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Abstract

Subtropical broadleaved forests play a crucial role in supporting terrestrial ecosystem functions, but little is known about their
belowground soil fungal communities despite that they have central functions in C, N, and P cycles. This study investigated the
structures and identified the drivers of soil fungal communities in subtropical deciduous and evergreen broadleaved forests, using
high-throughput sequencing and FUNGuild for fungal identification and assignment to the trophic guild. Fungal richness was
much higher in the deciduous than in the evergreen forest. Both forests were dominated by Ascomycota and Basidiomycota
phyla, but saprophytic fungi were more abundant in the deciduous forest and ectomycorrhizal fungi predominated in the
evergreen forest. Fungal communities had strong links to plant and soil properties. Specifically, plant diversity and litter biomass
were the main aboveground drivers of fungal diversity and composition in the deciduous forest, while host effects were
prominent in the evergreen forest. The belowground factors, i.c., soil pH, water content, and nutrients especially available P,
were identified as the primary drivers of soil fungal communities in the broadleaved forests. Co-occurrence network analysis
revealed assembly of fungal composition in broadleaved forest soils was non-random. The smaller modularity of the network in
the deciduous forest reflects lower resistance to environment changes. Concluding, these results showed that plant community
attributes, soil properties, and potential interactions among fungal functional guilds operate jointly on the divergence of soil
fungal community assembly in the two broadleaved forest types.
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Introduction of ecological services and mitigating climate change (Ding
et al. 2015; Yu et al. 2014). In the subtropics, deciduous and
The broadleaved forests, the primary vegetation type of ter-  evergreen broadleaved forests are the two major forest types

restrial ecosystems, play an essential role to provide fullrange  and have long been in the interest of ecologists (Kira 1991).
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Many studies have compared plant distribution patterns
(Xiang et al. 2013), productivity (Xiang et al. 2016), physio-
logical characteristics (Williams-Linera 1997), and nutrient
dynamics (Jiang et al. 2017; Villar et al. 2006) between decid-
uous and evergreen forests. However, their belowground soil
microbial communities, which play an enormous role as the
drivers of soil C, N, and P cycles, are rarely concerned (van
der Heijden et al. 2008). For example, the transformation of C,
N, and P in forest soils is mainly driven by microbial activity
through processes such as litter and soil organic matter decom-
position, mineralization, nitrification, and denitrification
(Baldrian 2017; Zhu et al. 2018). Thus, a better knowledge
of the factors that shape soil microbial communities can im-
prove our predictions of broadleaved forest ecosystem func-
tions in response to the climate change and other environmen-
tal impacts (e.g., N deposition, acidification).

Although several studies have investigated microbial com-
position in broadleaved forests, they used coarse-resolution
techniques and focused on bacterial microbial communities
(Ding et al. 2015; Hackl et al. 2005; Li et al. 2014; Yang
et al. 2014). The fungal community in forest soils has central
functions due to the variety of distinct functional groups that
are involved in organic matter decomposition and nutrient
cycling (Uroz et al. 2016). These fungal functional groups
mainly include saprotrophic, symbiotrophic, and pathotrophic
fungi (Tedersoo et al. 2016). For example, symbiotrophic fun-
gi (e.g., ectomycorrhizal and arbuscular mycorrhizal fungi)
are tightly linked to plants, forming mutualistic symbiotic as-
sociations to improve nutrient exchange (Voriskova and
Baldrian 2013). Saprotrophic fungi are the main decomposers
of litter, woody debris, and dead roots, from which they obtain
energy and C for growth (Osona 2007; Uroz et al. 2016).
Fungal pathogens tend to harm or parasitize their host
(Schroter et al. 2018). Because of the key role that soil fungi
play in the nutrition, productivity, and health of forest ecosys-
tems, it is important to investigate the factors that structure
fungal communities.

