms by which invasive plants influence
ecosystem C and N cycling. Recently, the responses of
soil bacterial communities to invasive plants have been
well documented (Piper et al. 2015; Rodriguez-
Caballero et al. 2017; Yang et al. 2019), while the
impacts of invasive plants on soil fungal communities
are still poorly understood (Zubek et al. 2016; Gaggini
et al. 2018).

Below-ground fungal communities consist of soil
fungal communities and root-associated fungal commu-
nities (Li et al. 2018). Root-associated fungi are largely
determined by the host plant community, which provide
critical nutrients and energy to root-associated fungi (Li
et al. 2018). In contrast, soil fungi are primarily depen-
dent on the nutrient composition of the soil (Kim et al.
2015). These two fungal communities are closely relat-
ed to plant communities at a finite scale, and plant
communities are considered to be important driver in
the variations of underground fungal communities (Li
et al. 2018). Fungi can decompose recalcitrant plant
materials (Collins et al. 2018), and consequently they
have been reported to be directly affected by the plant
residues characteristics (e.g., litter and root C:N ratios)
and/or by the concentrations of secondary metabolites
(Janouskova et al. 2018). Invasive plants have been
reported to alter the composition or types of plant com-
munities (Aragén et al. 2014), as well as litter and of
root characteristics (Bray et al. 2017), and these changes
may affect soil fungal communities.

Soil fungal communities are driven by a series of
abiotic factors, especially soil nutrient conditions (Li
et al. 2018) and local environmental factors (Wang
etal. 2014; Zhang et al. 2018). Soil fungal communities
are highly associated with soil nutrient conditions, since
many soil fungi are saprotrophic (Read and Perez-
Moreno 2003; Li et al. 2018). Liu et al. (2015) reported
that biogeographical distribution of soil fungal commu-
nities was determined by the soil C concentration. In
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addition, changes in the soil organic carbon (SOC) and
soil C:N ratio, as well as the concentration and avail-
ability of soil N, have been demonstrated to greatly
affect soil fungal communities (Stegen et al. 2013;
Wang et al. 2014). Local environmental factors (Zhang
et al. 2018), such as soil temperature (He et al. 2016),
soil moisture (Galand et al. 2009; Wang et al. 2014), and
soil pH (Rousk et al. 2011; Wang et al. 2014), are also
considered to be essential driving factors for soil fungal
communities. Previous studies have demonstrated that
invasive plants altered soil organic C and N levels
(Castro-Diez et al. 2014; Craig et al. 2015) by changing
quality and quantity of plant residues input into invaded
soil, and that they modified soil physicochemical prop-
erties (e.g., soil pH, moisture, salinity, and bulk density)
(Yang et al. 2013). The identification of abiotic factors
that drive changes in soil fungal communities may assist
our understanding of the way in which invasive plants
influence soil fungal abundance, diversity, community
composition, trophic modes and functional groups.
Spartina alternifolia Loisel. (SA) is a rhizomatous
perennial deciduous herb, and was introduced from
North America to China in 1979 for use in coastal
protection schemes (An et al. 2007). SA is highly inva-
sive in the coastal regions of China. It has rapidly
expanded to every coastal province of China, and now
covers approximately 112,000 ha (An et al. 2007). The
coastal regions of Jiangsu Province is the largest SA
distribution region in China (Yang et al. 2013). Suaeda
salsa (Linn.) Pall. (SS), Scirpus mariqueter Tang et
Wang (SM), and Phragmites australis (Cav.) Trin. ex
Steud. (PA) are the most common and representative
native herbaceous plants found in coastal regions of
Jiangsu Province (Yang et al. 2013). SA has spread
rapidly by occupying bare flat (BF) and/or by replacing
SS, SM, and PA to become the most dominant plant
community in the coastal regions of Jiangsu Province,
eastern China (An et al. 2007). Previous studies have
determined that SA has a greater net photosynthetic rate
and primary production than native plants (Liao et al.
2007). SA has therefore altered soil organic C and N
stocks and turnover (Yang et al. 2013, 2015; He et al.
2019). SA has also changed soil microbial community
(Yang et al. 2016), particularly the soil bacterial com-
munity (Yang et al. 2019). However, the impacts of SA
invasion on the soil fungal abundance, diversity, com-
munity composition, trophic modes and functional
groups in coastal salt marshes of eastern China are not
yet to estimate. We hypothesized that SA invasion

changes soil fungal abundance, diversity, community
composition, trophic modes and functional groups by
modifying plant residues characteristics, soil nutrient
substrates, and physicochemical properties. To test this
hypothesis, we used quantitative polymerase
chainreaction (qPCR) and Illumina MiSeq sequencing
of fungal internal transcribed spacer (ITS) region to
analyze the changes in soil fungal abundance, diversity,
and community composition. The FUNGuild database
was applied to identify soil fungal trophic modes and
functional groups. We also measured soil pH, moisture,
salinity, SOC, water-soluble organic carbon (WSOC),
soil organic nitrogen (SON) concentrations, litter C:N
ratio, and root C:N ratio to find the determining factors
for soil fungal communities in a SA community. We also
compared these factors to adjacent BF, and to native SS,
SM, and PA communities in coastal salt marshes of
eastern China.

Materials and methods
Experimental area

The current study was undertaken in the core region of
the Jiangsu Yancheng Wetland National Nature Reserve
for Rare Birds, China (32° 36’ 51"-34° 28’ 32" N and
119° 51" 25"-121° 5" 47" E) (Yang et al. 2016). The
mean annual temperature in this reserve is 13.6 °C, and
the mean annual precipitation is 1024 mm. Given its
utility for siltation promotion and beach protection, SA
has spread rapidly since 1983, and a large SA commu-
nity has developed in this reserve (Yang et al. 2016). BF
and SA communities are situated in low and middle
areas of the intertidal zone, respectively (Yuan et al.
2015). The seaward SA region is BF that was without
vegetation before the SA invasion (Yang et al. 2013,
2016). SS, SM, and PA are native halophytes that are
found in the reserve; the SS and SM communities are in
the irregularly flooded high intertidal zones, and the PA
community is in the scarcely flooded supralittoral zone
(Yuan et al. 2015). These communities are independent
and do not overlap with each other.

Field sampling and physicochemical analysis
Four parallel transects were selected in December 2015

along a vegetation succession gradient from sea to land.
Each transect was approximately 5 km long, and the
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transects were adjacent to each other and had a width of
50 m. They included BF (i.e., control with no vegetation
coverage), SA, SS, SM, and PA communities from sea
to land in the transects. From analysis of Thematic
Mapper satellite images, we determined that the SA
community in the sample transects had invaded by
occupying BF for nine years. Three 2 m %2 m plots
were randomly established within each site (BF, SA, SS,
SM, and PA communities) of each transect. Three soil
cores (5 cm diameter x 30 cm depth) were randomly
collected from each plot. Soil samples from each tran-
sect location were evenly mixed to yield a final soil
sample, resulting in a total of 20 samples (4 replications
x5 communities). We randomly established three
50 cm x 50 cm squares to collect all litter materials,
and dug three soil blocks (15 cm long x 15 cm wide X
30 cm deep) to collect roots from all the communities in
each transect.

Each root-sampling block was filtered through a
0.15 mm sieve and repeatedly flushed with water; the
roots remaining in the sieve were collected. Litter and
root materials were cleaned and dried in an oven at
65 °C for 48 h until a constant weight was achieved to
determine their C:N ratios. Soil was oven-dried at
105 °C for over 24 h until a constant weight was
achieved to measure the moisture content. Soil fauna,
rocks, and organic debris in soil samples were removed,
then soil samples were thoroughly mixed and divided
into three subsamples. The first soil subsample was air-
dried and passed through a 1 mm sieve, and then used
for the measurement of soil salinity, pH, SOC, and SON.
The second soil subsample was passed through a 2 mm
sieve and preserved at 4 °C, and then used for the
determination of WSOC concentration. The third soil
subsample was passed through a 2 mm sieve, and con-
served at —80 °C for use in molecular analyses. Soil pH
was measured from the supernatant with a 1:2.5 soil to
water ratio. Soil salinity was measured from the super-
natant with a 1:5 soil to water ratio. SOC and SON were
measured using a CHN analyzer (Elementar
Analysensysteme, GmbH, vario MICRO cube, Germa-
ny). Prior to determination, 1 mol/L HCI was added to
the soil subsamples to remove inorganic C and N (i.e.,
carbonate). The WSOC analyses followed the procedure
outline in our previous study (Yang et al. 2016). C and N
concentrations of litter and root were determined using a
CHN analyzer (Elementar Analysensysteme, GmbH,
vario MICRO cube, Germany), and litter and root C:N
ratios were calculated from these data.
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DNA extraction and qPCR analysis

