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Soil fungi play an important role in nutrient cycling, mycorrhizal symbiosis,
antagonism against pathogens, and organic matter decomposition. However, our
knowledge about the community characteristics of soil fungi in relation to bamboo
varieties is still limited. Here, we compared the fungal communities in different soil
compartments (rhizosphere vs. bulk soil) of moso bamboo (Phyllostachys edulis) and
its four varieties using ITS high-throughput sequencing technology. The fungal «
diversity (Shannon index) in bulk soil was significantly higher than that in rhizosphere
soil, but it was not affected by bamboo variety or interactions between the soil
compartment and bamboo variety. Soil compartment and bamboo variety together
explained 31.74% of the variation in fungal community diversity. Soil compartment
and bamboo variety were the key factors affecting the relative abundance of the
major fungal taxa at the phylum and genus levels. Soil compartment mainly affected
the relative abundance of the dominant fungal phylum, while bamboo variety
primarily influenced the dominant fungal genus. Network analysis showed that the
fungal network in rhizosphere soil was more complex, stable, and connected than
that in bulk soil. A FUNGuild database analysis indicated that both soil compartment
and bamboo variety affect fungal functions. Our findings provide new insights into
the roles of both soil compartments and plant species (including variety) in shaping
soil fungal communities.

KEYWORDS

fungal diversity, network analysis, FUNGuild, Phyllostachys edulis, soil compartment, soil
fungi, bamboo variety

1. Introduction

Changes in rhizosphere fungal communities can affect plant health and development, while bulk
soil, as a resource pool for the rhizosphere soil, has a long-term effect on the rhizosphere fungal
assemblage (Bledsoe et al., 2020; Fiore-Donno et al., 2022). Hence, soil compartments (rhizosphere
and bulk soil), as defined by Steer and Harris (2000) and Schmidt et al. (2019), may help shape the
variation of microbial communities. For instance, fungal diversity and functional guild relative
abundance (arbuscular mycorrhizae, soil saprotroph) were reported to be higher in the bulk soil of
moso bamboo than in the rhizosphere soil, while the relative abundance of the dominant fungal taxa
was lower (Li S. et al, 2022). However, other studies indicated that the diversity of fungal
communities in rhizosphere soil was higher than in bulk soil while the complexity of the network
was lower (Schmidt et al., 2019; Ye et al., 2021). This difference may be caused by differences in the
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quality and quantity of organic matter substrate, nutrient availability,
and the amount of root secretions (Waldrop et al., 2006; Zhang
etal., 2017).

The species and even the variety of plants can influence the
formation of soil fungal communities, and different plants can exude
different qualities and quantities of compounds through the root system,
thus causing differences in the diversity and composition of rhizosphere
fungal communities (Gomes et al., 2003; Mouhamadou et al., 2013).
Moreover, some fungi can indirectly influence the composition of
microbial communities by altering the physiology of the host plant or
the pattern of root exudation (Soderberg et al., 2002; Gomes et al., 2003).
Different plant varieties therefore may lead to variation in fungal
community characteristics. For example, differences were observed in
the diversity, composition and symbiotic network of soil fungal
communities among different varieties of Zea mays in China (Kong
et al., 2020; Gil-Martinez et al., 2021). However, Li et al. (2018) found
that rice variety did not significantly affect fungal abundance or
community composition. It is crucial to explore the effects of plant host
specificity on fungal communities in order to distinguish between the
effects of plants and of soil characteristics.

As the most important economic bamboo varieties, moso bamboo
(Phyllostachys edulis) accounts for 73% of China’s total bamboo forest
area. It is characterized by rapid growth, a thick litter layer, and a well-
developed whip-root system (Dixon and Gibson, 2014; Ramakrishnan
et al, 2020). Its unique biological properties can influence the
characteristics of the soil fungal community, thereby affecting soil
nutrient cycling (Fang et al., 2022). To our knowledge, few studies have
been conducted to simultaneously investigate fungal community
characteristics in relation to both bamboo variety and soil compartment.
Differences in root exudates and soil microenvironment due to the large
phenotypic variation may affect soil fungal communities and host
selection. Here, we sequenced the fungal ITS regions in the bulk soil and
rhizosphere soil compartments under moso bamboo and its four
varieties to test our hypotheses that (I) the characteristics of soil fungal
communities in rhizosphere soil are significantly different from those in
bulk soil, and (II) the characteristics of soil fungal communities differ
among bamboo varieties.