Environmental filtering (biotic and abiotic factors) and
interspecific competition/cooperation for limited resources
are two primary processes structuring the local assembly of
biotic communities (Kivlin et al. 2014; Tilman 1982; Wei
et al. 2019). Geographic scale is an important consideration
when investigating these processes (Stock et al. 2019), es-
pecially when the communities of interest vary from the
narrow and specialized communities of the rhizosphere to
the broad reach of the soil mycelium network. From centi-
meters to meters, variation in physicochemical soil proper-
ties and dominant plants is an important driver of microbial
community structure (Lladé et al. 2018). As we might ex-
pect, tree host specificity is an important driver of symbiotic
fungi (Gao et al. 2013; Ishida et al. 2007; Lang et al. 2011;
Nguyen et al. 2016b) as well as saprotrophic fungi (Awad
et al. 2019; Hannula et al. 2017). Trees also impact the soil
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fungi through their production of dead material. Litter, as an
important nutrient source, has key roles in the structure of
soil fungal communities (Llado6 et al. 2018; Uroz et al.
2016). Curiously, tree diversity has positive, negative, or
no effects on soil fungal communities in various regions
(Chen et al. 2019; Goldmann et al. 2016; Nguyen et al.
2016b; Peay et al. 2013; Tedersoo et al. 2016). Fungal com-
munities are also strongly impacted by the soil physico-
chemical parameters such as pH (Wubet et al. 2012),
water-holding capacity and content (Gao et al. 2015), and
nutrients (Coince et al. 2013). Thus, determining the rela-
tionship between soil fungal community (richness and com-
position) and plant community attributes and soil properties
could highlight the mechanisms that drive the assembly of
fungal communities (Schappe et al. 2017; Yang et al.
2017b). Furthermore, little efforts have been paid to inves-
tigate the interactions among soil fungi in the broadleaved
forests, which might play a vital role in the flow of energy,
matter, and information among them (Montoya et al. 2006;
Zhou et al. 2010). Microbial interactions can result in pat-
terns of species abundance across space and time.
Cooperative metabolic interactions can lead to positive co-
occurrence patterns in abundance while competition for the
same resources may lead to an inverse pattern (Greenblum
et al. 2013). Network analysis—based approaches have re-
cently been used to investigate co-occurrence patterns be-
tween microorganisms in forest soils (Ding et al. 2015; Toju
et al. 2016). The network is made up of nodes (represents
species) and the edges (represent correlations), and can be
divided into modules which contain a set of members that
have a higher number of links among them than with mem-
bers of other modules (Widder et al. 2014). Hence, micro-
bial network studies are useful in understanding microbial
community structure, offer a way forward to test potential
inter-taxa relationships, and reveal the niche spaces shared
by community members.

Broadleaved forests are widely distributed in southern and
eastern China and are essential to maintain ecosystem func-
tions in the subtropics (Xiang et al. 2013). The goal of this
study was to uncover assembly patterns of soil fungal com-
munities and their potential drivers in subtropical broadleaved
forests. Currently, high-throughput DNA sequencing and the
new tool of ecological guild categories have provided a new
perspective to explore soil fungal ecology in ecosystems
(Nguyen et al. 2016a). Here, we collected soil samples (i.e.,
organic horizon, which is largely influenced by litter decom-
position, and the top mineral horizon, which in turn is largely
influenced by root exudation) from two adjacent deciduous
and evergreen broadleaved forests in a protected forest park.
We described the diversity and composition of the soil fungal
communities by using internal transcribed spacer (ITS) gene-
based high-throughput sequencing. The co-occurrence net-
works were also explored to provide insight into the
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interactions among fungal functional guilds (FUNguilds)
within each habitat. Specifically, the aim of this study was to
explore the following: (i) what are specific differences in soil
fungal diversity and community composition between
broadleaved forest types; (ii) what are the main biotic and
abiotic factors and their contribution in determining the estab-
lishment of fungal community in broadleaved forest types and
soil horizons; and (iii) what are the specific interactions
among functional guilds structure the soil fungal community
in subtropical broadleaved forests. We hypothesized that each
broadleaved forest type would support a specific soil fungal
community, and biotrophic fungi, such as ectomycorrhizal
fungi, are driven by host traits while saprotrophic fungi are
more strongly driven by nutrient factors.

Materials and methods
Study site and soil sampling

This study was carried out in Dashanchong Forest Reserve
Park (28° 23" 58"-28° 24’ 58" N, 113° 17" 46"-113° 19’ 08"
E), Changsha County, Hunan Province, China. This area is
characterized by a humid subtropical monsoon climate, with
a mean annual air temperature of 17.3 °C and a mean annual
precipitation of 1416 mm (Ouyang et al. 2016). Forests in this
location were developed from natural restoration of the
destroyed forests since firewood collection was forbidden in
the late 1950s. The deciduous and evergreen broadleaved for-
ests are the two major forest types. A 1.0-ha permanent plot
was previously established for the two broadleaved forests
(Xiang et al. 2013). Each 1.0-ha plot was divided into 100
equally distributed 10 m x 10 m subplots for a field census.
The locations of individual trees within each subplot were
tagged and identified. The dominant tree species in the decid-
uous forest is Choerospondias axillaris of the Anacardiaceae
family, and the dominant tree species in the evergreen forest is
Lithocarpus glaber and Cyclobalanopsis glauca of the
Fagaceae family.

