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Soil microbes play a crucial role in a forest ecosystem. However, whether the distribution
of bacteria and fungi in different forest succession stages is random or following
ecological specialization remains to be further studied. In the present study, we
characterized soil bacterial and fungal communities to determine their distribution
preference, with different succession communities in a temperate mountain forest. The
Kruskal-Wallis method was used to analyze structural differences between bacterial and
fungal communities in different succession processes. The specificity of soil microbial
distribution in a secondary forest was studied by network analysis. The torus-translation
test was used to analyze the species distribution preference of soil microbes in different
succession stages. Results showed that the species composition of soil bacteria and
fungi differed significantly in different succession processes. The modularity index of
fungi (0.227) was higher than that of bacteria (0.080). Fungi (54.47%) had specific
preferences than bacteria (49.95%) with regard to forests in different succession
stages. Our work suggests that the distribution pattern of most soil microbes in a
temperate mountain forest was not random but specialized in temperate mountain
forests. Different microbes showed different distribution preferences. Fungi were more
sensitive than bacteria during secondary succession in a temperate mountain forest.
In addition, microbe—environment relations varied during secondary succession. Our
results provided new insight into the mechanism through which complex soil microbial
communities responded to changes in forest community succession.

Keywords: forest dynamics monitoring plot, niche theory, distribution mechanisms, specialization, species
diversity
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INTRODUCTION

During the renewal and reconstruction of plant communities,
succession plays an important role in species composition (Zhang
and Shangguan, 2006). Thus, studying the effects of succession on
species diversity is important for the renewal and development
of forest communities (Fang et al., 2019; Xi et al., 2021). Soil
microbes not only play a role in the circulation of soil materials
in the soil ecosystem (Bardgett and van der Putten, 2014; De
Vries and Wallenstein, 2017), but also produce strong positive
feedback to aboveground parts and promote their regeneration
and succession (Lucas-Borja and Delgado-Baquerizo, 2019).
Many studies have shown that microbes are closely related to
plant diversity (Liu et al., 2020). Plants can affect the survival
of microbes by changing the input of litter and root exudates
(Reynolds et al, 2003; Wardle et al., 2004; Maestre et al,
2009). Microbes indirectly affect the species composition and
distribution of plant communities by regulating the turnover of
soil nutrients and elements (Zhang Z. F. et al., 2021). However,
given the changes in the secondary succession in a temperate
mountain forest, the distribution mechanism of microbes in a
forest ecosystem remains unclear.

Ecological specialization is the process by which a species
adapts to its living environment and persists in that environment
(Devictor et al., 2010; Poisot et al., 2011; Xi et al., 2021). In
a forest community, most species have good environmental
adaptability and stable growth and reproduction (Bevill
and Louda, 1999; Xi et al, 2021). The habitat division
hypothesis provides a conceptual framework to explain
the maintenance of soil microbial diversity (Silvertown,
2004; Chen et al., 2018b). Its core principle is to assume
that environmental conditions are spatially structured
and that this structure is reflected in the distribution of
species through their association with different habitats
(Svenning, 1999; Gao et al, 2017; Chen et al, 2018b, 2020).
However, most of these studies have focused on woody plant
communities (Harms et al., 2001; Comita et al., 2007; Lai
et al., 2009; Bin et al., 2016; Guo et al., 2017). Few studies
have investigated the distribution preference of forest soil
microbial community. Whether the distribution of soil microbes
is random or is based on ecological specialization during
secondary succession in a temperate mountain forest remains
to be elucidated.

The interaction between aboveground and belowground
biotic communities drives community dynamics and ecosystem
functioning (Hooper et al., 2000; Wardle et al., 2004; Van Dam
and Heil, 2011). As an important component of belowground
microbes, bacteria and fungi can influence plant growth and
fitness, plant community dynamics, and biogeochemical cycling
(Landeweert et al., 2001; Van der Heijden et al., 2008; Liang et al.,
2016; Almario et al., 2017; Wu et al,, 2018). Plant significantly
forms soil microbe communities through host specificity (Ishida
et al, 2007; Tedersoo et al, 2012; Martinez-Garcia et al,
2015; Ciccolini et al, 2016; Linde et al., 2018; Sepp et al,
2019), generating diverse substrates and changing microhabitats
(Wardle, 2006; Dickie, 2007; Aponte et al., 2010). However, the

role of forest community succession in the maintenance of soil
microbial diversity remains poorly known.

Fungi and bacteria differ substantially in their dispersal
capability (typically thought to be greater for bacteria and
more variable across taxa for fungi because of the differences
in propagule size and number) and growth habit (generally
unicellular versus filamentous growth) (Powell et al,
2015). Compared with fungi, bacteria are more resilient to
disturbance because of their relatively high intrinsic growth
rates and unicellular nature (Wardle, 2002). However, whether
bacteria and fungi have different distribution mechanisms of
forest community succession in temperate mountain forest
remains unclear.

In this study, four 1 hm? (100 m x 100 m) forest
dynamic monitoring plots during secondary succession in a
temperate mountain forest were randomly selected in a temperate
deciduous broad-leaved forest in China. We characterized soil
bacterial and fungal communities to determine their distribution
mechanism during secondary succession. This study aimed to
(1) identify whether the species distribution of soil microbes is
random or followed ecological specialization during secondary
succession in a temperate mountain forest; and to (2) assess if the
differences in the distribution mechanism between bacteria and
fungi in the face of forest community succession. The results can
improve understanding of the distribution mechanism of fungi
and bacteria in response to changes during secondary succession
in a temperate mountain forest in forest ecosystems.

MATERIALS AND METHODS

Study Site

This study was conducted in Baiyun Mountain (33°38'-33°34'N,
111°48-111°52" E, 1,500 m above sea level), which is located
in Hennan Province in east China. It belongs to temperate
deciduous broad-leaved forest, with a forest coverage rate of
98.5%. The mean annual precipitation at the study site was
1,200 mm, with the wet season occurring from July to September.
In addition, the mean annual temperature was 18°C (Lin, 1999;
Xu et al., 2014; Chen et al., 2017).