DNA was extracted from the frozen soil samples (equiv-
alent of 0.5 g dry weight soil) using a PowerSoil DNA
isolation kit (MoBio Laboratories, Carlsbad, CA, USA)
following the manufacturer’s instructions. Soil fungal
abundance was quantified using qPCR of fungal ITS
region of the ribosomal RNA gene with the ITSIF
primer (5'-CTTGGTCATTTAGAGGAAGTAA-3")
and ITS2 primer (5-GCTGCGTTCTTCATCGATGC-
3") (White et al. 1990; Gardes and Bruns 1993). Tem-
plate DNA was diluted five times prior to amplification.
The total reaction volume was 25 pL, which was com-
prised of 12.5 uL of SYBR Green qPCR Master Mix (2
x), 2 uL of template DNA, 0.5 uL each of 10 uM
forward and reverse primers, and 9.5 pL of ddH,0.
The ITS gene was amplified using an ABI 7500 real-
time PCR system (Applied Biosystems, Foster City,
CA, USA) with a program providing an initial denatur-
ing step at 95 °C for 10 min, followed by 40 cycles at
95 °C for 15 s and 60 °C for 1 min. All qPCR reactions
were run in triplicate on the DNA extracted from each
soil sample. The ITS gene copy number (A) was calcu-
lated per gram of dry soil using the following formula
(Sun et al. 2015):

X
el

where X is the copy number of ITS gene detected by
qPCR; n is the amount (ng) of DNA used as template in
amplification reactions; C is the concentration of ex-
tracted DNA (ng uL™"); V is the volume (uL) of ex-
tracted DNA; 0.5 is the amount (g) of soil used for DNA
extraction; and M is soil moisture (%).

[llumina MiSeq sequencing

Fungal DNA amplification of the ITS region was used
to determine fungal communities, and this was per-
formed using the ITSIF primer (5'-CTTG
GTCATTTAGAGGAAGTAA-3’) and ITS2 primer (5'-
GCTGCGTTCTTCATCGATGC-3") (White et al. 1990;
Gardes and Bruns 1993). Both the forward and reverse
primers also had a 6-bp barcode that was unique to each
sample, which were used to permit multiplexing of
samples. The PCR reaction mixture consisted of 2 pL
of 2.5 mM dNTPs, 0.4 uL of FastPfu Polymerase,
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0.4 uL of 5x FastPfu Buffer, 0.8 puL each of the forward
and reverse primers (5 uM), 0.2 pL of bovine serum
albumin, and 10 ng of soil DNA,; sterile, deionized H,O
was used to bring the total volume to 20 uL. PCR
reactions were conducted using an ABI GeneAmp®
9700 PCR System (Applied Biosystems, Foster City,
USA), and the following program: 95 °C for 3 min, with
amplification proceeding for 35 cycles at 94 °C for 30 s,
55 °C for 30 s, and 72 °C for 45 s, followed by a final
extension of 10 min at 72 °C. Following amplification,
PCR products were subjected to electrophoresis in 2%
agarose gel, and were purified using an AxyPrep DNA
Gel Extraction kit (Axygen, Union City, CA, USA)
following the manufacturer’s instructions. PCR prod-
ucts were then quantified using QuantiFluor™-ST
(Promega, Madison, WI, USA). Purified amplicons
were pooled at an equimolar volume, and high-through-
put, paired-end sequencing (2 x 250) was performed on
the Illumina MiSeq PE250 platform by Majorbio Bio-
Pharm Technology Co., Ltd., Shanghai, China.

Bioinformatic analysis

Sequences from the [llumina MiSeq platform were proc-
essed using the Quantitative Insights Into Microbial
Ecology (QIIME) software package v. 1.8.0 (Caporaso
et al. 2010). Raw FASTQ files were de-multiplexed,
quality-filtered using Trimmomatic v. 0.32 (Bolger
et al. 2014), and merged using FLASH with the follow-
ing standards: (a) low quality regions of sequence reads,
i.e., an average quality value of <20 over a 50 bp sliding
window, and sequences containing homopolymer re-
gions (>6 bp) were removed from the paired-end se-
quence read files (Bolger et al. 2014); (b) The primers
were closely matched allowing two mismatches of nu-
cleotide sequences, and reads containing ambiguous
bases were eliminated; (c) Sequences with an overlap
longer than 10 bp were merged on the basis of their
overlap sequence. The trimmed sequences were
grouped into operational taxonomic units (OTUs) at
97% similarity levels using UPARSE v. 7.1 (Edgar
2013). The OTU richness (the total number of measured
OTUs), abundance-based coverage estimator (ACE),
Chao’s species richness estimator (Chaol), and
Shannon’s diversity index (Shannon), and the coverage
of the clone libraries were calculated using the Mothur
program v. 1.30.1 (Schloss et al. 2009). The ACE and
Chaol were used to compare the species richness (Chao
1984; Chao and Lee 1992), and the ACE takes into

account OTUs represented with less than ten sequences
as rare species (Chao and Lee 1992; Krogius-Kurikka
et al. 2009), and the Chaol considers singletons and
doubletons as rare species (Chao 1984; Krogius-
Kurikka et al. 2009). The Shannon was used to compare
fungal community diversity (Shannon 1948), which
considers the number of species present and the abun-
dance of each species, with the value of the indices
increasing with greater diversity (Shannon 1948;
Krogius-Kurikka et al. 2009). Taxonomic classification
to phylum, class, and genus levels was assigned using
the Ribosomal Database Project (RDP) classifier v. 2.2
(Wang et al. 2007). Afterwards, the tags were compared
to UNITE ITS Database v. 7.0 (Abarenkov et al. 2010)
to detect chimeric sequences. The relative abundance of
each phylum, class, and genus was calculated by com-
paring the number of sequences classified in each phy-
lum, class, and genus to the total number of ITDNA gene
sequences detected per sample. To investigate the func-
tion of soil fungi communities, the fungal OTUs were
transformed into text formatting, and the text was
uploaded to FUNGuild v1.0: Taxonomic Function
(http://www.stbates.org/guilds/app.php) for identifying
fungal trophic modes and functional guilds (Nguyen
et al. 2016). Principal coordinates analysis (PCoA) of
OTUs data were performed using R Package
(McMurdie and Holmes 2013). The Bray-Curtis simi-
larity index was calculated using OTU reads, and hier-
archical clustering was determined from a (3-diversity
distance matrix using QIIME software package v. 1.8.0
(Bokulich et al. 2013).

Statistical analysis

One-way analysis of variance (ANOVA) was used to
evaluate statistical significance of the effects of plant
communities on soil and plant properties; fungal abun-
dance based on fungal ITS gene copy number; relative
abundances of dominant fungal phylum, class, and ge-
nus; fungal community richness and diversity indices;
and OTUs using SPSS 24 statistical software. Signifi-
cant differences between group means were evaluated
with Tukey’s honestly significant difference test =
0.05 level. The relationships between the soil fungal
community composition, at both phylum and class
levels, with soil and plant properties were analyzed with
redundancy analysis (RDA) using CANOCO 4.5 soft-
ware (ter Braak and Smilauer 2002). The statistical
significance of the RDA was tested using Monte Carlo
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permutation tests (499 permutations; P <0.05).
Pearson’s correlation analysis was performed to corre-
late soil fungal abundance, diversity, and the relative
abundances of the dominant fungal phyla and classes
with the soil and plant properties.

Results
Soil and plant properties

Soil pH in SA soil was significantly lower than that in
SS, SM, PA, and BF soils (Table 1). Soil moisture, SOC,
and SON concentrations were highest in SA soil among
the communities (Table 1). The soil moisture, SOC, and
SON in SS and SM soils were significantly lower than
those in SA soil, but were significantly higher than those
in PA and BF soils (Table 1). Soil salinity was highest in
SA soil, intermediate in BF soils, and lowest in SS, SM,
and PA soils (Table 1). WSOC concentration in SA soil
was significantly higher than thatin SS, SM, PA, and BF
soils (Table 1). The SA community showed higher C:N
ratios of litter and root relative to SS, SM, and PA
communities (Table 1).

Soil fungal abundance and community diversity

Fungal abundance was evaluated by qPCR amplifica-
tion of the fungal ITS region. The fungal ITS gene copy
numbers were 1.40 x 10° copies/g for BF, 2.85 x 108
copies/g for SA, 5.47 x 10° copies/g for SS, 3.56 x 107
copies/g for SM, and 4.74 x 10° copies/g for PA soils
(Fig. 1). Total fungal abundance in SA soil was signif-
icantly higher than that in BA, SS, SM, and PA soils,
and there were no significant differences between BA,
SS, SM, and PA soils (Fig. 1).