Soil samples were collected from the two forest types in
October 2016, with a strip sampling method. Specifically, 32
subplots of typical vegetation in each forest were selected,
with an interval of at least 10 m in between. All plots were
between 55 and 260 m above sea level, and the maximum
geographic distances between two plots were less than 2 km.
At each plot, two soil horizons were sampled: organic floor
soil (0.5-3 cm, O) and the subsequent mineral topsoil (3—10
cm, Ah) at five points (one point at the center and four points
equidistant from the center toward the corners of the subplots),
pooled and sieved with a 2-mm mesh to remove visible stones,
roots, and other residues. Fresh soil samples were stored in a
cold roll box and transported quickly to the laboratory. For
each fresh soil sample, subsamples were performed for

physiochemical analyses and subsamples were stored at —
80 °C for DNA extraction.

Soil and plant parameters measurements

Soil water content was measured gravimetrically by oven-
drying the fresh soil samples at 105 °C for constant weight.
Soil pH was measured using a pH meter (FE20, Mettler
Toledo, Shanghai, China) after shaking a soil to water with
ratio of 1:2.5. Soil organic carbon (SOC) was measured using
a K,Cr,0,—H,SO, oxidation method (Walkley 1947). Total
nitrogen (TN) was determined with an element analyzer
(Vario EL III, Elementar, Germany). Soil available phospho-
rus (P) concentrations was extracted with 0.05 M HCIl-
0.025 M H,SO,4 and determined by ammonium molybdate
ascorbic method (Mehlich 1984). Microbial biomass carbon
(MBC) and nitrogen (MBN) were measured by the
fumigation-extraction method (Brookes et al. 1985).

For plant communities in each plot, diameter at breast
height (DBH, 1.3 m) and height (H) of all individual trees
(DBH > 4 cm) were measured and recorded. Basal area
(BA) was calculated as 7r*(DBH/2)? and the Shannon-
Weaver index (H') was used to calculate the plant diversity
(Keylock 2005). Litter samples were collected by setting up
50 cm X 50 cm areas at the center of each plot and transported
to the laboratory to be dried at 80 °C to a constant weight for
biomass determination.

Molecular analyses

Total DNA was extracted from 0.25-g freeze-dried soil samples
using the E.Z.N.A.® soil DNA Isolation Kit (Omega Bio-tek,
Norcross, GA, USA) based on the manufacturer’s instructions.
The quality and concentration of the extracted DNA were
assessed by a NanoDropND-2000c UV-Vis Spectrophotometer
(NanoDrop Technologies, Wilmington, DE, USA), according to
the ratios of 260/280 nm and 260/230 nm. The primer pair ITSIF
(5'-CTTGGTCATTTAGAGGAAGTAA-3') and ITS2 (2043R)
(5"-GCTGCGTTCTTCATCGATGC-3") was employed to am-
plify the fungal ITS region (Bokulich and Mills 2013; Gardes
and Bruns 1993). The thermal-cycling conditions were 94 °C for
3 min; 35 cycles of 94 °C for 45 s, 50 °C for 60 s, and 72 °C for
60 s, followed by 72 °C for 10 min. The resultant PCR products
were sequenced on an Illumina Miseq sequencer at the Majorbio
Bio-Pharm Technology Co., Ltd. (Shanghai, China).

The obtained raw ITS sequence data were processed using
the Quantitative Insights Into Microbial Ecology (QIIME)
pipeline (Caporaso et al. 2010) for quality filtering, trimming,
and chimera checking. Briefly, paired-end reads with at least a
10-bp overlap and < 0.2 mismatches were combined using
FLASH (Mago¢ and Salzberg 2011), and a threshold of aver-
age quality scores > 50 over 20-bp window size was used to
trim the unqualified sequences using BTRIM (Kong 2011).
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Joined sequences with ambiguous bases and lengths < 200 bp
were discarded. The remaining sequences were then clustered
into operational taxonomic units (OTUs) at a 97% identity
threshold using UPARSE (Edgar 2013) with the chimeras
and all singletons being discarded meanwhile. Taxonomy
was assigned to fungal OTUs by BLASTing against the
UNITE database (Abarenkov et al. 2010). Fungal guilds were
assigned using the FUNGuild tool introduced by Nguyen et al.
(2016a).

The fungal DNA sequence data associated with this study
have been deposited in the SRA of the NCBI database under
the accession no. SRP130039.

Statistical analysis

A t test was carried out to examine the differences in fungal
richness, and soil and plant parameters between deciduous
and evergreen broadleaved forests. Nonmetric multidimen-
sional scaling (NMDS) with the Bray-Curtis dissimilarity
was conducted to show the differences in fungal community
composition using the software CANOCO 5.0 software
(Microcomputer Power, Ithaca, NY, USA). To test whether
there were significant differences in fungal community com-
position between forest types and soil horizons, analysis of
similarities (ANOSIM) was carried out with the “VEGAN”
package in the software R.