Baiyun Mountain is rich in plant resources. Based on the
investigation, a total of 1,991 species of plants were identified
(Li et al, 2017). The Baiyun mountain comprised a large
area of temperate deciduous broad-leaved forest dominated by
Quercus aliena var. acutiserrata, Betula platyphylla, Carpinus
turczaninowii, and Toxicodendron vernicifluum (Li et al., 2017).

Sampling Site Setting and Soil Sampling
Four forest succession, namely, plantation forest, twice-cut forest,
once-cut forest, and old-growth forest, were selected on the
basis of the different degree of human disturbance in the forest
succession to explore the difference in soil microbial diversity
during secondary succession in a temperate mountain forest
(Supplementary Figure 1).

(I) Plantation forest (A): In the plantation forest, a Larix
kaempferi forest, which was planted after logging and clearing
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and was about 20 years old (high disturbance), was considered
(Xi et al,, 2021). There were 42 species of woody plants in the
plot, and the total number of plants was 1,165. In the field, Larix
gmelinii and Quercus aliena var. acutiserrata were the dominant
species (Supplementary Table 1).

(I) Twice-cut forest (B): In this forest, natural regeneration
occurred after once-cutting. Twice-cutting and breeding were
conducted when the natural recovery was about 30 years old,
followed by natural recovery, with a stand age of about 50 years
(moderate disturbance) (Xi et al., 2021). There were 46 species
of woody plants in the plot, and the total number of plants
was 3,065. In the sample community, the main species include
Pinus armandii, Quercus aliena var. acutiserrata, and Corylus
heterophylla (Supplementary Table 1).

(III) Once-cut forest (C): This forest was restored after
comprehensive once-cutting, with a stand age of about 50
years (slight disturbance) (Xi et al, 2021). There were 57
species of woody plants in the plot, and the total number of
plants was 4,302. The main species found in the site include
P. armandii, Quercus aliena var. acutiserrata, and Forsythia
suspensa (Supplementary Table 1).

(IV) Old-growth forest (D): In this forest, the individual
density, mean diameter at breast height (DBH), and aboveground
biomass of the woody plants were higher than the three
aforementioned plant community types (Burrascano et al., 2013).
The forest has been a natural forest for more than 100 years
without human disturbance (undisturbance) (Xi et al., 2021).
There were 52 species of woody plants in the plot, and the total
number of plants was 2,490. The sample land was dominated by
Quercus aliena var. acutiserrata, Litsea tsinlingensis, and Sorbus
hupehensis species (Supplementary Table 1).

Based on the technical specification for plot construction
and monitoring of the Tropical Forestry Research Center of the
Smithsonian Institution (Condit, 1995; Richard, 1998), 1 hm?
sample plots(100 m x 100 m) were set in four kinds of sample
forests, respectively. Each 100 m x 100 m plot was further divided
into twenty-five 20 m x 20 m quadrats. All woody plants with
DBH > 1 cmin each 20 m x 20 m quadrat were tagged, identified,
measured, and recorded (Supplementary Figure 1).

Soil samples (0-10 cm depth) were collected in August 2020.
Three soil cores were randomly collected after litter removal
within each 20 m x 20 m quadrat and mixed as a sample quadrat
for soil physicochemical analyses, for a total of 100 soil samples
in four forest succession. The soil samples were sieved using a
2 mm sieve to remove impurities (stones, plant roots, and litter).
Each sample was divided into two parts: one part was stored at
—80°C for DNA extraction, and the other part was stored at 4°C
to measure soil physicochemical properties.

Molecular Analyses for Soil Microbes

Total DNA was extracted from 0.5 g of soil samples using
the FastDNA® Spin Kit for Soil following the manufacturer’s
instructions. Barcoded primer sets 515F/806R (Jing et al., 2015;
Liu et al., 2021) targeting the V4 region of prokaryotic (bacteria)
16S rRNA genes and ITS1F/ITS2R (McGuire et al., 2013)
targeting fungal ITS1 genes were used (Meyer and Kircher,
2010; Liu et al,, 2021). The PCR mixtures contained 4 pL

of 5 x TransStart FastPfu buffer, 0.8 pL of forward primer
(5 M), 2 nL of 2.5 mM dNTPs, 0.4 WL of TransStart FastPfu
DNA polymerase, 0.8 pL of reverse primer (5 wM), 10 ng
of template DNA, and 20 pL of ddH,O. The PCR reactions
included initial denaturation at 95°C for 3 min, with 27 cycles
of 95°C for 30 s, 55°C for 30 s, and 72°C for 30 s, and a
final extension at 72°C for 10 min and then at 4°C. Each
sample was amplified in triplicate. The PCR products from
triplicate reactions per sample were pooled and gel-purified.
Samples were then evaluated for quantity and quality via
electrophoresis using 2% agarose gel (Lu et al., 2017). Purified
amplicons were pooled in equimolar and paired-end sequences
(2 x 300) on an Ilumina MiSeq platform (Illumina, San Diego,
United States) in accordance with the standard protocols by
Majorbio Bio-Pharm Technology Co., Ltd. (Shanghai, China)
(Liu et al, 2018; Sun et al, 2018; Zhang et al., 2018). The
raw reads were deposited onto the NCBI Sequence Read
Archive (SRA) database.

Bioinformatic Analysis

The raw gene sequencing reads were quality filtered,
demultiplexed by Trimmomatic, and merged by Fast Length
Adjustment of Short reads (FLASH, v1.2.11) in accordance with
the following criteria (Bao, 2000). Operational taxonomic units
(OTUs) with 97% similarity cutoff (Koljalg et al., 2013) were
clustered using UPARSE (version 7.1)", and chimeric sequences
were identified and removed. We assessed the taxonomy of
each representative OTU sequence using RDP Classifier’ against
the 16S rRNA database and ITS database (e.g., Silva SSU128)
with a confidence threshold of 0.7 (Magoc and Salzbera, 2011;
Yu et al., 2019).