2. Materials and methods
2.1. Study site and experimental design

In August 2018, rhizosphere and bulk soils of five moso bamboo
varieties were collected from a bamboo germplasm garden in Taiping,
Anhui, China, which was planted 10years earlier. The study area is
located at the northern edge of the subtropics, at an elevation of 250 m,
and the average annual temperature and precipitation are 15.8°C and
1,560 mm, respectively. The soil type is yellow-red, with a pH of 4.55.
The following moso bamboo varieties were selected: PE (P. edulis), FT
(P edulis £. tao kiang), FL (P. edulis f. luteosulcata), FP (P edulis f.
pachyloen), and FG (P, edulis . gracilis). The size of the sample plots was
20m x20m, and the plots were separated by concrete walls. The soil
physical and chemical properties and plant morphological characteristics
of the sample plots were provided by Guo et al. (2022). The rhizosphere
and bulk soil samples were collected according to the method of
Semenov et al. (2020). In this study, there were 30 samples (5 bamboo
varieties x 3 replicates x 2 soil compartments), and each soil sample was
a composite of five randomly collected subsamples. Visible debris was

Frontiers in Microbiology

10.3389/fmicb.2023.1120679

removed from the samples, which were then sieved, packed in sterile
bags, transported to the laboratory at low temperature, and stored in a
refrigerator at —80°C for fungal extraction and sequencing analysis.

2.2. Fungal community analysis

Genomic DNA extraction was performed using the Power Soil DNA
Isolation Kit (MOBIO Laboratories, Carlsbad, CA, United States). The
fungal gene region was amplified using the fungal primers ITS3
(5-GCATCGATGAAGAACGCAGC-3") and ITS4 (5-TCCTCCGCTT
ATTGATATGC-3") with barcodes (Zhang et al., 2017; Engelhardt et al.,
2018; Perez-Mon et al., 2022). The polymerase chain reaction was as
follows: 2x Premix Taq (25pL)+primer-F (1pL) and primer-R
(IpL)+DNA (3pL, 20ng/pL)+nuclease-free water (20puL). The
polymerase chain reaction and purification operations were performed
according to the method of Zheng et al. (2021). The PCR reactions
contained 25pL of 2x Premix Taq, 1puL of each primer, 3pL DNA
(20ng/pL), and 20 pL ddH,O. The thermal cycling conditions of fungi
were as follows: 5min at 94°C, 30 cycles of 30s at 94°C, 30s at 52°C, 30
at 72°C, and 10 min at 72°C.

2.3. Bioinformatics analysis

The raw sequences were quality filtered using the QIIME2 pipeline.
The forward and reverse reads were merged using PEAR software
(version 0.9.8; Gdanetz et al., 2017). Sequences were removed if their
mean quality score was <20 or if their length was <200bp, and
ambiguous sequences were also removed. Illumina amplified sequence
data were detected and corrected using the DADA?2 denoising algorithm,
and random resampling was performed at a constant depth of 8,000
sequences per sample. Fungal OT'Us were taxonomically identified using
the UNITE 8.0 database (Tedersoo et al., 2018). Before alpha (o)
analysis, the sequences were normalized according to the lowest number
of sequences for a single sample. The sequence files were submitted to
the NCBI Sequence Read Archive (SRA) under BioSample accession
number SUB12473231.

2.4. Statistics analysis

The o diversity (Shannon index) of the fungal communities was
calculated using the vegan package (v2.5-7; Oksanen et al., 2020) in the
R environment (v4.1.2; R Core Team, 2020). Differences between bamboo
varieties and soil compartments were assessed using two-way analysis of
variance (ANOVA) using the R package rcompanion (v2.4.15; Fox and
Weisberg, 2018). Based on a Bray—Curtis distance matrix, a principal
coordinate analysis (PCoA) of the fungal communities was conducted
using the vegan package. Permutation multivariate analysis of variance
(PERMANOVA) was used to test whether the fungal communities were
affected by soil compartment and bamboo variety (p<0.05) at the
operational taxonomic unit (OTU) level. The statistical visualization
packages ggplot2 (v3.2.1) and ggpubr (v0.4.0) in R were used as part of
the above analyses. The relative abundances of major fungal taxa (phyla
and genera) were visualized using the R packages statnet (v2019.6) and
circlize (v0.4.15), and the effects of soil compartment and bamboo variety
on major fungal taxa (phyla and genera) were assessed using two-way
ANOVA. Moreover, the FUNGuild database was used to predict fungal
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FIGURE 1
Effects of soil compartment, bamboo variety, and their interactions on fungal « (A) and p (B,C) diversity. “*"p<0.05, "**"p<0.01. PE, Phyllostachys edulis; FT, P
edulis f. tao kiang; FL, P edulis f. luteosulcata; FP, P. edulis f. pachyloen; FG, P. edulis f. gracilis.

function based on relative abundance at the OTU level (Nguyen et al.,
2016). This step was performed on the FUNGuild website." According to
the results of the confidence assessment of the FUNGuild database, only
the confidence levels “highly probable” and “probable” were used for
subsequent analysis. The heat map of fungal functions was visualized
using the pheatmap (v1.0.12) R package. The effects of soil compartment
and bamboo variety on fungal functions (trophic modes and functional
guilds) were assessed using two-way ANOVA.