The effects of plant and soil properties on fungal richness
were evaluated with multiple regression analyses. Plant diver-
sity (H'pjant), total BA, the relative basal area (Rpa) of the
dominant tree species (i.e., C. axillaris, L. glaber, and
C. glauca), and litter biomass were selected as explanatory
variables to estimate plant effects. As potential soil variables
affect microbial community structure, we selected the soil
physiochemical properties (i.e., water content, pH, SOC,
TN, AP, and C:N ratio). All the biotic and abiotic variables
were subjected to the best ordinary least squares (OLS) mul-
tiple regression model selection to disentangle their effects on
fungal OTU richness. Before the OLS multiple regression
analysis, all variables and OTU numbers were standardized
(average = 0 and SD = 1) using the “scale” function. Akaike’s
information criterion (AIC) was used to identify the best OLS
model, which was implemented by the R package “MASS.”
The variance inflation factor (VIF) was calculated using the R
package “CAR” for OLS multiple regression models, and VIF
< 3 was used to select suitable variables in the best multiple
regression models for removal of strongly multicollinear var-
iables (Yang et al. 2017a). Redundancy analysis (RDA) or
canonical correspondence analysis (CCA) with forward selec-
tion of the explanatory variables was performed to determine
which environmental variables best explained the fungal com-
munity assemblage’s variability, using the CANOCO 5.0 soft-
ware (Microcomputer Power, Ithaca, NY, USA). Community
distance was calculated with the Bray-Curtis measure, and
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explanatory variables were included into the model if p was
<0.05.

Co-occurrence network of soil fungi were constructed
using fungal community data with OTUs that have relative
abundances more than 0.1% of the total number of fungal
sequences. The co-occurrence network was inferred based
on the Spearman correlation matrix constructed with the
“WGCNA” package in R (Langfelder and Horvath 2012).
The nodes in this network represent OTUs and the edges that
connect these nodes represent correlations between OTUs.
Significant Spearman correlations (»p < 0.01) were noted,
and visualization of the co-occurrence network was conducted
using the Fruchtermann-Feingold layout of the interactive
platform Gephi version 0.9.2 (Xue et al. 2017).

Results
Plant parameters and soil properties

Plant diversity (H'plany) Was significantly higher (p = 0.028) in
the deciduous forest than in the evergreen forest (Table 1 and
Supplementary Table S1). However, the total BA of trees was
35.3% lower (p = 0.042) in the deciduous than in the ever-
green forest. Annual litter biomass was similar between the
two broadleaved forests.

Soil analyses suggested a heterogeneous environment be-
tween the deciduous forest and the evergreen forests. In the O
horizon, the evergreen forest soils had significantly higher
SOC (p < 0.001) and C:N ratio (p < 0.001), whereas pH (p
< 0.001) and TN (p < 0.001) were higher in the deciduous
forest (Table 1). In the Ah horizon, SOC (p = 0.004), TN (p <
0.001), and available P (p = 0.009) were significantly higher
in the deciduous forest. Microbial biomass was not signifi-
cantly different between the two forests except for MBC in
the Ah horizon (Table 1).

Fungal community diversity and composition

A total of 3,482,130 high-quality fungal sequences (range,
22,546 to 29,614 sequences from each soil samples) were
identified and clustered into 840 OTUs. Fungal OTU rich-
ness in the soil O horizon was consistently higher than that
in the Ah horizon, and OTU richness was greater in the
deciduous forest than in the evergreen forest (Fig. 1a). The
fungal communities in soil from the same forest type and
soil horizon were closely located and clearly separated
from other forests and horizons (NMDS plot based on the
Bray-Curtis distance dissimilarity, Fig. 1b). The ANOSIM
showed that the soil fungal community differed signifi-
cantly between broadleaved forest types in soil O and Ah
horizons (Supplementary Fig. S1).
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Table 1 Summary of biotic and

abiotic parameters of the organic Parameters Deciduous Evergreen t tests (p value)
(O) and mineral topsoil (Ah)
horizons of soils under deciduous o Ah o Ah 0 Ah
and evergreen forests, and
significance of differences based Plant community attributes
on £ tests Plant diversity (H'pjan) ~ 1.53 £0.49 1.25+0.50 0.028
Litter mass (kg m2) 0.58 £0.27 0.69 £0.21 0.098
Total BA (m?) 1798 + 1503 2433 + 773 0.042
Soil geochemical properties
MBC (mg kg ") 1378 £371 442+ 114 1660 =236  265+96.0  0.104 0.005
MBN (mg kg ") 400 £+ 96.0 148 £45.8 431 £74.9 111 £22.4 0.482 0.065
pH 417+0.17 421+0.19 391+£0.11 420+0.13 <0.00l 0.786
Water content (%) 272+504 205+297 286+£605 19.1+£3.19 0.333 0.073
SOC (gkg™h 139£49.2 37.5+145 206+90.6  284+8.13 < 0.001 0.004
TN (gkg ") 741099 1.92+027 626+1.07 147+0.18 <0.001 < 0.00]
C:N ratio 188 +6.24 195+6.51 325+£109 19.1+£3.55 <0.00] 0.774
Available P (mg kg ") 598 +2.11 1.90+0.51 558+2.19 156048 0.464 0.009