A total of 1,220,680 reads and 6584 OTUs were
obtained from 20 samples using Illumina MiSeq se-
quencing. To compare diversity indices, we normalized
the number of sequences for each sample to 42,865
reads (Table 2), which yielded 857,300 reads and 6358
OTUs. The OTU richness, and the species richness
indices (i.e., ACE and Chaol) were highest in SA soil
followed by SM, SS, PA, and BF soils (Table 2). The
Ascomycota phylum showed the highest OTU richness
(100-202 OTUs), following by unclassified fungi
(Fungi_unclassified, 55-174 OTUs), Basidiomycota
(1496 OTUs), and Zygomycota (5-8 OTUs) across
all soil samples (Table S1). The number of OTUs in
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the Basidiomycota and Fungi unclassified in SA soil
were significantly higher than those in SS, SM, PA, and
BF soils (Table S1). The diversity (Shannon) of fungal
communities was highest and lowest in SA and BF soils
among the communities, respectively (Table 2). The
coverage of each sample ranged from 99.87 to 99.95%
among the communities, and the highest coverage was
found in PA soil (Table 2).

Taxonomic composition of soil fungal communities

Ascomycota, Basidiomycota, and Fungi unclassified
were the predominant fungal phyla, and their relative
abundances ranged from 58.70% to 87.30%, from
7.03% to 21.89%, and from 3.37% to 26.38%, respec-
tively, across all soil samples (Table 3). Zygomycota
was the minor phylum, with relative abundances rang-
ing from 0.45% to 1.77%, across all soil samples
(Table 3). Ascomycota was the most dominant fungal
phylum in all communities (Table 3). The relative abun-
dance of Ascomycota in PA and SM soils were signif-
icantly higher than that in SA soil (Table 3). The relative
abundance of Basidiomycota in SA soil was significant-
ly higher than that in SS, SM, PA, and BF soils
(Table 3). BF soil showed a higher relative abundance
of Fungi unclassified, compared with SS, SM, PA soils
(Table 3). The relative abundance of Zygomycota
showed no significant difference among the communi-
ties (Table 3).

Further taxonomical classification at the class level
showed that high levels of fungi belonging to
Dothideomycetes, Sordariomycetes, unclassified Asco-
mycota (Ascomycota unclassified), Fungi unclassified,
Tremellomycetes, Eurotiomycetes, and Agaricomycetes
occurred across all soil samples (Fig. 2). The relative
abundance of Dothideomycetes was highest in SA soil,
followed by SS, PA, BF, and SM soils (Fig. 2a). The
relative abundances of Sordariomycetes and
Ascomycota unclassified were highest in PA and SM
soils among the communities, respectively (Fig. 2b and
¢). The relative abundances of Tremellomycetes, unclas-
sified Basidiomycota (Basidiomycota unclassified),
Cystobasidiomycetes, and Microbotryomycetes in SA
soil were significantly higher than those in SS, SM, PA,
and BF soils (Fig. 2). The relative abundance of
Wallemiomycetes was highest in SS soil among the
communities (Fig. 2). The relative abundances of
Eurotiomycetes, Agaricomycetes, Saccharomycetes, and
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Table 1 Soil (0-30 cm depth) and plant characteristics (mean + SE, n = 4) in bare flat, S. alterniflora, S. salsa, S. mariqueter and P. australis

communities in coastal salt marshes of eastern China

Characteristics Community Source of variation
Bare flat S. alterniflora S. salsa S. mariqueter P, australis

pH 8.38+0.03° 7.65 + 0.04° 8.96 + 0.05* 8.90 + 0.07 9.01 + 0.04 o

Moisture (%) 2800+ 1.11¢  83.02+2.64° 3724 +0.79° 33.60 + 1.43° 3176 £ 0.51%¢

Salinity (%) 0.59+0.01° 1.73 £ 0.20° 0.24 + 0.02° 0.16 £ 0.01° 0.18 + 0.02¢ o

SOC (g kg ™) 0.85+0.10¢ 1423 £ 1.10* 633 +0.71° 6.77 + 0.40° 3.05+0.21° ok

SON (g kg ™" 0.08+0.02¢ 0.84 + 0.06* 0.38 + 0.03° 0.40 = 0.03" 0.21 + 0.02° sk

WSOC (mgkg ") 37.78+4.77° 7624 £ 797" 2653 +347° 42.68 +7.85° 3891 + 6.68° *

Litter C:N ratio - 5738 +£2.55°  29.90 + 0.88° 3245+ 1.65° 5045 +2.11° s

Root C:N ratio - 4795 + 1.40° 3920+ 477 3010+ 1.55° 3630 +237° o

EEY

© P<005 7 P<0.01; "

P<0.001 (One-way ANOVA). Different superscript lower case letters indicate statistically significant

differences at the oc=0.05 level among the communities, using Tukey’s honestly significant difference test. SOC soil organic carbon,

WSOC soil water-soluble organic carbon, SON soil organic nitrogen

Leotiomycetes exhibited no significant difference among
the communities (Fig. 2).

At the genus level, the relative abundances of unclassi-
fied Teratosphaeriaceae (Teratosphaeriaceae unclassified),
Bullera, Phaeosphaeria, Sarocladium, and unclassified
Halosphaeriaceae (Halosphaeriaceae unidentified) were
highest in SA soil among the communities (Table S2).
BF exhibited a higher relative abundance of Guehomyces
compared with native communities (Table S2).

FUNGuild functional predictions

Using functional assessment from FUNGuild, we
assigned fungal OTUs to specific trophic modes and
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then subdivided them into specific ecological guilds,
and compared the relative sequence abundance of the
fungal trophic modes and dominant functional groups
among the communities (Fig. 3 and Table S3). Overall, a
total of 37%, 58%, 39%, 28%, and 49% of OTUs from
BF, SA, SS, SM, and PA soils, respectively, were iden-
tified as trophic modes with symbiotroph, saprotroph,
pathotroph, pathotroph-saprotroph, pathotroph-
symbiotroph, saprotroph-symbiotroph, and pathotroph-
saprotroph-symbiotroph, while the remainder were un-
defined fungi (Fig. 3). The relative abundance of
symbiotroph in BF (4.72%) and PA (4.45%) soils were
significantly higher than that in SS (2.49%), SM
(1.99%) and SA (1.11%) soils (Fig. 3). The relative

P <0.05

b

Lot

BF SA

Fig. 1 The total fungal abundance was indicated by the fungal
ITS gene copies per gram of soil (mean+ SE, n=4) in bare flat,
S. alterniflora, S. salsa, S. mariqueter and P. australis soils (0—
30 cm soil depth). Different letters over the bars indicate

SS SM PA

statistically significant differences at ««=0.05 level among the
communities, using Tukey’s honestly significant difference test.
BF =bare flat; SA =Spartina alterniflora; SS = Suaeda salsa;
SM = Scirpus mariqueter; and PA = Phragmites australis
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Table 2 Number of sequences analyzed, observed fungal community richness and diversity indexes (mean + SE, n=4) of the bare flat,
S. alterniflora, S. salsa, S. mariqueter and P. australis communities obtained for clustering at 97% similarity levels

Characteristics Community Source of variation
Bare flat S. alterniflora S. salsa S. mariqueter P, australis

Reads 42,865 42,865 42,865 42,865 42,865

OTU richness 205+ 13° 435+53° 299 +32° 371 +£45% 280+ 16" o

Richness (ACE) 226+ 12° 471 +60° 318 +33% 424 +53% 308 +24% s

Richness (Chaol) 226+12° 479 +61° 324 +31% 440 +59% 323 +£29% ok

Diversity (Shannon) ~ 2.86+0.05¢ 442+0.07% 3.41+0.07% 3.60+0.14° 3.13+0.11%0 s

Coverage (%) 99.87+0.03°  99.87+0.03°  99.91+0.03*®  99.93+0.03®  99.95+0.01°  ns.

* P<0.01; " P<0.001; n.s.: not significant (One-way ANOVA). Different superscript lower case letters indicate statistically significant
differences at the oc=0.05 level among the communities, using Tukey’s honestly significant difference test. Reads are the high-quality
sequences after filtering and normalization; The richness estimators, diversity indices and coverage were calculated using the Mothur
program. OTU richness: the total number of measured operational taxonomic units (OTUs)

abundance of saprotroph in SA soil (13.62%) was sig-
nificantly higher than that in SS (7.88%), SM (5.98%)
and PA (4.27%) and BF (3.76%) soils (Fig. 3). The
relative abundance of pathotroph was highest in PA
(11.86%) soil followed by BF (9.46%), SM (7.60%),
SS (7.33%), and SA (5.83%) soils (Fig. 3). SA soil
showed the highest relative abundances of saprotroph
and pathotroph-saprotroph, and the lowest relative
abundances of symbiotroph and pathotroph among the
communities (Fig. 3). PA soil exhibited higher relative
abundances of pathotroph-symbiotroph, and
pathotroph-saprotroph-symbiotroph compared to other
communities (Fig. 3).