Fungal networks were constructed for both the rhizosphere and
bulk soil. The complexity of the fungal community was evaluated using
network analysis, and potential key taxa in the two soil compartments
were identified. To reduce the complexity of the networks, only genera
with a relative abundance > 0.1% were selected for the analysis. The R
packages psych and igraph were used for Spearman’s correlation analysis
to construct the fungal co-occurrence networks. To ensure network
robustness, only networks with a Spearman’s correlation coefficient of
r>0.80 or r<—0.80 and a corrected p<0.01 were retained (Benjamini
and Hochberg false discovery rate, FDR; Langfelder and Horvath, 2012;
Gao et al.,, 2019). The nodes and edges in the constructed networks
represented genera and the correlations between pairs of genera,
respectively. Following the method by Hough et al. (2020), keystone
species were identified based on PageRank scores that quantify
connectivity between nodes. The R packages psych and igraph and the
software Gephi (v0.9.0; Mendes et al., 2014) were used to calculate node
correlations and for network visualization (Bastian et al., 2009).

3. Results

3.1. Diversity and composition of the soil
fungal community

Soil compartment had a significant effect on the Shannon index of
the fungal community (p<0.05), whereas bamboo variety and the
compartment X variety interaction effects were not significant
(Figure 1A). The Shannon index of the fungal community in the bulk
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soil was higher than that in the rhizosphere soil for all bamboo varieties.
For rhizosphere soil, the Shannon indices of the fungal communities
under the five bamboo varieties decreased in the order
PE>FL>FP>FT >FG. For bulk soil, the Shannon index was highest
under variety FL and lowest under FP (Figure 1A).

The first two axes in the PCoA accounted for 31.74% of the
variance in the data matrix, with PCoA1l and PCoA2 representing
20.79% and 10.95%, respectively (Figures 1B,C). PERMANOVA
indicated that there was a significant separation of fungal communities
between the different soil compartments and bamboo varieties, which
differed significantly in distance (p <0.05, Supplementary Table S1).
Further, there was an interaction effect between soil compartment
and bamboo variety (p<0.05, Supplementary Table S1), and
rhizosphere fungal samples showed the highest degree of dispersion.

The dominant fungal phyla detected included Ascomycota (53.99%-
21.74%), Basidiomycota (48.96%-2.39%), and Mortierellomycota
(45.69%-1.82%; Figure 2A; Supplementary Table S2). The dominant
fungal genera detected included Mortierella (53.01%-2.83%), Umbelopsis
(23.74%-5.11%), and Trichoderma (24.21%-5.61%;
Supplementary Table S3). At the phylum level, the effect of soil

Figure 2B;

compartment on the relative abundance of the dominant fungal taxa was
stronger than that of bamboo variety. However, bamboo variety
significantly affected the relative abundance of dominant fungi at the
genus level. Except for Basidiomycota, there was no significant
interaction between soil compartment and bamboo variety for the
dominant fungal taxa (Figure 3; Supplementary Table 54).

3.2. Co-occurrence networks and potential
keystone species of the soil fungal
communities

Overall, rhizosphere soil (average degree, 20.7) had larger, more
connected, and more complex fungal networks than bulk soil (average
degree, 14.1), and the fungal communities of the different soil
compartments were dominated by collaborative relationships (Figure 4;
Supplementary Table S5). Moreover, PageRank screening indicated two
keystone species in the rhizosphere (Simplicillium, Nectria) and in the
bulk soil (Penicillium, Laetisaria; Supplementary Table S6).
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FIGURE 2

Composition of major fungal taxa at the phylum (A) and genus (B) level. Rhizosphere soil (R): PE-R, Phyllostachys edulis; FT-R, P. edulis f. tao kiang; FL-R, P.
edulis f. luteosulcata; FP-R, P edulis f. pachyloen, FG-R, P. edulis f. gracilis; Bulk soil (B): PE-B, P. edulis; FT-B, P. edulis f. tao kiang, FL-B, P. edulis f.
luteosulcata; FP-B, P. edulis f. pachyloen; FG-B, P. edulis f. gracilis. The first six dominant fungal phyla (genera) with a relative abundance > 1% are shown in

figure.
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FIGURE 3

B, P. edulis f. gracilis.