BA, basal area; MBC, microbial biomass carbon; MBN, microbial biomass nitrogen; SOC, soil organic carbon; TN,
total nitrogen; C:N ratio, SOC:TN; P, Phosphorus. Italicized p values denote significance at the p < 0.05 level

The taxonomic composition of detected fungi is shown in
Fig. 2. The dominant fungal phyla and their relative abun-
dance in the two forests and soil horizons were Ascomycota
(31-67%), Basidiomycota (9.0-66%), and Zygomycota (0.7—
3.6%) over the two forests and soil horizons (Fig. 2a).
However, the relative abundance of each phyla varied by for-
est type and soil horizon, although the patterns were similar
between forest type. Ascomycota were more abundant in the
deciduous forest, whereas Basidiomycota were more abun-
dant in the evergreen forest. Of those that could be assigned
to functional groups, the O (45.0%) and Ah (73.4%) horizons
were predominated by ectomycorrhizal fungi in the evergreen
forest, while saprophytic fungi was the most abundant defined

group in the deciduous forest soil (Fig. 2b). The relative abun-
dance of pathogenic fungi was higher (»p < 0.05) in deciduous
forest than in evergreen forest soil. A large portion of the fungi
could not be classified (undefined fungi in Fig. 2).

Effects of plant and soil properties on the fungal
community

The best OLS multiple regression model (the highest Rzadj and
lowest AIC) indicated that fungal richness in the O horizon of
the deciduous forest was best explained by soil water content,
available P, and litter biomass, which totally explained 39.0%
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Fig. 1 Differences in the diversity and community structure of soil fungi
in the O and Ah horizons of deciduous (D) and evergreen (E) forests. a
Number of fungal OTUs. A box indicates the first and third quartiles and
the thick line shows the median. Asterisks indicate significant effects (*p

< 0.05, **p < 0.01). b Nonmetric multidimensional scaling (NMDS) of
the soil fungal community composition based on the calculated Bray-
Curtis distance
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Fig. 2 Comparison of soil (O and 100
Ah horizons) fungal community
compositions between the
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of the variation (Table 2). Soil pH and available P were the
best predictors of fungal richness in the Ah horizon, altogether
explaining 37.8% of variation. For fungal richness in the ev-
ergreen forest, only soil available P was included in the best
regression model on the O horizon, which explained 14.3% of
the variation. In contrast, the strong predictors (available P,
C. glauca Ry, soil water content, litter biomass, and SOC)
cumulatively explained 49.6% of variation in the Ah horizon.

RDA/CCA and a Monte Carlo permutation test were used to
determine the influence of biotic and abiotic variables on the
fungal community compositions (Fig. 3 and Supplementary
Table S2). In the deciduous forest soil O horizon, pH (5.8%),
H'pjant (5.0%), and TN (4.4%) explained a total of 15.2% of the
variation in fungal community composition (Fig. 3a). In the de-
ciduous forest Ah horizon, litter biomass (5.6%), C:N ratio
(4.7%), and available P (4.1%) explained 14.4% of the variation
in fungal community composition. In the evergreen forest soil O
horizon, C. glauca Rga (5.2%), available P (4.5%) and soil C:N
ratio (5.7%), total BA (4.4%), and SOC (4.3%) explained 24.1%
of the variation in fungal community composition, whereas in the
evergreen forest Ah horizon, only C. glauca Rgp (4.3%) ex-
plained variation in fungal community composition.

@ Springer

Deciduous Evergreen

Ah

Fungal co-occurrence network analysis

To reveal the connectedness of the species and to find the
differences of interactions within fungal communities, co-
occurrence networks were constructed for each forest type
(Fig. 4). The network contained 83 (O horizon) and 80 (Ah
horizon) nodes in the evergreen forest, which was slighter
higher than 75 (O horizon) and 64 (Ah horizon) nodes ob-
served in the deciduous forest (Supplementary Table S3). The
average degree (a key topological property that describes how
well a node is connected with its neighbors) in the network of
the evergreen forest O horizon was considerably higher (over
23.5%) than that of the deciduous forest, suggesting more
intensive fungal coupling. The modularity indexes (reflecting
system resistance) were all > 0.4, which suggests that the
networks have modular structures (Xue et al. 2017).
However, it was obvious that the modularity in network of
the evergreen forest was higher than that in the deciduous
forest regardless whether in the soil O or in Ah horizon
(Supplementary Table S3).