For fungal function, 12 fungal functional guilds
(ectomycorrhizal, undefined saprotroph, dung
saprotroph, dung saprotroph-plant saprotroph, dung
saprotroph-plant saprotroph-wood saprotroph, dung
saprotroph-soil saprotroph, dung saprotroph-undefined

saprotroph, undefined saprotroph-wood saprotroph,
wood saprotroph, plant pathogen, animal pathogen,
and others) were detected from symbiotroph,
saprotroph, and pathotroph trophic groups (Table S3).
PA and BF soils showed the highest relative abundance
of ectomycorrhizal fungi, and the lowest relative abun-
dance of undefined saprotroph fungi (Table S3). SA soil
contained more abundant undefined saprotroph fungi
and less abundant ectomycorrhizal fungi, plant patho-
gen, and animal pathogen compared to other communi-
ties (Table S3). The relative abundances of plant patho-
gen and animal pathogen were highest in PA soil,
followed by BF, SM, SS, and SA soils (Table S3).

Beta diversity analysis

PCoA and the Bray-Curtis similarity index were used to
analyze beta diversity, and to identify the differences in

Table 3 The relative abundance (% of individual taxonomic group) (mean+ SE, n=4) of the dominant fungal phyla present in the
microbial community of the bare flat, S. alterniflora, S. salsa, S. mariqueter and P. australis communities

Phylum Community Source of variation
Bare flat S. alterniflora S. salsa S. mariqueter P, australis

Ascomycota 6455 £2.04" 5870+ 6.11° 7377 £7.73® 8209 +441*° 8730 +504°  *

Basidiomycota 7.03 + 1.30° 21.89 +2.24° 12.86 £ 1.84°  9.16 + 2.66° 8.39 +3.01° s

Fungi_unclassified ~ 26.38 + 1.45° 18.92 + 4,69 1277 £ 620 793 +1.88" 337+ 1.67° s

Zygomycota 1.77 £ 0.75° 0.45 + 0.36" 0.55 + 0.33% 0.56 +0.18" 0.93 + 0.46" ns.

Others 0.27 £ 0.16* 0.04 + 0.02° 0.05 + 0.02° 0.26 + 0.24* 0.01 £0.01°  ns.

* P<0.05 " P<0.01; n.s.: not significant (One-way ANOVA). Different superscript lower case letters indicate statistically significant
differences at the o =0.05 level among the communities, using Tukey’s honestly significant difference test
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Fig. 2 The relative abundance (% of individual taxonomic group) of of eastern China. Different letters indicate statistically significant
the dominant fungal class (mean + SE, n =4) present in the microbial differences at & =0.05 level among the communities, using Tukey’s
community following S. alterniflora invasion in coastal salt marshes honestly significant difference test. See Fig. 1 for abbreviations
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Fig. 3 The relative abundance 100
(%, sequences) of the
corresponding fungal trophic 90 r
mode in bare flat, S. alterniflora, 80 |
S. salsa, S. mariqueter and s
P, australis soils (0-30 cm soil s 70f
depth), inferred by FUNGuild. g 0 |
See Fig. 1 for abbreviations é
5 sof
<
2 40t
=
£ 30r
20 |
10 |
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BF

soil fungal community composition across five types of
plant communities (Fig. 4). At the OTU level, both
analyses showed that the SA soil clustered together,
and were distinct from SS, SM, and PA soils. This
manifested that SA soil contained unique fungal com-
munities, compared with SS, SM, and PA soils (Fig. 4).
The SS, SM, PA, and BF soils clustered closely together,
indicating that their fungal community composition
were similar (Fig. 4).
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Linking soil fungal communities to soil and plant
properties

Eight environmental variables (soil pH, moisture, salin-
ity, SOC, SON, WSOC, litter C:N ratio, and root C:N
ratio) explained 70.3% and 61.5% of total changes in the
soil fungal community composition at phylum and class
levels, respectively (Fig. 5). The results of Monte Carlo
permutation tests (P < 0.05) indicated that variations in

(b)

BF
SA SM2

SS
SM SS4,,

PA SM3

SM4
PA1
SM1
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SS2
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— SS1
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Fig. 4 a Principal co-ordinates analysis (PCoA) and (b) Clustering of samples. Bray-Curtis similarity index was calculated using the reads
of OTU, and hierarchical clustering was calculated using 3-diversity distance matrix using Qiime. See Fig. 1 for abbreviations
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Fig. 5 Redundancy analysis (RDA) diagram illustrating the rela-
tionship between the soil fungal community composition at
phylum-level (a) and class-level (b) from different sampling sites
and environmental variables. The explanatory variables are
showed by different arrows: soil fungal community composition
by blue solid arrows: Dothideomycetes (Dothideo.);
Sordariomycetes (Sordario.); Ascomycota unclassified (Asco.);
Eurotiomycetes (Eurotio.); Saccharomycetes (Saccharo.);
Leotiomycetes (Leotio.); Tremellomycetes (Tremello.);
Agaricomycetes (Agarico.); Wallemiomycetes (Wallemio.);

the soil fungal community composition at phylum level
were highly correlated with soil salinity (#=9.87, P=
0.0020) and litter C:N ratio (¥'=9.89, P=0.0040) (Fig.
5a), and that changes in the soil fungal community
composition at the class level were tightly correlated
with SOC (F'=4.25, P=0.0040), litter C:N ratio (F'=
3.83, P=0.0040), and soil salinity (F=3.82, P=
0.0220) (Fig. 5b). The biggest variations, at 56.9% and
30.1%, were explained by the total variations in the soil
fungal community composition in Axis 1. Axis 2 ex-
plained 13.3% and 18.3% of the total variations of the
soil fungal community composition at phylum and class
levels, respectively (Fig. 5). The Pearson’s correlation
analysis indicated that the fungal community abundance
(as determined by fungal ITS gene copy number) and
the relative abundances of saprotroph and undefined
saprotroph were positively correlated with SOC, SON,
WSOC, litter C:N ratio, root C:N ratio, and soil mois-
ture, while negatively correlated with soil pH (Tables 4

Microbotryomycetes (Microbotryo.); Basidiomycota unclassified
(Basidio.); Cystobasidiomycetes (Cystobasidio.);
Fungi_unclassified; others; and the variables of soil physiochem-
ical properties by colored arrow: soil moisture, pH, salinity, soil
organic carbon (SOC), soil water-soluble organic carbon (WSOC),
soil organic nitrogen (SON), litter C:N ratio and root C:N ratio.
The red circles represent bare flat soil, the green diamonds repre-
sent S. alterniflora soil, the purple down-triangles represent
S. salsa soil, the khaki up-triangles represent S. mariqueter soil,
and the blue squares represent P. australis soil

and S4). The OTU richness, the species richness indices
(i.e., ACE and Chaol), and diversity (Shannon) of the
fungal communities were positively correlated with
SOC, SON, litter C:N ratio, root C:N ratio, and soil
moisture (Table 4). The relative abundance of Ascomy-
cota was highly related to soil pH, and was negatively
correlated with soil moisture and salinity (Table 4). The
relative abundances of Basidiomycota,
Tremellomycetes, Microbotryomycetes, and
Cystobasidiomycetes had significantly positive correla-
tion with soil moisture, salinity, SOC, SON, WSOC,
litter C:N ratio, and/or root C:N ratio, which were neg-
atively correlated with soil pH (Table 4). The relative
abundance of Dothideomycetes was strongly associated
with SOC, SON, moisture, and salinity (Table 4). The
relative abundances of symbiotroph and
ectomycorrhizal fungi had significantly negative rela-
tionship with SOC, SON, WSOC, litter C:N ratio, root
C:N ratio, and soil moisture (Table S4). The relative
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Table 4 Pearson correlations coefficients between soil fungal communities and soil and plant properties (n =4) among the plant

communities
pH Moisture Salinity SOC SON WSOC Litter C:N ratio Roots C:N ratio
Fungal ITS gene copies/g ~ —0.817"" 0919  0.829™ 0.797" 0.805™ 0.7917 0.531" 0.485"
OTU richness 0350  0.664" 0479 07557 0766 0417 0597 0.655™
Richness (ACE) 0309 06157 0434 07247 07277 0394  0.566 0.636™
Richness (Chaol) -0273  0.584™  0.405 0.707 0.710™ 0394 0573 0.640™
Diversity (Shannon) -0.610" 0.873™  0.685" 09217 0.922" 0.728" 0.681"" 0.715™
Phylum Ascomycota 0.6297 0458 —0.662"" —0328 —0.342 —0.426 0.097 0.120
Phylum Basidiomycota -0.585"" 0768 0.734™ 07717 0783 0.532° 0.532" 0.538"
Phylum Fungi unclassified -0.485" —0.164 0447  —0.005 0.006 0246 —0.428 —-0.461"
Phylum Zygomycota 0.032  —0315 —0.135 —0435 -0.431 -0.032 —0423 —0.462"
Class  Dothideomycetes -0.548"  0.628""  0.588" 0475° 0.535° 0372 0349 0.289
Class  Sordariomycetes 0294  —0348 —0286 —0.542" -0.496° —0.129 0.036 -0.208
Class  Ascomycota_unclassified ~ 0.383 -0269 —-0417 -0.065 -0.107 -0272 —0.007 0.043
Class  Tremellomycetes -0.720"" 0.845™  0.844™ 0.830" 0.853" 05617 0.532" 0.493"
Class  Eurotiomycetes 0.182  —0.128 —0.187 0.079 0.024 —0.146 —0.140 0.167
Class Agaricomycetes 0.118 -0.091 —-0.069 -0.132 —0.145 —0.028 0.033 0.023
Class Saccharomycetes -0.206 —0.086  0.104 0252 —0244 —0.077 -0.444" -0.479"
Class  Basidiomycota_unclassified —0.565"" 0.562"°  0.514° 0433 0437 07727 0.299 0.260
Class  Leotiomycetes 0425 0314 0363 0227 0226 0026 —0.003 -0.009
Class  Cystobasidiomycetes -0.729"" 0.833"  0.888"  0.809" 0.833"" 0.590” 0.505" 0.442
Class ~ Wallemiomycetes 0.469°  —-0234 —0.394 —0.034 —0.051 —0.394 —0.054 0.158
Class  Microbotryomycetes -0.684"" 0.800™ 0.786" 0.849"° 0.857" 0593 0.535 0.490"

* P<0.05;" P<0.01 (Pearson’s correlation coefficient test). See Tables 1 and 2 for abbreviations

abundances of pathotroph, plant pathogen, and animal
pathogen were negatively related to SOC, SON, and soil
moisture (Table S4).