Effects of soil compartment, bamboo variety, and their interactions on the major fungal phyla (top 6) and genera (top 10). C, soil compartment; V, bamboo
variety. "*" p<0.05, "**" p<0.01. Rhizosphere soil (R): PE-R, Phyllostachys edulis; FT-R, P. edulis f. tao kiang; FL-R, P. edulis f. luteosulcata, FP-R, P. edulis f.
pachyloen; FG-R, P. edulis f. gracilis. Bulk soil (B): PE-B, P. edulis; FT-B, P. edulis f. tao kiang, FL-B, P. edulis f. luteosulcata, FP-B, P. edulis f. pachyloen; FG-
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Bulk soil

FIGURE 4

Effect of soil compartment on the co-occurrence network of fungal communities. Nodes and edges indicate genera and the strength of connections
between genera, respectively, and different modules are represented by different colors.
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edulis f. luteosulcata; FP, P. edulis f. pachyloen; FG, P. edulis f. gracilis.

l l I l I . o
PE FT FL FP FG PE FT FL FP FG

Relative abundance of fungal trophic modes in different soil compartments and bamboo varieties. PE, Phyllostachys edulis; FT, P. edulis f. tao kiang; FL, P.

3.3. Fungal functional guild in relation to soil
compartment and bamboo variety

The trophic mode of the soil fungi under the different varieties of
moso bamboo was mainly saprotroph (51%), saprotroph-symbiotroph
(24%), pathotroph-saprotroph-symbiotroph (13%), or pathotroph-
saprotroph (6%), while the relative abundance of other trophic modes
was <5% (Figure 5). Soil compartment significantly affected the relative
abundances of the trophic modes pathogen-saprotroph-symbiotroph,

Frontiers in Microbiology

pathotroph, pathotroph-symbiotroph, and symbiotroph, and bamboo
variety significantly affected pathotroph-saprotroph and pathotroph-
saprotroph-symbiotroph, but the interaction between compartment
and variety was not significant. Bamboo variety and soil compartment
both significantly affected the relative abundances of different fungal
functional guilds, but their interaction was not significant
(Supplementary Tables S7, S8; Supplementary Figure S1). Moreover,
undefined saprotrophs, followed by wood saprotrophs, had the highest
relative abundance (Figure 6).
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FIGURE 6
Prediction of the fungal functional guild based on the FUNGuild database. Rhizosphere soil (R): PE-R, Phyllostachys edulis; FT-R, P. edulis f. tao kiang; FL-
R, P edulis f. luteosulcata; FP-R, P. edulis f. pachyloen; FG-R, P. edulis f. gracilis. Bulk soil (B): PE-B, P. edulis; FT-B, P. edulis f. tao kiang, FL-B, P. edulis f.
luteosulcata; FP-B, P. edulis f. pachyloen; FG-B, P. edulis f. gracilis.

4. Discussion

4.1. Effects of soil compartment on the
characteristics of soil fungal communities

Consistent with our first hypothesis, the diversity of the fungal
community differed significantly between the two soil compartments
(Figure 1). In this study, the a diversity of fungi decreased from bulk soil to
rhizosphere soil, suggesting allelopathic effects of bamboo root exudates
on soil fungi. The fungal community associated with the rhizosphere may
therefore be influenced by the host, leading to divergent fungal community
characteristics in the different soil compartments (Figure 1A), as supported
by findings from other recent studies (Urbina et al., 2018; Qin et al., 2022).
However, Kong et al. (2020) found that the fungal o diversity in the
rhizosphere soil of various maize varieties was higher than that in bulk soil,
which could be related to factors such as species specificity and soil
substrate (root exudates, cell debris; Nannipieri et al., 2007; Broeckling
et al,, 2008). In our study, soil compartment additionally significantly
affected the relative abundance of fungal phyla (Basidiomycota,
Mucoromycota, Glomeromycota) and genera (Trechispora; Figure 3;
Supplementary Table 54), which may be due to the differentiation of fungal
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ecological niches across soil compartments. Findings from previous studies
support these results (Schops et al., 2018; Veach et al,, 2019). For instance,
ectomycorrhizal fungi of the genus Trechispora can supply water and
nutrients to plant hosts, improve plant resistance to pathogens, and
promote seedling growth and development, which may contribute to
differences between soil compartments (Van der Heijden et al., 2015; Li
Y. et al,, 2022).