Environmental Factor Analysis

We measured a range of environmental factors that influence
the microbes. Topographical characteristics (slope [°], mean
elevation [m], convex and concave [°], and aspect) were assessed
during plot establishment (Harms et al., 2001; Valencia et al.,
2004). The abundance and richness of woody plants (WA and
WR) were assessed on the basis of the 20 m x 20 m quadrat of
the four plots. Five edaphic variables were measured: pH, soil
water content (SWC), soil organic matter (SOM), soil available
phosphorus (P), and nitrogen (N). Soil pH was measured
with a water: soil ratio of 2.5:1 (w/v) (Lu et al.,, 2019). SWC
was measured by oven drying at 105°C to a constant mass
(Zhang J. Q. et al,, 2021). SOM content was measured using the
K,CrO7 volumetric method and external heating (Nelson and
Sommers, 1982; Yang et al., 2019). P was extracted with NaHCO3
and determined using the molybdenum antimony colorimetric
method (Olsen et al., 1982; Sui et al., 2019). The content of N was
measured by alkali solution diffusion (Bao, 2015).

Statistical Analyses
Three microbial groups were constructed to understand species
information across different succession: all species, core species,

Uhttp://drive5.com/uparse/
Zhttp://rdp.cme.msu.edu/
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and dominant species. Core species accounted for 10% of all
species (Jiao et al., 2020). Dominant species accounted for
0.5% of all species (Xiong et al., 2020). The core species
and dominant species had an important ecological role in
microbiome assembly and ecosystem functions (Banerjee et al.,
2018; Delgado-Baquerizo et al., 2018).

A heat map was generated using R (version 4.0.3) to show
the richness of bacterial and fungal communities at the OTU
level. Venn diagrams showed the number of OTUs that were
unique and shared among different succession. In addition, OTUs
were visualized using the VennDiagram package in R (Chen and
Boutros, 2011). In addition, the Kruskal-Wallis method was used
to compare the richness of bacteria and fungi in four forest
succession. Species accumulation curves of bacterial and fungal
communities were drawn using the “specaccum” function in the
vegan package of R (Li et al., 2018).

Network analysis was used to detect the specificity of microbes
to different forests at the community level. The architecture
of the plant community-microbe network was visualized on
the basis of the ForceAtlas 2 node-layout algorithm using
Gephi (Bastian et al., 2009). We evaluated the structure of
the plant community-microbe network using the modularity
index (Olesen et al., 2007). The torus-translation test was used
to detect the distribution of microbes to different forests at
the OTU level. The torus-translation test is the commonly
used method to test the correlation between microbe and
environment. It can exclude spatial autocorrelation to a certain
extent, which makes the test more sensitive (Harms et al.,
2001; Debski et al, 2002; DeWalt et al., 2006; Gunatilleke
et al, 2006; Yamada et al, 2006; Comita et al, 2007).
Further details on this method are provided by Harms et al.
(2001). In the present study, four 1 hm? plots during the
secondary forest succession were selected as four microhabitats.
We removed OTUs with a relative abundance of < 0.01%
to reduce rare OTUs in the community (Jiao et al, 2020).
A total of 14,224 bacterial OTUs and 5,410 fungal OTUs
were used for torus-translation analysis. We analyzed the
correlation among species, core species, and dominant species
in four forest succession (positive or negative correlations,
P <0.05).

Redundancy analysis (RDA) was used to map the effects
of environmental factors (pH, SWC, P, SOM, N, WA, WR,
aspect, slope, mean elevation, and convex) among the four
forest succession on the measured soil bacterial and fungal
communities using the “vegan” package (Gao et al, 2021).
Hellinger transformation was performed before RDA linear
ordering of response variables. In addition, the Monte Carlo
permutation test was performed on the basis of 999 permutations
to analyze whether the model reached a significant level
(P < 0.05) (Chen et al., 2020). The “rdacca.hp” package was
used to quantify the relative importance of each environmental
factor independently explaining variations in soil bacterial
and fungal communities and the contribution of a single
explanatory variable (Lai et al.,, 2022). All methods were used
for analysis of all species, core species, and dominant species. All
statistical analyses were performed using R software 4.0.3 unless
otherwise indicated.

RESULTS

Species Diversity During Secondary
Succession in a Temperate Mountain

Forest

Combined with the topographic map of the sample site, the
spatial distribution of bacterial and fungal OTU diversity in
the four forest succession was not uniform, and evident spatial
heterogeneity was observed (Figure 1 and Supplementary
Figure 2). The percentage stacking diagrams showed that there
were differences in the abundance of dominant species of fungi at
the genus and species levels. On the contrary, the abundance of
dominant species of bacteria was similar at the genus and species
level (Figure 1).

The results of Venn diagram showed that the OTU
composition of bacteria and fungi was different during secondary
succession in a temperate mountain forest (Figures 2A,D and
Supplementary Figures 3A,D,G,]). A maximum number of
OTUs were found in the plantation forest. Four forest succession
had 2,962 unique bacterial OTUs and 9,729 shared OTUs, as
well as 3,451 unique fungal OTUs and 1,447 shared OTUs
(Figures 2A,D).

The Kruskal-Wallis test results showed significant
differences in the OTU richness of bacteria and fungi in
the four forest succession (Figures 2B,E and Supplementary
Figures 3B,E,H,K). The rarefaction curve tended to flatten as the
number of measured sequences increased. This result indicated
that the sample data obtained by the experiment reflected the
composition of bacterial and fungal communities in the studied
soils (Figures 2C,F and Supplementary Figures 3C,ELL).