Discussion

SA invasion in coastal salt marshes of eastern China
increased total soil fungal abundance by 7-203 fold
compared with BF, SS, SM, and PA soils (Fig. 1). This
was consistent with the results of our previous study,
which found that SA invasion increased the soil fungal
biomass relative to BF, SS, and PA soils, based on an
analysis of phospholipid fatty acids (Yang et al. 2016).
Previous studies have found that soil fungal abundance
was positively correlated with SOM and SOC levels
(Liu et al. 2015; Ding et al. 2017). Ding et al. (2017)
reported that soil fungal abundance was primarily deter-
mined by the soil nutrition status, because many fungi
present are saprophytic. In this study, SA soil was found
to have the greatest organic C and N levels among the
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communities (Table 1), because of the high plant resi-
dues input and decreased decomposition rate of SOM in
SA soil (Yang et al. 2013, 2015). The substantially
increased total fungal abundance in SA soil is due to
their high soil organic C and N levels, which are bene-
ficial for growth and propagation of soil fungi (Table 1;
Fig. 1; Ding et al. 2017). Additionally, fungi preferen-
tially degrade recalcitrant plant-derived organic mate-
rials (e.g., ligninand hemi-cellulose) by producing ex-
tracellular enzymes, and they can do this more efficient-
ly than soil bacteria (Strickland and Rousk 2010;
Cusack et al. 2011). In the present study, litter and root
C:N ratios were highest in SA community (Table 1),
suggesting that SA had the lowest quality of plant
residues (Yang et al. 2015). Yang et al. (2009) demon-
strated that SA plant materials have more recalcitrant
compounds (e.g., lignin and hemi-cellulose) that are
slow to decompose (Yang et al. 2013). In addition, SA
soil had a higher recalcitrance index for soil C (i.e., the
proportion of recalcitrant organic C in total SOC) com-
pared to BF soil (Yang et al. 2015). The refractory plant
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materials of SA and recalcitrant SOM in SA soil, were
likely beneficial to soil fungal growth (Table 1; Yang
et al. 2015). The increased soil fungal abundance fol-
lowing SA invasion is likely the results of the higher
levels of soil organic C and N, recalcitrant plant residues
as well as SOM in SA soil (Fig. 1; Table 1). This
hypothesis is supported by our results which show that
total soil fungal abundance was strongly associated with
SOC, SON, WSOC, litter C:N ratio, and root C:N ratio
(Table 4).

SA invasion considerably altered soil fungal commu-
nity diversity compared with BF, SS, SM, and PA soils
(Table 2). The highest OTU richness was observed in
SA soil, which was mainly derived from the highest
OTU richness in Basidiomycota and Fungi_unclassified
phyla (Table S1). Moreover, the highest species richness
(i.e., ACE and Chaol), and diversity (Shannon) of the
fungal communities were found in SA soil (Table 2),
suggesting that SA invasion increased the richness and
diversity of soil fungal communities. These results fur-
ther demonstrated that plant invasions can alter soil
fungal diversity (Collins et al. 2018; Gaggini et al.
2018). It has been reported that vegetation type and
abiotic soil properties were considered to be vital drivers
in determining soil fungal diversity (Fujimura and Egger
2012; Collins et al. 2018). Previous studies have also
revealed that shifts in plant communities from herba-
ceous to woody species can greatly affect soil fungal
diversity, since woody plants possess more recalcitrant
compounds (De Boer et al. 2005; Nielsen et al. 2015). In
this study, SA invasion induced substantial recalcitrant
plant residues input into the soil (Table 1; Yang et al.
2009); this may partly account for the increases in
fungal diversity observed in SA soil. This hypothesis
was supported by the Pearson’s correlation analysis
which indicates that OTU richness, species richness,
and diversity (Shannon) of the fungal communities were
strongly correlated with litter and root C:N ratios
(Table 4). In addition, soil nutrition status has been
shown to be a critical factor for soil microbial commu-
nity diversity (Yang et al. 2019). Sun et al. (2016)
reported that soil fungal diversity was positively corre-
lated with SOC level. Equally, our results indicated that
soil fungal diversity was highly related to SOC and SON
levels (Table 4). Therefore, another important reason for
the increased soil fungal diversity observed following
SA invasion may be the contribution of the high SOC
and SON levels, which provided the rich soil nutrition
substrates for the fungi.

SA invasion not only increased the soil fungal abun-
dance and diversity (Fig. 1 and Table 2), but also altered
the soil fungal community composition (Fig. 2; Tables 3
and S2). PCoA and the Bray-Curtis similarity index
indicated that SA soil contained unique fungal commu-
nities compared with SS, SM, and PA soils, and that
fungal community composition is more homogenous in
SS, SM, PA, and BF soils (Fig. 4). In general, soil fungal
community composition is affected by properties of the
aboveground vegetation (Waldrop et al. 2006; He et al.
2016), soil nutrients, and soil physiochemical properties
(Hinojosa et al. 2014; He et al. 2016). In our study, RDA
analyses indicated that variations in soil fungal commu-
nity composition at phylum and class levels were highly
associated with soil salinity, litter C:N ratio, and/or SOC
concentration (Fig. 5).

Ascomycota in particular was found to be the most
dominant fungal taxon in all communities, with relative
abundances of Ascomycota ranging from 58.70% to
87.30%, suggesting the ubiquity of this fungal group
in coastal salt marshes of eastern China (Table 3). As-
comycetes have been reported to be oligotrophic fungi
(Clemmensen et al. 2015; Chen et al. 2017), which have
capability to tolerate stressful environments (e.g., low
nutrient availability and drought stress) (Clemmensen
et al. 2015; Sterkenburg et al. 2015). In this study, the
relative abundance of Ascomycota was lowest in SA
soil (Table 3); this may be due to the rich nutrition
substrates (i.e., SOC, SON, and WSOC) found in SA
soil (Table 1). Conversely, SM and PA soils showed
higher relative abundance of Ascomycota (Table 3),
and this was probably the results of the lower soil
nutrition substrates levels and soil moisture (i.e., higher
drought stress) in SM and PA soils compared to SA soil
(Tables 1). The higher relative abundance of Ascomy-
cota could obtain higher resource use efficiency, and
may help SM and PA to grow better in harsh soil
environments that are highly alkaline and have low
nutrient levels (Tables 1 and 3; Chen et al. 2017).
Additionally, Walker and White (2011) reported that
most fungi prefer slightly acidic soil environments,
and Ascomycota was strongly correlated with soil pH
(Table 4). Thus, the low relative abundance of Ascomy-
cota in SA soil may be partly due to the lower pH in SA
soil (Tables 1 and 3; Walker and White 2011). At the
class level, the relative abundances of both
Dothideomycetes and Sordariomycetes counted togeth-
er in BF, SA, and PA soils accounted for 51.63%,
52.59%, and 72.33% in the Ascomycota, respectively,
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implying that Dothideomycetes and Sordariomycetes
were the most dominant classes of Ascomycota in BF,
SA, and PA soils (Fig. 2a and b).