All genera in the network were assigned to fungal trophic
guilds. Although many of the fungi analyzed in this study
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Table 2 Summary of the best
ordinary least squares (OLS) Variable Estimate SE t- p value VIF
multiple linear regression models value
for the effects of biotic and abiotic
factors on richness of soil fungi in D_O:df=27; Rzadj =0.390; SE esiq = 0.824; F'=5.73; AIC =—8.28
broadleaved deciduous forest and Soil water content 0.368 0.163 226 0.032 1.17
broadleaved evergreen forest Soil available P ~0.268 0.156 -1.73 0.096 1.07
Litter biomass -0.230 0.164 -141 0.171 1.19
D Ah: df =28; Rzadj =0.378; SE,¢siq = 0.817; F = 8.50; AIC =—9.72
pH —0.584 0.155 -3.77 <0.001 1.08
Soil available P - 0411 0.155 —2.65 0.013 1.08
E O:df=30; Rzadj =0.143; SE5ia = 0.94; F=4.99; AIC=—1.94
Soil available P 0.378 0.169 2.24 0.033 2.67
E Ah: df = 26; Rzadj =0.496; SE, ;g = 0.776; F=5.11; AIC=-10.9
Soil available P -0.702 0.137 -3.55 <0.001 2.01
C. glauca Rga -0.518 0.198 -3.09 0.005 1.45
Soil water content 0.377 0.181 2.06 0.049 1.68
Litter biomass 0.259 0.158 1.64 0.112 1.28
SOC 0.261 0.184 1.42 0.168 1.74

were unable to be identified at the genus or family levels, they
were frequently observed in the networks. For fungi in the

Fig. 3 RDA/CCA to show the
effects of biotic and abiotic
factors on fungal community
composition in the O (a, ¢) and
Ah (b, d) horizons of the
deciduous (D) and the evergreen
(E) broadleaved forest, respec-
tively. The ordination is based on
Bray-Curtis distance with forward
selection, and factors were chosen
that significantly (p < 0.05) con-
tributed to the model

AIC, Akaike’s information criterion; VIF, variance inflation factor

deciduous forest, undefined fungi and saprophytic fungi were
the two largest groups in both the O (accounting for 60% and
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Fig. 4 The co-occurrence net-
work of fungal communities in
the O and Ah horizons of the de-
ciduous (D) and evergreen (E)
broadleaved forests, respectively.
The nodes in the network are
colored by the trophic mode of the
fungal guild. The nodes repre-
sented unique sequences in the
data sets. The size of each node is
proportional to the relative abun-
dance. The thickness of the
connecting lines reflects the
strength of the relationship

E_O

@\. il @ saprotroph

L 2

° ‘*—/ @ Pathotroph

' Symbiotroph

RN © undefined
oY

26.7% of all nodes) and Ah (accounting for 64.1% and 20.3%
of all nodes) horizons. Undefined fungi and saprophytic fungi
also made up the two largest proportions in the O horizon
(accounting for 39.7% and 31.3%, respectively) of the ever-
green forest, whereas undefined fungi and symbiotic fungi
were the two largest proportions in the Ah horizon (account-
ing for 45% and 26.3%, respectively).

Discussion

Soil fungal diversity and community structure
in broadleaved forests

The assembly patterns of soil fungal communities differ
between broadleaved forest types in the subtropics. Soil
fungal richness in the O and Ah horizons of the deciduous
forest was much higher than that in the evergreen forest,
indicating that deciduous forest soil is a more diverse hab-
itat. The soil fungal community structures of the two
broadleaved forests were significantly different, regardless
of the O or Ah horizons (Fig. 1b and Supplementary Fig.
S1). This difference depends on the different biotic and
abiotic environments of the two broadleaved forests.
Foremost is that the aboveground plant community attri-
butes, such as the dominant tree species, are different be-
tween the two broadleaved forests, which is a major factor