Spatial Distribution of Fungi and Bacteria
Among the Four Forest Succession

The network of associations between microbe and plant
communities was highly asymmetric in species abundance
(Figure 3). For all species of bacteria, the modularity index was
0.080 (core: 0.095; dominant: 0.126). For all species of fungi,
the modularity index was 0.227 (core: 0.314; dominant: 0.352;
Figure 3). The results of network analysis showed that the
modular index of fungi was higher than that of bacteria. The
results showed that fungi had higher specificity than bacteria
during secondary succession in a temperate mountain forest.

A total of 14,224 bacteria and 5,410 fungi were associated
with four forest succession. At P < 0.05, 49.95% (7105/14224)
of bacteria and 54.47% (2947/5410) of fungi were associated
with at least one plant community. Most OTUs were positively
correlated with plantation forest, with 41.55% (2952/7105)
bacteria and 54.33% (1601/2947) fungi (Figures 4A-F).
The distribution of significantly correlated OTUs varied
greatly among plant communities (Figures 4A,D,G,]J,M,P).
Torus translation showed that 23.18% (4553/19634) of
the OTUs were distributed in plantation forest, whereas
only 4.29% (843/19634), 8.01% (1573/19634), and 9.61%
(1886/19634) of the OTUs were distributed in twice-cut
forest, once-cut forest, and old-growth forest, respectively.
No OTUs were positively or negatively correlated with the
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FIGURE 1 | Spatial distribution and composition of bacterial and fungal species diversity in the four forest succession in the sample plot. The species accumulation
diagrams show the composition of bacteria and fungi at the genus and species levels, respectively. The top 30 genera and species were selected for abundance.
The abscissa is the proportion of species in the sample, and the ordinate is the plot. Different colored columns represent different species, and the length of the
columns represents the proportion of the size of the species. The abbreviations of species are shown in Supplementary Table 4.
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four forest succession (Figures 4B,C,E,FH,LK,L,N,0,Q,R).
Supplementary Tables 2, 3 show the detailed associations
between microbe and succession.

Relationship Between Microbe and
Environment Among the Four Forest

Succession

Based on RDA, environmental factors (topographical, plants,
and soil) significantly affected the composition of soil bacterial
and fungal communities (Table 1). The composition of the
soil microbial community differed significantly in different
succession processes. RDA showed that these variables explained
a total of 35.6 and 13.5% of the variance in the composition
of bacterial and fungal communities among different succession

processes, respectively. Among the eleven environmental factors,
mean elevation and pH had the greatest effect on soil bacteria and
fungi. Core and dominant species also showed similar trends to
all species (Figure 5).

DISCUSSION

Spatial Distribution of Soil Microbes at
the Community Level

Habitat differentiation is an important driving force for
maintaining species diversity in forest ecosystems (Ye, 2000).
Along with forest succession, soil structure coevolved with
plant community change (Liu et al., 2021). In this study, the
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characteristics of bacteria and fungi assemblages differed during
secondary succession in a temperate mountain forest. This result
may indicate that ecological specialization plays an important
role in the distribution of soil microbes during secondary
succession in a temperate mountain forest.

In this study, the organization of the links in the microbe-
succession network showed more specialization and unevenness.
The characteristic network structure of the soil microbe-
succession network in the forest ecosystem may be determined
by the biological environment (e.g., woody plant composition)
(Ferrer and Gilbert, 2003) and abiotic environment (e.g., soil
physicochemical properties and light availability under canopy)
(Chang and Miles, 2004; Barbier et al., 2008; Nakamura et al,,
2017). Plant communities can affect microbial distribution
through direct host-microbial interactions and rhizosphere
effects (Martinez-Garcia et al,, 2015) and indirect mediation
of soil physicochemical properties (Zak et al., 2003). Plant
communities primarily affect the structure and composition of
underground soil microbial communities through litters and root
secretion (Sasse et al., 2018; Shao et al., 2019). In this study, the
composition and structure of plant species varied greatly as forest
succession progressed. Great differences in light availability and
soil physical and chemical properties under the canopy were also
observed with the progress of forest succession. These factors
may indicate the modular distribution of soil microbes in this

study. Hence, the distribution of soil microbes during secondary
succession in a temperate mountain forest is not random, but
rather it is specialized.

Spatial Distribution of Soil Microbes at

the Operational Taxonomic Units Level

Our results showed that different soil microbes had different
plant community preferences with long-term temperate forest
recovery. In addition, the composition of soil bacterial and fungal
communities and the relative abundance of dominant species
changed significantly during the secondary succession in the
studied temperate forest (Figure 1). These findings are consistent
with previous studies across different forest ecosystems (Fichtner
et al.,, 2014; Gao et al., 2015; Lee et al., 2017; Bonner et al., 2020).
The results of torus translation analyses (Figure 4) provided
further evidence that the different bacterial (49.95%) and fungal
(54.47%) OTUs were associated with a specific forest community
in long-term temperate forest recovery.

Our analyses revealed that soil microbes preferred to be
distributed in plantation forest. Despite the potential influence
of unmeasured environmental variables (Anderson, 2011), the
results showed that heterogeneous environmental selection
influenced the distribution of microbial communities in the
early forest succession (Ferrenberg et al., 2013). In particular,

Frontiers in Microbiology | www.frontiersin.org

June 2022 | Volume 13 | Article 923346


https://www.frontiersin.org/journals/microbiology
https://www.frontiersin.org/
https://www.frontiersin.org/journals/microbiology#articles

Lietal.

Distribution Preference of Soil Microbes

FIGURE 3 | Network analysis of dominant OTU of bacteria and fungi in the four forest succession. The size of the node indicates the richness of the species. The
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TABLE 1 | Redundancy analysis (RDA) of effects of different environmental factors on soil bacteria and fungi.