In this study, Basidiomycota was the second largest
phylum of fungi in coastal salt marshes of eastern China
(Table 3). Basidiomycota is the important component of
the total saprotrophic functional group, and plays vital
functional roles in biomass transitions, such as the deg-
radation of high-lignin content plant litter (Votiskova
and Baldrian 2013; Guo et al. 2018). It was observed
that SA invasion raised the relative abundance of Basid-
iomycota compared to BF, SS, SM, and PA soils
(Table 3). Moreover, at the class level, the relative
abundances of Cystobasidiomycetes (phylum Basidio-
mycota) and Microbotryomycetes (phylum Basidiomy-
cota) were highest in SA soil (Fig. 2k and m). Our
results also showed that the relative abundances of
Basidiomycota, Cystobasidiomycetes and
Microbotryomycetes were highly related to SOC,
SON, WSOC, litter and/or root C:N ratios (Table 4).
Sterkenburg et al. (2015) reported that Basidiomycota
has a preference for high fertility ecosystems, but will
progressively be replaced by oligotrophic Ascomycetes
in the low fertility ecosystems. Thus, the increased
relative abundances of Basidiomycota,
Cystobasidiomycetes and Microbotryomycetes follow-
ing SA invasion were likely induced by the high level of
soil nutrition substrates, as well as substantial recalci-
trant litter and root materials in SA community (Tables 1
and 3, and Fig. 2k and m). Siles and Margesin (2016)
reported that the relative abundance of Zygomycota
ranged from 5.6% to 45.1% in a forest ecosystem
(Siles and Margesin 2016). Whereas, the relative abun-
dance of Zygomycota in this study ranged from 0.45%
to 1.77% across all samples (Table 3), implying that
Zygomycota is a minor phylum that is uncommon in
coastal salt marshes of eastern China.

FUNGuild provides information on the functional
roles of fungi by parsing the provided sequences into
trophic guilds (Nguyen et al. 2016). The functional
annotation revealed that many OTUs were assigned to
undefined fungi, similar to the results of Nguyen et al.
(2016). Importantly, we found that saprotrophic fungi
were most abundant in SA soil (Fig. 3), primarily de-
rived from undefined saprotroph (Table S3).
Saprotrophic fungi are identified as the most important
decomposers in the soil (Schmidt et al. 2019), which are
involved in organic matter decomposition, C cycling, as
well as nutrient mobilization (van der Wal et al. 2013;
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Schmidt et al. 2019). SA invasion has been widely
documented to promote soil organic C and N sequestra-
tion in coastal salt marshes of eastern China (Table 1;
Yang etal. 2013, 2015; He etal. 2019). Thus, the largely
increased relative abundance of saprotrophic fungi (Fig.
3), especially undefined saprotroph in SA soil would
accelerate the decomposition of recalcitrant SA plant
residues (Table S3; Schmidt et al. 2019), and enhance
soil organic C and N accumulation following SA inva-
sion (Tables 1; Yang et al. 2013, 2015). However, PA,
BF, SM and SS soils contained less saprotrophic fungi
(Fig. 3), particularly undefined saprotroph relative to SA
soils (Table S3). Chen et al. (2019) reported that the
relative abundance of undefined saprotroph was posi-
tively correlated with aboveground biomass, available
soil N, and soil moisture, which was supported by our
results showing that the relative abundances of
saprotroph and undefined saprotroph were highly relat-
edto SOC, SON, WSOC, litter C:N ratio, root C:N ratio,
and soil moisture (Table S4). Taken together, we rea-
soned that less saprotrophic fungi in PA, BF, SM and SS
soils were attributed to lower soil moisture and nutrition
levels, these oligotrophic environments in PA, BF, SM
and SS soils limited the increase in saprotrophic fungi
(Table 1; Fig. 3).

Meanwhile, the lowest and highest relative abun-
dance of symbiotic fungi were found in SA and PA soil,
respectively (Fig. 3). The symbiotic fungi in BF, SA, SS,
SM, and PA soils were almost entirely derived from
ectomycorrhizal fungi (Table S3). Soil arbuscular my-
corrhizal fungi (AMF; i.e., phylum Glomeromycota),
endophytic fungi, and lichenized fungi were not ob-
served in all plants communities. Previous studies have
reported that SA is not colonized by AMF (Daleo et al.
2008), which is a non-mycorrhizal species (McHugh
and Dighton 2004), and revealed increased growth only
following nutrient enrichment (Daleo et al. 2008). In this
present study, AMF was not found in SA soil (Table S3),
which further implied that SA was hard to infect by
AMF. Interestingly, we observed that SA soil contained
lowest relative abundance of ectomycorrhizal fungi
(1.11%) relative to other plant communities
(Table S3), rather than absolutely non-mycorrhizal spe-
cies (McHugh and Dighton 2004). Thus, the lowest
relative abundance of symbiotic fungi, i.e.,
ectomycorrhizal fungi was found in SA soil (Fig. 3
and Table S3), suggesting that SA invasion was not
dependent on mycorrhizal symbiosis to obtain more
nutrients. Our results exhibited that PA soil had the most
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enriched symbiotic fungi (i.e., ectomycorrhizal fungi)
(Fig. 3 and Table S3). Recent studies documented that
ectomycorrhizal fungi rely on plant-transferred sugars
as their C source and in return can acquire more N from
organic compounds composing SOM, and help plants to
access growth-limiting N environments (Nicolas et al.
2019; Zak et al. 2019). Chen et al. (2019) also showed
that the relative abundance of ectomycorrhizal fungi had
significantly negative relationship with litter, soil nutri-
ents content, and soil moisture, which was supported by
our Pearson’s correlation analysis (Table S4). It was
inferred that the relative abundance of symbiotic fungi
(i.e., ectomycorrhizal fungi) was highest in PA soil (Fig.
3 and Table S3), which was strongly associated with the
lowest levels of SOC, WSOC, SON, and soil moisture
(Table S4). The most enriched symbiotic fungi in PA
soil can acquire more N and P, and supply plants with
essential nutrients, and assist PA community to adapt
oligotrophic and harsh environment (Fig. 3, Tables 1
and S3).

Generally, pathotrophic fungi can obtain nutrients by
attacking host cell (Anthony et al. 2017), but also con-
trol populations of nematodes, insects, plant or fungal
pests (Schmidt et al. 2019). We found that the relative
abundance of pathotrophic fungi (e.g., plant pathogen
and animal pathogen) was highest in PA soil and lowest
in SA soil (Fig. 3; Table S3), which was highly related to
soil nutrition substrates and moisture (Table S4; Chen
et al. 2019). On the whole, the trophic modes and
functional groups of fungal communities were remark-
ably different between invasive SA soil and native BF,
SS, SM, and PA soils (Fig. 3 and Table S3). Specifically,
SA soil contained the most abundant saprotrophic fungi,
and the minimum symbiotic and pathotrophic fungi,
conversely, native plant communities showed more
enriched soil symbiotic and pathotrophic fungi, and less
saprotrophic fungi (Fig. 3 and Table S3). These great
differences in trophic modes and functional groups of
soil fungal communities can be primarily driven by soil
nutrition substrates, physicochemical properties, as well
as litter and root characteristics (Table S4).

Conclusions

This study highlighted the variations in soil fungal com-
munities following SA invasion in coastal salt marshes
of eastern China. Our results showed that SA invasion
considerably increased soil fungal abundance and

diversity compared with BF, SS, SM, and PA soils.
The changes in soil fungal community composition
induced by SA invasion is highly associated with soil
salinity, litter C:N ratio, and/or SOC concentration. SA
invasion significantly raised the relative abundance of
Basidiomycota, and reduced relative abundance of As-
comycota compared to native communities. Additional-
ly, SA invasion shifted trophic modes and functional
groups in soil fungal communities. The relative abun-
dance of saprotrophic fungi greatly increased, while the
relative abundances of symbiotic and pathotrophic fungi
considerably decreased following SA invasion. The al-
terations in trophic modes and functional groups of soil
fungal communities were collectively driven by soil
nutrition substrates, soil moisture, and plant residues
characteristics, which potentially affected soil C and N
decomposition and sequestration. Although the impacts
of plant invasions on aboveground ecosystem have been
widely reported and focused, the potential opportunities
and/or risks of belowground ecosystem, particularly soil
microbial communities as affected by plant invasions
are not yet to fully estimate. This study provided new
evidence that plant invasions can alter soil fungal abun-
dance, diversity, community composition, trophic
modes and functional groups, which can help us to
better understand the variations and its driving patterns
of soil fungal communities following plant invasions.

Acknowledgements This study was supported by the National
Natural Science Foundation of China (grant no. 31600427), Fun-
damental Research Funds for the Central Universities (grant no.
GK201803042), China Scholarship Council (grant no.
201806875004), Research Startup fund of Shaanxi Normal Uni-
versity (grant no.1000951110010899), and the China Postdoctoral
Science Foundation (grant no. 2016 M590440). We thank the
whole staff of the Jiangsu Yancheng Wetland National Nature
Reserve for Rare Birds for supporting and helping in this research.
We also appreciate two anonymous reviewers and editor for their
insightful comments and valuable suggestions on this paper.