@ Springer

in shaping the belowground community (Gunina et al.
2017; Lamb et al. 2011). Our results found that the ever-
green forest soil contained more Russula affiliated to the
Basidiomycota phylum and known as ectomycorrhizal fun-
gi which are preferentially symbiotic with the Fagaceae
family (Gao et al. 2015). Secondly, changes in the above-
ground plant community can lead to alternation of soil
properties via litter residues and rhizodeposition, as well
as nutrient uptake. Previous studies have revealed that ev-
ergreen forests have a longer leaf lifespan than deciduous
forests (Givnish 2002) and that there is a higher fine root
biomass and turnover in evergreen forests than in decidu-
ous forests (Liu et al. 2014). Moreover, the amounts of
carbon and nitrogen in the form of rhizodeposits and exu-
dates released by evergreen and deciduous tree species are
usually different (Ding et al. 2015). Thus, differences in
the nature of litter and exudates released into the soils lead
to distinct microbial communities in soils between ever-
green and deciduous forests. In our study, the evergreen
forest had a lower soil pH and nutrients than the deciduous
forest (apart from higher SOC in the O horizon—more
organic matter accumulated on the floor). This explains
the relative higher diversity and abundance of
Ascomycota (fast-growing copiotrophic fungi) in the de-
ciduous forest soil. Such divergent environment causes
distinct niche separation and subsequent proliferation of
fungal communities between the two forests.
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Drivers of soil fungal community in broadleaved
forests

Our results clearly showed that plant community attributes
and soil properties played an important role in the structure
of soil fungal communities in broadleaved forests. In multiple
regression analysis and RDA/CCA with forward selection,
several plant (litter biomass, H'yjan and C. glauca Rg,) and
soil (pH, water content, and nutrient) properties were always
identified as the significant predictors in the best multivariate
models (Table 2 and Fig. 3). Among all the plant parameters,
litter biomass and H'pj,n Were the major factors affecting fun-
gal community in broadleaved deciduous forest, while
C. glauca Ry included as a main driver of fungi in
broadleaved evergreen forest soil (especially in the Ah hori-
zon). These results support the point that feedback between
plants and fungi or increased resource availability for fungi
was an important determinant of soil fungal diversity
(Waldrop et al. 2006). Litter decomposition and
rhizodeposition are the two main ways in which aboveground
plants affect the soil fungal community. Higher plant diversity
would increase the variety of organic substrates that enter soil,
thereby increasing the number of niches to be filled by a
greater array of heterotrophic fungi (Peay et al. 2013;
Waldrop et al. 2006). Higher levels of root exudate production
would also increase the supply of organic substrates, thereby
also influencing the soil fungal communities (Prescott and
Grayston 2013). That is why the deciduous forest was domi-
nated by saprotrophic fungi strongly related to litter biomass,
which represents the sources of energy for growth. Tree host
specificity is expected to have a more important effect on
mycorrhizal fungal communities due to the biotrophic link
established between the tree roots and fungi (Uroz et al.
2016). Such a host preference was observed in this study for
C. glauca Rgp having significant effects on the fungal com-
munity in evergreen forest soils dominated by
ectomycorrhizal fungi. This finding is also supported from
observation on a mixed conifer-broadleaf forest in Japan
(Ishida et al. 2007).

Among all the soil properties tested, fungal diversity in
broadleaved forest soils was closely related to soil available
P, which is inconsistent with most previous studies conducted
in temperate forests (Uroz et al. 2016). Soil available P also
impacts the fungal community composition in the Ah horizon
of the deciduous and the O horizon of the evergreen forest.
This is likely because P is the most limiting nutrient for biotic
processes in highly weathered tropical and subtropical forest
soils (Condit et al. 2013), which is unlike the situation in
temperate ecosystems where N is generally considered the
key limiting nutrient. Phosphorus is an important nutrient for
various physiological processes and components (e.g., energy
metabolism, signal transduction, energy carriers, nucleic
acids, and membrane component)—all are necessary for

microbial growth (Turner et al. 2018). Numerous previous
studies have reported that P addition exerted remarkable ef-
fects on microbial diversity in subtropical soils (Su et al. 2015;
Wang et al. 2018), supporting the idea that P regulates micro-
bial communities in these ecosystems. In addition to available
P, soil water content and pH were also important soil factors in
predicting fungal diversity in the O and the Ah horizons of the
deciduous forest, respectively, whereas soil water content and
SOC affected the fungal diversity in the Ah horizon of the
evergreen forest. Soil pH was also shown to significantly af-
fect the fungal composition in the O horizon of the deciduous
forest, while SOC was strongly related to fungi in the same
soil horizon of the evergreen forest. It is possible that the
microclimate (moisture and temperature) differed among the
soil sampled plots due to different topographic features (alti-
tude, convexity, slope, and aspect) in these subtropical mon-
tane forest ecosystems, which may affect the inhabiting fungal
communities. Soil pH and SOC were commonly reported by
previous studies to play key roles in the fungal community
structure (Glassman et al. 2017; Sun et al. 2016). Overall, our
results illustrated that the biotic and abiotic drivers of the soil
fungal diversity and composition differed between evergreen
and deciduous forests.