Bacteria Fungi
All species Core species Dominant species All species Core species Dominant species
pH 0.01* 0.01* 0.01* 0.01* 0.01* 0.01**
SWC 0.01** 0.01* 0.01* 0.01* 0.01* 0.03*
P 0.27 0.23 0.20 0.12 0.22 0.62
SOM 0.01* 0.01* 0.01* 0.01* 0.01* 0.34
N 0.01** 0.01** 0.01** 0.01** 0.01** 0.68
Aspect 0.01** 0.01** 0.01** 0.01** 0.01** 0.37
Slope 0.01** 0.01* 0.01* 0.01* 0.01* 0.48
Meanelev 0.01* 0.01** 0.01* 0.01* 0.01* 0.03*
Convex 0.34 0.34 0.43 0.14 0.09 0.27
WA 0.01* 0.01* 0.01* 0.01* 0.01* 0.68
WR 0.01** 0.01** 0.01** 0.01** 0.01* 0.72
“**means more significant difference P < 0.01; ““’means difference P < 0.05.
Bacteria(All species) Bacteria(Core species) Bacteria(Dominant species)
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FIGURE 5 | Redundancy analysis (RDA) plot showing the relationship between soil microbes and environmental factors in the experiment. Different colored dots
indicate different types of succession. The ellipse has a 95% confidence interval. Environmental factors are indicated by an open-headed red arrow pointing in the
direction of increasing values. pH: soil pH, SWC: soil water content, P: soil available phosphorus, SOM: soil organic matter, N: soil alkali-hydrolyzed nitrogen,
Meanelev: mean elevation, Convex: convex concave, WA: woody plant abundance, WR: woody plant abundance.

environmental variables such as plant composition and inorganic
nitrogen in forests might serve as strong filters, causing
different microbial communities to be activated by different
microbial seed banks that may exist at the sampling site

(Lennon and Jones, 2011). Moreover, relatively few microbes
were distributed in the twice-cut and once-cut forests. Different
components of litters in different forest types could affect their
decomposition rate, resulting in differences in soil nutrients
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and properties, thereby affecting the distribution of microbes
(Sun, 2019). Our study demonstrates the importance of forest
partitioning during secondary succession in maintaining local
diversity in soil microbial communities.

Relationship Between Soil Microbes and

Environment

The changes in the structure of soil microbial community in a
forest were significantly correlated with numerous environment
variables, including soil pH and content of soil N and C (Banning
et al, 2011; Qu et al,, 2020). Different from previous studies,
this study considered the effects of soil physicochemical factors,
topography, and woody plants as environmental factors on soil
microbial community structure, which can explain the joint effect
of multiple factors on soil microbial distribution. Our study
found that differences in succession processes could affect the
relationship between soil microbes and the environment. This
finding may be related to changes in plant attributes. Our results
in temperate mountain forests (Figure 5) indicated that the
influence of soil microbial distribution might vary with plant
richness and abundance. Plant richness and abundance could
reflect environmental heterogeneity across successional stages
through diversification of available resources for soil microbes
and feedbacks between plants and microbes (Reynolds et al.,
2003; Wardle et al., 2004).

At different successional stages, the role of soil
physicochemical properties can explain the change in the
composition of soil microbial communities (Sterkenburg et al.,
2015; Yeoh et al, 2017; Chai et al.,, 2019; Qiang et al., 2021).
In this study, soil pH is a significant factor associated with
variations in soil bacterial and fungal communities (Figure 5),
which is consistent with many studies on succession (Banning
et al,, 2011; Montagna et al., 2018; Qiang et al., 2021). Soil pH
might affect microbial distribution through selective pressure on
soil microbial fitness and survival in acidic soil conditions of the
studied forests (Tripathi et al., 2018). Similarly, the importance
of inorganic nitrogen to microbial distribution may be related
to microbial fitness at different concentrations of inorganic
nitrogen (Verhamme et al., 2011; Fuchsman et al.,, 2019). With
regard to the effects of plant communities, the variation in
plant composition across successional stages reflects not only
the changes in the relative abundance of plant species but also
environmental heterogeneity. High plant richness promotes
environmental heterogeneity through diversity of resources
available to soil microbes and feedback between plants and
microorganisms (Reynolds et al., 2003; Wardle et al., 2004; Liu
et al,, 2021). Plant communities at different stages of succession
are affected by litter and root exudates (Reynolds et al., 2003;
Wardle et al, 2004; Shao et al, 2019) and plant-microbial
interactions (Martinez-Garcia et al, 2015), and understory
microclimate affects the distribution of soil microbes (Maestre
et al., 2009). Topography is an important environmental factor
that reflects the soil environment, humidity, and temperature
to a certain extent (Wangda and Ohsawa, 2006; Lan et al,
2011; Lei, 2019). Topography affects the spatial distribution of
soil physicochemical properties through the redistribution of

light, heat, and water resources (Garcia-Pausas et al.,, 2007),
resulting in spatial differences in soil physicochemical properties
(Wang et al,, 2013; Yang et al, 2015) and differences in soil
water and nutrient conditions under different topographic
conditions (Pennock, 2005; Wu, 2015). Thus, environmental
factors reflect changes in selective pressure that operates on soil
microbial communities.

Distribution Differences of Soil Fungi and
Bacteria

Above-ground and below-ground connections and interactions
are important to the structure and function of ecosystems, and
they may be the main drivers of soil microbial communities
(Bardgett, 2018). Plants can also lead to distinct shifts in fungal
and bacterial communities in response to forest community
succession (Chai et al, 2019). In our study, the contribution
of vegetation community to microbial community change is
as important as that of soil physicochemical properties and
topography (Figure 5 and Table 1). Plants can attract specific
rhizosphere microbes through species-specific root exudates
in soil (Huang et al., 2014). In addition, soil bacterial and
fungal communities change with plant traits, reflecting plant
productivity (Sayer et al, 2017). In the mutually beneficial
feedback circle, soil microbes can regulate the plant soil
environment by regulating nitrogen fixation and nutrient
conversion (Araya et al., 2017).