References

Abarenkov K, Henrik Nilsson R, Larsson K-H, Alexander 1J,
Eberhardt U, Erland S, Heiland K, Kjoeller R, Larsson E,
Pennanen T, Sen R, Taylor AFS, Tedersoo L, Ursing BM,
Vralstad T, Liimatainen K, Peintner U, Kdljalg U (2010) The
UNITE database for molecular identification of fungi—

@ Springer



Plant Soil

recent updates and future perspectives. New Phytol 186:281—
285

An SQ, Gu BH, Zhou CF, Wang ZS, Deng ZF, Zhi YB, Li HL,
Chen L, Yu DH, Liu YH (2007) Spartina invasion in China:
implications for invasive species management and future
research. Weed Res 47:183-191

Anthony MA, Frey SD, Stinson KA (2017) Fungal community
homogenization, shift in dominant trophic guild, and appear-
ance of novel taxa with biotic invasion. Ecosphere 8:1-17

Aragon R, Sardans J, Penuelas J (2014) Soil enzymes associated
with carbon and nitrogen cycling in invaded and native
secondary forests of northwestern Argentina. Plant Soil
384:169-183

Bokulich NA, Subramanian S, Faith JJ, Gevers D, Gordon JI,
Knight R, Mills DA, Caporaso JG (2013) Quality-filtering
vastly improves diversity estimates from Illumina amplicon
sequencing. Nat Methods 10:57-59

Bolger AM, Lohse M, Usadel B (2014) Trimmomatic: a flexible
trimmer for [llumina sequence data. Bioinformatics 30:2114—
2120

Bray SR, Hoyt AM, Yang ZJ, Arthur MA (2017) Non-native liana,
Euonymus fortunei, associated with increased soil nutrients,
unique bacterial communities, and faster decomposition rate.
Plant Ecol 218:329-343

Caporaso JS, Kuczynski J, Stombaugh J et al (2010) QIIME
allows analysis of high-throughput community sequencing
data. Nat Methods 7:335-336

Castro-Diez P, Godoy O, Alonso A, Gallardo A, Saldafia A (2014)
What explains variation in the impacts of exotic plant inva-
sions on the nitrogen cycle? A meta-analysis. Ecol Lett 17:1—
12

Chao A (1984) Non-parametric estimation of the number of clas-
ses in a population. Scand J Stat 11:265-270

Chao A, Lee S (1992) Estimating the number of classes via sample
coverage. ] Am Stat Assoc 87:210-217

Chen J, Xu H, He D, Li YD, Luo TS, Yang HG, Lin MX (2019)
Historical logging alters soil fungal community composition
and network in a tropical rainforest. Forest Ecol Manag 433:
228-239

Chen YL, Xu TL, Veresoglou SD, Hu HW, Hao ZP, Hu YJ, Liu L,
Deng Y, Rillig MC, Chen BD (2017) Plant diversity repre-
sents the prevalent determinant of soil fungal community
structure across temperate grasslands in northern China.
Soil Biol Biochem 110:12-21

Clemmensen KE, Finlay RD, Dahlberg A, Stenlid J, Wardle DA,
Lindahl BD (2015) Carbon sequestration is related to mycor-
rhizal fungal community shifts during long-term succession
in boreal forests. New Phytol 205:1525-1536

Collins CG, Stajich JE, Weber SE, Pombubpa N, Diez JM (2018)
Shrub range expansion alters diversity and distribution of soil
fungal communities across an alpine elevation gradient. Mol
Ecol 27:2461-2476

Craig ME, Pearson SM, Fraterrigo JM (2015) Grass invasion
effects on forest soil carbon depend on landscape-level land
use patterns. Ecology 96:2265-2279

Cusack DF, Silver WL, Torn MS, Burton SD, Firestone MK
(2011) Change in microbial community characteristics and
soil organic matter with nitrogen additions in two tropical
forests. Ecology 92:621-632

Daleo P, Alberti J, Canepuccia A, Escapa M, Fanjul E, Silliman B,
Bertness M, Iribarne O (2008) Mycorrhizal fungi determine

@ Springer

salt-marsh plant zonation depending on nutrient supply. J
Ecol 96:431-437

De Boer W, Folman LB, Summerbell RC, Boddy L (2005) Living
in a fungal world: impact of fungi on soil bacterial niche
development. FEMS Microbiol Rev 29:795-811

Ding JL, Jiang X, Guan DW, Zhao BS, Ma MC, Zhou BK, Cao
FM, Yang XH, Li L, Li J (2017) Influence of inorganic
fertilizer and organic manure application on fungal commu-
nities in a long-term field experiment of Chinese Mollisols.
Appl Soil Ecol 111:114-122

Edgar RC (2013) UPARSE: highly accurate OTU sequences from
microbial amplicon reads. Nat Methods 10:996-998

Fujimura KE, Egger KN (2012) Host plant and environment
influence community assembly of high Arctic root-
associated fungal communities. Fungal Ecol 5:409—418

Gaggini L, Rusterholz HP, Baur B (2018) The invasive plant
Impatiens glandulifera affects soil fungal diversity and the
bacterial community in forests. Appl Soil Ecol 124:335-343

Galand PE, Casamayor EO, Kirchman DL, Lovejoy C (2009)
Ecology of the rare microbial biosphere of the Arctic
Ocean. Proc Natl Acad Sci U S A 106:22427-22432

Gardes M, Bruns TD (1993) ITS primers with enhanced specific-
ity for basidiomycetes _application to the identification of
mycorrhizae and rusts. Mol Ecol 2:113-118

Guo JJ, Liu WB, Zhu C, Luo GW, Kong YL, Ling N, Wang M,
Dai JY, Shen QR, Guo SW (2018) Bacterial rather than
fungal community composition is associated with microbial
activities and nutrient-use efficiencies in a paddy soil with
short-term organic amendments. Plant Soil 424:335-349

Hargreaves SK, Hofmockel KS (2014) Physiological shifts in the
microbial community drive changes in enzyme activity in a
perennial agroecosystem. Biogeochemistry 117:67-79

He D, Xiang XJ, He JS, Wang C, Cao GM, Adams J, Chu HY
(2016) Composition of the soil fungal community is more
sensitive to phosphorus than nitrogen addition in the alpine
meadow on the Qinghai-Tibetan Plateau. Biol Fertil Soils 52:
1059-1072

He YH, Zhou XH, Cheng WS, Zhou LY, Zhang GD, Zhou GY,
Liu RQ, Shao JJ, Zhu K, Cheng WX (2019) Linking im-
provement of soil structure to soil carbon storage following
invasion by a C, plant Spartina alterniflora. Ecosystems 22:
859-872

Hinojosa MB, Parra A, Laudicina VA, Moreno JM (2014)
Experimental drought induces short-term changes in soil
functionality and microbial community structure after fire in
a Mediterranean shrubland. Biogeosciences 11:15251-15287

Janous$kova M, Kohout P, Moradi J, Doubkova P, Frouz J,
Vosolsobé S, Rydlova J (2018) Microarthropods influence
the composition of thizospheric fungal communities by stim-
ulating specific taxa. Soil Biol Biochem 122:120-130

Khomich M, Davey ML, Kauserud H, Rasconi S, Andersen T
(2017) Fungal communities in Scandinavian lakes along a
longitudinal gradient. Fungal Ecol 27:36-46

Kim YC, Gao C, Zheng Y, He XH, Yang W, Chen L, Wan SQ,
Guo LD (2015) Arbuscular mycorrhizal fungal community
response to warming and nitrogen addition in a semiarid
steppe ecosystem. Mycorrhiza 25:267-276

Krogius-Kurikka L, Lyra A, Malinen E, Aarnikunnas J, Tuimala J,
Paulin L, Mékivuokko H, Kajander K, Palva A (2009)
Microbial community analysis reveals high level phyloge-
netic alterations in the overall gastrointestinal microbiota of



Plant Soil

diarrhoea-predominant irritable bowel syndrome sufferers.
BMC Gastroenterol 9:95

Lee MR, Bernhardt ES, van Bodegom PM, Cornelissen JHC,
Kattge J, Laughlin DC, Niinemets U, Pefiuelas J, Reich PB,
Yguel B, Wright JP (2017) Invasive species’ leaf traits and
dissimilarity from natives shape their impact on nitrogen
cycling: a meta-analysis. New Phytol 213:128-139

Li S, Shakoor A, Wubet T, Zhang NL, Liang Y, Ma KP (2018)
Fine-scale variations of fungal community in a heteroge-
neous grassland in Inner Mongolia: effects of the plant com-
munity and edaphic parameters. Soil Biol Biochem 122:104—
110

Liao CZ, Luo YQ, Jiang LF, Zhou XH, Wu XW, Fang CM, Chen
JQ, Li B (2007) Invasion of Spartina alterniflora enhanced
ecosystem carbon and nitrogen stocks in the Yangtze estuary,
China. Ecosystems 10:1351-1361

Liao CZ, Peng RH, Luo YQ, Zhou XH, Wu XW, Fang CM, Chen
JK, Li B (2008) Altered ecosystem carbon and nitrogen
cycles by plant invasion: a meta-analysis. New Phytol 177:
706-714

Liu JJ, Sui YY, Yu ZH, Shi Y, Chu HY, Jin J, Liu XB, Wang GH
(2015) Soil carbon content drives the biogeographical distri-
bution of fungal communities in the black soil zone of
Northeast China. Soil Biol Biochem 83:29-39