Also in line with our first hypothesis, the fungal network of the
rhizosphere was significantly more complex and connected than that of
bulk soil, implying that bulk soil may be more susceptible to external
environmental disturbances (Figure 4; Supplementary Table S5).
However, Li et al. (2021) reported opposite results to those from our
study. It is worth noting that about 20% of plant photosynthesis products
can be transported to the soil around the roots through exudation
patterns, and the availability of resources to the fungal community, as well
as the ecological niche, may alter their interactions, leading to different
results (Nehls et al., 2016; Vishwakarma et al., 2017; Fan et al., 2018).

In our study, the keystone species of the rhizosphere and bulk soil
were clearly different (Supplementary Table S6). Simplicillium and Nectria
were the keystone taxa in bulk soil, and Penicillium and Laetisaria in the
rhizosphere. Similar findings were reported in previous studies (Su et al.,
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2020; Liu L. et al,, 2021; Varsadiya et al., 2021; Zheng et al., 2021). For
instance, Penicillium plays a key role in rhizosphere soil, it can generate
products that promote plant health (e.g., soluble phosphorus, iron carriers,
plant hormones) and affect plant adaptability through a series of
biochemical processes (Altaf et al., 2018; Park et al., 2020). Further,
Simplicillium has a wide range of hosts and substrates, which are associated
with bioactive compounds and phytopathogens, and long-term
continuous cultivation increases the relative abundance of Simplicillium
(Weietal, 2019; Liu Q. etal,, 2021). Moreover, keystone species have been
found to be involved in synergistic relationships, to change the community
structure and function by altering the abundance of synergistic fungi, and
even to affect plant growth and its productivity (Van Der Heijden et al.,
1998; Banerjee et al., 2018). In this study, soil compartment significantly
affected fungal functional diversity, supporting findings from a previous
study (Liu et al.,, 2019). Interestingly, there were differences in resource
availability and competition intensity between soil compartments. Fungi
can flexibly adapt to changes in microenvironmental conditions, for
example by transferring resources to restricted areas, which may be one of
the reasons for the functional differences observed between soil
compartments (Strickland and Rousk, 2010; Schops et al., 2018).

4.2. Effects of bamboo variety on soil fungal
community characteristics

In support of our second hypothesis, our results indicate that
bamboo variety significantly affects fungal community p diversity
(Figures 1, 3) but not a diversity. A previous study demonstrated that
different Zea mays varieties had no significant effect on the o diversity
of soil fungal communities, but that variety did affect their  diversity
to some extent (Kong et al., 2020). Moreover, in our study bamboo
variety significantly affected the relative abundance of major fungal
genera with important functions (Trichoderma, Mortierella,
Arcopilus;
Supplementary Table S4). For instance, Trichoderma, which can

Saitozyma,  Penicillium,  Gongronella, — Mycena,
promote root growth, regulate nutrient supply, and improve plant
health, has been reported to be more efficient and competitive than
other soil fungi (Harman et al., 2004; Vinale et al., 2008). Consistent
with our findings, different Solanum tuberosum varieties have
previously been observed to significantly affect fungal community
composition (Hannula et al., 2010; Kong et al., 2020). Further, root
secretions contain carbon substrates used by fungi, such as primary
and secondary metabolites, and different plants can therefore
maintain certain resident soil fungal taxa by mediating root secretions
(Jones et al., 2004; Broeckling et al., 2008). There were differences in
the effects of bamboo variety on the fungal communities, which may
be caused by variety-dependent root secretions. Previous studies have
indicated that different plant species can maintain resident soil fungal
taxa through the mediation of root secretions (e.g., primary and
secondary metabolites; Jones et al., 2004; Broeckling et al., 2008).
Our study supports the view that bamboo variety influences the
function of soil fungi (Figure 5; Supplementary Table 7). Earlier studies
have also shown that fungi are plant-dependent and that plant variety
can influence the function of fungi (Berg and Smalla, 2009). However,
the extent of this influence also depends, e.g., on the distance of the
fungi from the root system and the morphology, biomass, and age of the
roots (Marschner et al., 2004; Zhang et al., 2017). For instance, thinner
roots may release more readily degradable carbohydrates than coarser
roots (Kuzyakov et al., 2000), enhancing interactions with saprophytic
fungi in the rhizosphere. This in turn may alter the proportion of strict
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symbionts and free-living saprotrophic fungi (Lozano et al., 2021),
leading to changes in the functioning of the fungi in the community.

In conclusion, in the present study soil fungal community
characteristics were significantly affected by both soil compartment and
bamboo variety, in line with our two hypotheses. These results may
be associated with the amount, chemical properties, and function of the
root exudates and soil microenvironment. Our study emphasizes the
important roles of soil compartment and plant species, including variety,
in shaping soil fungal communities.
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