Compared with that of soil bacteria, the distribution of
soil fungi in a temperate mountain forest showed higher
specialization. In addition, compared with bacteria, more fungi
exhibited distinct specific preferences in forest ecosystems
in our study. This finding could be due to community
assembly differences between bacteria and fungi. Previous
studies considered light as the major driver for fungi and
soil physicochemical factors as the major drivers for bacteria
(Chen et al.,, 2018a; Deng J. et al.,, 2018). Compared with the
soil microhabitat, forest gaps have changed understory light
availability (Song et al., 2011). Moreover, forest canopy can be
an influencing factor of the distribution of fungi (Nakamura
et al., 2017). Light availability differences were distinct in
the temperate deciduous broad-leaved forest (Hou and Hou,
1983). Fungi are more sensitive to changes in light than
bacteria (Chang and Miles, 2004). They are also more closely
related to plants than bacteria (Liu et al, 2021). Abundant
ectomycorrhizal trees (e.g., L. gmelinii and P. armandii) could
develop strong biotic interactions with ectomycorrhizal fungi (Su
etal,, 1992). Therefore, more fungi exhibited distinct distribution
preferences than bacteria.

We analyzed the response of the soil microbial community
to forest succession. From the coniferous forest at the early
stage of succession, to the mixed coniferous and broadleaved
forest at the middle stage, to the broadleaf forest at the last
stage, the microbial population in the coniferous forest at the
early stage of succession was significantly higher than that in
other habitats. Studies have shown that litters in coniferous
forests are more acidic than those in broadleaf forests (Augusto
et al., 2002). Soil bacteria are more sensitive to soil pH than
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fungi (Lauber et al., 2009; Rousk et al.,, 2010; Zhalnina et al.,
2015). Low pH inhibits enzyme and metabolic activities of
bacteria, which is not conducive to bacterial growth (Beales,
2004). High pH can promote bacterial diversity by releasing
dissolved organic matter (Curtin et al., 2016). The variation trend
of bacteria and fungi species in temperate deciduous broad-
leaved forests was basically the same in different succession
processes. The number of OTUs in the plantation forest was
the highest, and the number of OTUs in the twice-cut forest
was the lowest, indicating rapid changes in bacterial and fungal
communities after the succession was initiated. Previous studies
have shown that soil bacterial communities respond more quickly
to disturbances than soil fungi (Deng J. J. et al., 2018; Ren et al.,
2018). It may be that disturbances increase the similarity among
biotic communities (Petsch, 2016). In addition, Wang et al.
(2020) found that the presence of litter during middle and late
succession resulted in similar microbial community structures
among different tree species. The reasons behind these results
clarify further investigation.

CONCLUSION AND IMPLICATIONS

In this study, the distribution pattern of most soil microbes
in a temperate mountain forest was not random, but it was
specialized. Different microbes showed different distribution
preferences. Fungal species showed higher specialization than
bacterial species in forest community succession. Microbe—
environment relations varied during secondary succession in
a temperate mountain forest. These findings indicated that
ecological specialization was important for microbial diversity
during secondary succession in a temperate mountain forest.
Our findings provided comprehensive understanding of how
complex soil microbial communities respond to changes in
forest community succession. The distribution preferences of
soil microbes were important for maintaining soil bacterial
and fungal diversity. Based on the results of this study, the
growth preferences of soil microbes should be fully considered
in the subsequent forest ecosystem protection based on different
environmental conditions. Fungi were more sensitive than

REFERENCES

Almario, J., Jeena, G., Wunder, J., Langen, G., Zuccaro, A., Coupland, G., et al.
(2017). Root-associated fungal microbiota of nonmycorrhizalArabis alpinaand
its contribution to plant phosphorus nutrition. Proc. Natl. Acad. Sci U S A. 114,
E9403-E9412. doi: 10.1073/pnas.1710455114

Anderson, M. J. (2011). Navigating the multiple meanings of beta diversity: a road
map for the practicing ecologist. Ecol. Lett. 14, 19-28. doi: 10.1111/j.1461-0248.
2010.01585.x

Aponte, C., Garcia, L. V., Maranén, T., and Gardes, M. (2010). Indirect host
effect on ectomycorrhizal fungi: leaf fall and litter quality explain changes in
fungal communities on the roots of co-occurring Mediterranean oaks. Soil. Biol.
Biochem. 42, 788-796. doi: 10.1016/j.s0ilbio.2010.01.014

Araya, Y. N., Bartelheimer, M., Valle, C.J., Crujeiras, R. M., and Garcia-Baquero, G.
(2017). Does functional soil microbial diversity contribute to explain within-site
plantB-diversity in an alpine grassland and a dehesa meadow in Spain? J. Veg.
Sci. 28, 1018-1027. doi: 10.1111/jvs.12557

bacteria during secondary succession in a temperate mountain
forest. Changes in forest community succession could have
important effects on soil fungal communities by potentially
influencing the stability and health of forest ecosystems.

DATA AVAILABILITY STATEMENT

The datasets presented in this study can be found in online
repositories. The names of the repository/repositories and
accession number(s) can be found below: https://www.ncbi.nlm.
nih.gov/ and http://www.ncbi.nlm.nih.gov/bioproject/806647.

AUTHOR CONTRIBUTIONS

PL and JX designed the study and analyzed the data. JZ, SW,
PZ, and SD performed the field experiments and conducted
the fieldwork. JX, SW, and WC conducted the laboratory work.
JX wrote the manuscript. All authors read and approved the
final manuscript.

FUNDING

This work was supported by the National Nature Science
Foundation of China (#42171091).

ACKNOWLEDGMENTS

We thank Baotianman Forest Ecosystem Research Station
for their help.