Matsuoka S, Suzuki Y, Hobara S, Osono T (2018) Fungal succes-
sion and decomposition of composted aquatic plants applied
to soil. Fungal Ecol 35:34-41

McHugh JM, Dighton J (2004) Influence of mycorrhizal inocula-
tion, inundation period, salinity, and phosphorus availability
on the growth of two salt marsh grasses, Spartina alterniflora
Lois. And Spartina cynosuroides (L.) Roth., in nursery sys-
tems. Restor Ecol 12:533-545

McMurdie PJ, Holmes S (2013) Phyloseq: an R package for
reproducible interactive analysis and graphics of microbiome
census data. PLoS One 8:¢61217

Nguyen NH, Song ZW, Bates ST, Branco S, Tedersoo L, Menke j
SJS, Kennedy PG (2016) FUNGuild: An open annotation
tool for parsing fungal community datasets by ecological
guild. Fungal Ecol 20:241-248

Nicolas C, Martin-Bertelsen T, Floudas D, Bentzer J, Smits M,
Johansson T, Troein C, Persson P, Tunlid A (2019) The soil
organic matter decomposition mechanisms in
ectomycorrhizal fungi are tuned for liberating soil organic
nitrogen. ISME J 13:977-988

Nielsen UN, Wall DH, Six J (2015) Soil biodiversity and the
environment. Annu Rev Environ Resour 40:63-90

Piper CL, Siciliano SD, Winsley T, Lamb EG (2015) Smooth
brome invasion increases rare soil bacterial species preva-
lence, bacterial species richness and evenness. J Ecol 103:
386-396

Read DJ, Perez-Moreno J (2003) Mycorrhizas and nutrient cycling
in ecosystems - a journey towards relevance? New Phytol
157:475-492

Rodriguez-Caballero G, Caravaca F, Alguacil MM, Fernandez-
Lopez M, Fernandez-Gonzalez AJ, Roldan A (2017) Striking
alterations in the soil bacterial community structure and
functioning of the biological N cycle induced by
Pennisetum setaceum invasion in a semiarid environment.
Soil Biol Biochem 109:176-187

Rousk J, Brookes PC, Baath E (2011) Fungal and bacterial growth
responses to N fertilization and pH in the 150-year 'Park

Grass' UK grassland experiment. FEMS Microbiol Ecol 76:
89-99

Schloss PD, Westcott SL, Ryabin T, Hall JR, Hartmann M,
Hollister EB, Lesniewski RA, Oakley BB, Parks DH,
Robinson CJ, Sahl JW, Stres B, Thallinger GG, van Hom
DJ, Weber CF (2009) Introducing mothur: open-source, plat-
form-independent, community-supported software for de-
scribing and comparing microbial communities. Appl
Environ Microbiol 75:7537-7541

Schmidt R, Mitchell J, Scow K (2019) Cover cropping and no-till
increase diversity and symbiotroph:saprotroph ratios of soil
fungal communities. Soil Biol Biochem 129:99-109

Shannon CE (1948) A mathematical theory of communication.
Bell Syst Tech J 27:379-423

Siles JA, Margesin R (2016) Abundance and diversity of bacterial,
archaeal, and fungal communities along an altitudinal gradi-
ent in alpine forest soils: what are the driving factors? Microb
Ecol 72:207-220

Stegen JC, Lin X, Fredrickson JK, Chen X, Kennedy DW, Murray
CJ, Rockhold ML, Konopka A (2013) Quantifying commu-
nity assembly processes and identifying features that impose
them. ISME J 7:2069-2079

Sterkenburg E, Bahr A, Durling MB, Clemmensen KE, Lindal B
(2015) Changes in fungal communities along a boreal forest
soil fertility gradient. New Phytol 207:1145-1158

Strickland MS, Rousk J (2010) Considering fungal :bacterial
dominance in soils- methods, controls, and ecosystem impli-
cations. Soil Biol Biochem 42:1385-1395

Sun RB, Dsouza M, Gilbert JA, Guo XS, Wang DZ, Guo ZB, Ni
YY, Chu HY (2016) Fungal community composition in soils
subjected to long-term chemical fertilization is most influ-
enced by the type of organic matter. Environ Microbiol 18:
5137-5150

Sun RB, Zhang XX, Guo XS, Wang DZ, Chu HY (2015) Bacterial
diversity in soils subjected to long-term chemical fertilization
can be more stably maintained with the addition of livestock
manure than wheat straw. Soil Biol Biochem 88:9-18

ter Braak CJF, Smilauer P (2002) CANOCO reference manual and
CanoDraw for windows user’s guide: software for canonical
ordination (version 4.5). Microcomputer Power, Ithaca

van der Wal A, Geydan TD, Kuyper TW, de Boer W (2013) A
thready affair: linking fungal diversity and community dy-
namics to terrestrial decomposition processes. FEMS
Microbiol Rev 37:477-494

Vila M, Espinar JL, Hejda M, Hulme PE, Jarosik V, Maron JL,
Pergl J, Schaffner U, Sun Y, Pysek P (2011) Ecological
impacts of invasive alien plants: a meta-analysis of their
effects on species, communities and ecosystems. Ecol Lett
14:702-708

Votiskova J, Baldrian P (2013) Fungal community on
decomposing leaf litter undergoes rapid successional chang-
es. ISME J 7:477-486

Waldrop MP, Zak DR, Blackwood CB, Curtis CD, Tilman D
(2006) Resource availability controls fungal diversity across
a plant diversity gradient. Ecol Lett 9:1127-1135

Walker GM, White NA (2011) Introduction to fungal physiology.
In: Kavanagh K (ed) Fungi: biology and applications, 2nd
edn. Wiley, Chichester, pp 1-35

Wang M, Shi S, Lin F, Jiang P (2014) Response of the soil fungal
community to multi-factor environmental changes in a tem-
perate forest. Appl Soil Ecol 81:45-56

@ Springer



Plant Soil

Wang Q, Garrity GM, Tiedje JM, Cole JR (2007) Naive Bayesian
classifier for rapid assignment of rRNA sequences into the
new bacterial taxonomy. Appl Environ Microbiol 73:5261—
5267

White TJ, Bruns T, Lee SB, Taylor JW (1990) Amplification and
direct sequencing of fungal ribosomal RNA genes for phylo-
genetics. In: Innis MA, Gelfand DH, Sninsky JJ, White TJ
(eds) PCR protocols: a guide to methods and applications.
Academic Press, San Diego, pp 315-322

Yang S, Li J, Zheng Z, Meng Z (2009) Characterization of
Spartina alterniflora as feedstock for anaerobic digestion.
Biomass Bioenergy 33:597-602

Yang W, An SQ, Zhao H, Fang SB, Xia L, Qiao YJ, Cheng XL
(2015) Labile and recalcitrant soil carbon and nitrogen pools
in tidal salt marshes of the eastern Chinese coast as affected
by short-term C, plant Spartina alterniflora invasion. Clean—
Soil, Air, Water 43:872-880

Yang W, Jeelani N, Zhu ZH, Luo YQ, Cheng XL, An SQ (2019)
Alterations in soil bacterial community in relation to Spartina
alterniflora Loisel. invasion chronosequence in the eastern
Chinese coastal wetlands. Appl Soil Ecol 135:38-43

Yang W, Yan YE, Jiang F, Leng X, Cheng XL, An SQ (2016)
Response of the soil microbial community composition and
biomass to a short-term Spartina alterniflora invasion in a
coastal wetland of eastern China. Plant Soil 408:443-456

@ Springer

Yang W, Zhao H, Chen XL, Yin SL, Cheng XL, An XQ (2013)
Consequences of short-term Cg4 plant Spartina alterniflora
invasions for soil organic carbon dynamics in a coastal wet-
land of eastern China. Ecol Eng 61:50-57

Yuan JJ, Ding WX, Liu DY, Kang H, Freeman C, Xiang J, Lin YX
(2015) Exotic Spartina alterniflora invasion alters
ecosystem—atmosphere exchange of CH, and N,O and car-
bon sequestration in a coastal salt marsh in China. Glob
Chang Biol 21:1567-1580

Zak DR, Pellitier PT, Argiroff WA et al (2019) Exploring the role
of ectomycorrhizal fungi in soil carbon dynamics. New
Phytol. https://doi.org/10.1111/nph.15679

Zhang J, Zhang BG, Liu Y, Guo YQ, Shi P, Wei GH (2018)
Distinct large-scale biogeographic patterns of fungal commu-
nities in bulk soil and soybean rhizosphere in China. Sci Total
Environ 644:791-800

Zubek S, Majewska ML, Btaszkowski J, Stefanowicz AM, Nobis
M, Kapusta P (2016) Invasive plants affect arbuscular my-
corrhizal fungi abundance and species richness as well as the
performance of native plants grown in invaded soils. Biol
Fertil Soils 52:879-893

Publisher’s note Springer Nature remains neutral with regard to
jurisdictional claims in published maps and institutional
affiliations.