Co-occurrence of soil fungi in broadleaved forests

The co-occurrence analysis allowed us to explore the interac-
tions among functional groups of fungi and investigate com-
munity assembly rules (Fuhrman 2009). Our network analysis
showed that patterns in the fungal communities that occupied
broadleaved forest soils were a non-random co-occurrence
(Fig. 4). Besides undefined fungi, the most abundant trophic
mode in the co-occurrence network was saprophytic fungi,
indicating that these fungi are well adapted to broadleaved
forest soil environments—to the main input of C and nutrients
with litter from the topsoil. This is also an indirect support of
the intensive recycling of nutrients to avoid the losses by
leaching (Bol et al. 2016). It is also noteworthy that positive
correlations were dominant in all networks (> 80%,
Supplementary Table S3), which indicates that metabolic co-
operation may have a great role in shaping species co-occur-
rence, whereas the negative correlations in the networks indi-
cated the potential competitive interactions also between soil
fungi. The network from the evergreen forest O horizon had a
shorter path distance and a higher average degree
(Supplementary Table S3), suggesting more intensive fungal
interactions. However, the situation in the Ah horizons of the
two broadleaved forests was the opposite. The co-occurrence
network theory implies that tightly connected biotic commu-
nities should be more susceptible to environmental distur-
bance (Montoya et al. 2006), and the lower modularity of
the fungal network in the deciduous forest should thus have
a lower system resistance to changes.
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Conceptual model of plant-soil-fungal interactions

Our data declared the role of aboveground plant community
attributes and belowground soil properties as well as microbial
interactions leading to specific fungal community assem-
blages in deciduous and evergreen forests, illustrated in the
following conceptual model (Fig. 5). Three potential scenarios
are given: (1) plant processes—the two broadleaved forests
have specific traits and ecosystem functions due to the domi-
nant tree species. Subsequently, litter (leaves and fine roots)
decomposition and rhizodeposition input organic and inorgan-
ic nutrients to the soils, which strongly operates the fungal
community assembly. (2) Fungal processes: the resources pro-
vided by aboveground plants primes the response of fungal
communities, and nutrient recycling increases. In this process,
fungal communities can directly interact with plants through
mutualistic relationships (e.g., symbiotic fungi), and they also
can interact indirectly with plants by nutrient uptake and sup-
ply (free-living fungi). Meanwhile, the phenomena of inter-
specific cooperation and competition for limiting resources
among fungal groups are widespread (Kuzyakov and Xu
2013). These soil fungal assemblages perform important

Fungal
processes

Available P

Y

functions linking physiological and biogeochemical processes
in forest ecosystems. (3) Soil processes: the soil stabilizes
organic matters and provides the habitats for plant-fungal as-
sociations. Soil properties such as pH, water, and nutrients are
strongly shaping fungal community assemblies. Once
established, the links among plants and fungi and soil resulted
in a common construction of a relatively stable soil fungal
community network. Collectively, these processes suggest
strong interactions between fungal communities, and plant
and soil properties in the subtropical broadleaved forests.

In summary, this study provides new insights into the pat-
terns and drivers of soil fungal communities in natural
broadleaved forests, which improves our knowledge of forest
soil microbial ecology in the subtropics. Our results revealed
that the soil fungal richness is much higher in the deciduous
than in the evergreen forest. Saprophytic fungi were more
abundant in the deciduous forest while ectomycorrhizal fungi
dominated in the evergreen forest. These findings imply that
the fungi-driven ecosystem processes would be different be-
tween the two broadleaved forests. Our results also demon-
strated that plant diversity and litter biomass strongly affected
the fungal community in the deciduous forest and in the O
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Fig. 5 Conceptual diagram based on statistical analyses and
interpretations, displaying the effects of the most important biotic and
abiotic factors on soil fungal communities (richness and composition)
in the two broadleaved forests: deciduous forest (left) which is dominated
by saprophytic fungi (SAP) and evergreen forest (right) which dominated
by ectomycorrhizal fungi (ECM). The effects of plant and soil properties
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on fungal richness in the O (indicated by black line) and the Ah (green)
horizons, and composition in O (blue) and Ah (red), respectively. Plus
and minus signs indicate the direction (positive or negative) of effects on
fungal richness. Percentage indicates the contribution of each factor to the
variation of fungal community composition
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horizon, while host effects were prominent in the evergreen
forest, especially in the Ah horizon. These findings illustrate
the importance of considering forest types and soil horizons
when predicting fungal community responses to environmen-
tal changes in subtropics. Our results further demonstrated
non-random co-occurrence and modular patterns of fungal
communities, highlighting the necessity of considering poten-
tial associations among species to gain a complete understand-
ing on the soil fungal community assembly in broadleaved
forests.
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