SUPPLEMENTARY MATERIAL

The Supplementary Material for this article can be found
online at: https://www.frontiersin.org/articles/10.3389/fmicb.
2022.923346/full#supplementary- material

Augusto, L., Ranger, ], Binkley, D., and Rothe, A. (2002). Impact of several
common tree species of European temperate forests on soil fertility. Ann. Forest.
Sci. 59, 233-253.

Banerjee, S., Schlaeppi, K., and van der Heijden, M. G. A. (2018). Keystone taxa
as drivers of microbiome structure and functioning. Nat. Rev. Microbiol. 16,
567-576. doi: 10.1038/s41579-018-0024-21

Banning, N. C., Gleeson, D. B., Grigg, A. H., Grant, C. D., Andersen, G. L., Brodie,
E.L., etal. (2011). Soil microbial community successional patterns during forest
ecosystem restoration. Appl. Environ. Microb. 77, 6158-6164.

Bao, S. D. (2000). Soil Agricultural Chemical Analysis, 3rd Edn. Beijing: China
Agriculture Press.

Bao, S. D. (2015). Soil Agricultural Chemical Analysis, 3rd Edn. Beijing: China
Agriculture Press.

Barbier, S., Gosselin, F., and Balandier, P. (2008). Influence of tree species on
understory vegetation diversity and mechanisms involved—a critical review for
temperate and boreal forests. Forest. Ecol. Manag. 254, 1-15. doi: 10.1016/j.
foreco.2007.09.038

Frontiers in Microbiology | www.frontiersin.org

June 2022 | Volume 13 | Article 923346


https://www.ncbi.nlm.nih.gov/
https://www.ncbi.nlm.nih.gov/
http://www.ncbi.nlm.nih.gov/bioproject/806647
https://www.frontiersin.org/articles/10.3389/fmicb.2022.923346/full#supplementary-material
https://www.frontiersin.org/articles/10.3389/fmicb.2022.923346/full#supplementary-material
https://doi.org/10.1073/pnas.1710455114
https://doi.org/10.1111/j.1461-0248.2010.01585.x
https://doi.org/10.1111/j.1461-0248.2010.01585.x
https://doi.org/10.1016/j.soilbio.2010.01.014
https://doi.org/10.1111/jvs.12557
https://doi.org/10.1038/s41579-018-0024-21
https://doi.org/10.1016/j.foreco.2007.09.038
https://doi.org/10.1016/j.foreco.2007.09.038
https://www.frontiersin.org/journals/microbiology
https://www.frontiersin.org/
https://www.frontiersin.org/journals/microbiology#articles

Lietal

Distribution Preference of Soil Microbes

Bardgett, R. D. (2018). “Linking aboveground-belowground ecology: a short
historical perspective: analysis and synthesis,” in Aboveground-Belowground
Community Ecology (Ecological Studies (Analysis and Synthesis), eds T. Oghushi,
S. Wurst, and S. Johnson (Cham: Springer), doi: 10.1007/978-3-319-91614-9_1

Bardgett, R. D., and van der Putten, W. H. (2014). Belowground biodiversity and
ecosystem functioning. Nature 515, 505-511. doi: 10.1038/nature13855

Bastian, M., Heymann, S., and Jacomy, M. (2009). Gephi: an open source software
for exploring and manipulating networks. Proc. Int. AAAI Conference Web Soc.
Med. 3, 361-362.

Beales, N. (2004). Adaptation of microorganisms to cold temperatures, weak acid
preservatives, low pH, and osmotic stress: a review. Compr. Rev. Food. Sci. F. 3,
1-20. doi: 10.1111/j.1541-4337.2004.tb00057.x

Bevill, R. L., and Louda, S. M. (1999). Comparisons of related rare and common
species in the study of plant rarity. Conserv. Biol. 13, 493-498. doi: 10.1046/].
1523-1739.1999.97369.x

Bin, Y., Spence, J., Wu, L. F,, Li, B. H,, Hao, Z. Q., Ye, W. H., et al. (2016). Species-
habitat associations and demographic rates of forest trees. Ecography 39, 9-16.
doi: 10.1111/ecog.00787

Bonner, M. T. L., Allen, D. E., Brackin, R., Smith, T. E., Lewis, T., Shoo, L. P., et al.
(2020). Tropical rainforest restoration plantations are slow to restore the soil
biological and organic carbon characteristics of old growth rainforest. Microb.
Ecol. 79, 432-442. doi: 10.1007/s00248-019-01414-1417

Burrascano, S., Keeton, W. S., Sabatini, F. M., and Blasi, C. (2013). Commonality
and variability in the structural attributes of moist temperate old-growth forests:
a global review. Forest. Ecol. Manag. 291, 458-479. doi: 10.1016/j.foreco.2012.
11.020

Chai, Y., Cao, Y., Yue, M., Tian, T., Yin, Q., Dang, H,, et al. (2019). Soil
abiotic properties and plant functional traits mediate associations between soil
microbial and plant communities during a secondary forest succession on the
Loess Plateau. Front. Microbiol. 10:895. doi: 10.3389/fmicb.2019.00895

Chang, S. T., and Miles, P. G. (2004). Mushrooms: Cultivation, Nutritional Value,
Medicinal Effect, and Environmental Impact. Boca Raton, FL: CRC press.

Chen, H., and Boutros, P. C. (2011). VennDiagram: a package for the generation of
highly-customizable Venn and Euler diagrams in R. BMC Bioinformatics 12:35.
doi: 10.1186/1471-2105-12-35

Chen, Y., Guo, L., Yao, C. L, Wei, B. L, Yuan, Z. L, and Ye, Y. Z
(2017). Community characteristics of a deciduous broad-leaved forest in a
temperatesubtropical ecological transition zone: analyses of a 5-hm2 forest
dynamics plot in Baiyunshan Nature Reserve, Henan Province. Acta Ecol. Sinica
37,5602-5611. doi: 10.5846/stxb201606011056

Chen, Y., Shao, Y. Z,, Xi, J. J., Yuan, Z. L., Ye, Y. Z, and Wang, T. (2020).
Community preferences of woody plant species in a heterogeneous temperate
forest, China. Front. Ecol. Evol. 8:165. doi: 10.3389/fev0.2020.00165

Chen, Y., Svenning, J. C., Wang, X., Cao, R, Yuan, Z. L., and Ye, Y. Z. (2018a).
Drivers of macrofungi community structure differ between soil and rotten-
wood substrates in a temperate mountain forest in China. Front. Microbiol. 9:37.
doi: 10.3389/fmicb.2018.00037

Chen, Y., Yuan, Z., Bi, S., Wang, X,, Ye, Y., and Svenning, J. C. (2018b).
Macrofungal species distributions depend on habitat partitioning of
topography, light, and vegetation in a temperate mountain forest. Sci.
Rep. 8:13589. doi: 10.1038/s41598-018-31795-31797

Ciccolini, V., Ercoli, L., Davison, J., Vasar, M., Opik, M., and Pellegrino, E. (2016).
Land-use intensity and host plant simultaneously shape the composition
of arbuscular mycorrhizal fungal communities in a Mediterranean drained
peatland. FEMS Microbiol. Ecol. 92:186. doi: 10.1093/femsec/fiw186

Comita, L. S., Condit, R., and Hubbell, S. P. (2007). Developmental changes in
habitat associations of tropical trees. J. Ecol. 95, 482-492. doi: 10.2307/4496002

Condit, R. (1995). Research in large, long-term tropical forest plots. Trends Ecol.
Evol. 10, 18-22. doi: 10.1016/s0169-5347(00)88955-7

Curtin, D., Peterson, M. E., and Anderson, C. R. (2016). pH-dependence of organic
matter solubility: base type effects on dissolved organic C, N, P, and § in soils
with contrasting mineralogy. Geoderma 271, 161-172. doi: 10.1016/j.geoderma.
2016.02.009

De Vries, F. T., and Wallenstein, M. D. (2017). Belowground connections
underlying aboveground food production: a framework for optimising
ecological connections in the rhizosphere. J. Ecol. 105, 913-920. doi: 10.1111/
j.1365-2745.12783

Debski, 1., Burslem, D. F. R. P., Palmiotto, P. A., Lafrankie, J. V., Lee, H. S.,
and Manokaran, N. (2002). Habitat preferences of Aporosa in two Malaysian
forests: implications for abundance and coexistence. Ecology 83, 2005-2018.
doi: 10.1890/0012-9658(2002)083[2005:HPOAIT]2.0.CO;2

Delgado-Baquerizo, M., Oliverio, A. M., Brewer, T. E., Benavent-Gonzélez, A.,
Eldridge, D. J., Bardgett, R. D, et al. (2018). A global atlas of the dominant
bacteria found in soil. Science 359, 320-325. doi: 10.1126/science.aap9516

Deng, J. J., Zhu, W. X,, Zhou, Y. B,, Yin, Y., Bai, X. J., Zhang, H. Z,, et al. (2018).
Effects of different land use patterns on the soil microbial community diversity
in montane region of eastern Liaoning Province,China. Chinese. J. Appl. Ecol.
29, 2269-2276. doi: 10.13287/.1001-9332.201807.009

Deng, J., Yin, Y., Zhu, W.,, and Zhou, Y. (2018). Variations in soil bacterial
community diversity and structures among different revegetation types in the
baishilazi nature reserve. Front. Microbiol. 9:6251. doi: 10.7717/peer;j.6251

Devictor, V., Clavel, J., Julliard, R., Lavergne, S., Mouillot, D., Thuiller, W., et al.
(2010). Defining and measuring ecological specialization. J. Appl. Ecol. 47,
15-25. doi: 10.1111/j.1365-2664.2009.01744.x

DeWalt, S. J., Ickes, K., Nilus, R., Harms, K. E., and Burslem, D. F. R. P.
(2006). Liana habitat associations and community structure in a Bornean
lowland tropical forest. Plant. Ecol. 186, 203-216. doi: 10.1007/s11258-006-912
3-9126

Dickie, I. A. (2007). Host preference, niches and fungal diversity. New. Phytol. 174,
230-233. doi: 10.1007/5.11258-006-9123-9126

Fang, Z. Y., Li, L. Y,, Maola, A. K. E,, Zhou, L., and Lu, B. (2019). Effects of
human disturbance on plant diversity of wild fruit forests in Western Tianshan
Mountain. Bull. J. Soil. Water. Conserv. 39, 267-374. doi: 10.13961/j.cnki.stbctb.
2019.02.042

Ferrenberg, S., O’neill, S. P., Knelman, J. E., Todd, B., Duggan, S., Bradley, D., et al.
(2013). Changes in assembly processes in soil bacterial communities following
a wildfire disturbance. ISME. J. 7, 1102-1111. doi: 10.1038/isme;j.2013.11

Ferrer, A., and Gilbert, G. S. (2003). Effect of tree host specieson fungal community
composition in a tropical rain forest in Panama. Divers. Distrib. 9, 455-468.
doi: 10.1046/j.1472-4642.2003.00039.x

Fichtner, A., Von Oheimb, G., Hardtle, W., Wilken, C., and Gutknecht, J. L. M.
(2014). Effects of anthropogenic disturbances on soil microbial communities
in oak forests persist for more than 100 years. Soil. Biol. Biochem. 70, 79-87.
doi: 10.1016/j.s0ilbio.2013.12.015

Fuchsman, C. A., Palevsky, H. I., Widner, B., Dufty, M., Carlson, M. C., Neibauer,
J. A, et al. (2019). Cyanobacteria and cyanophage contributions to carbon
and nitrogen cycling in an oligotrophic oxygen- deficient zone. ISME. J. 13,
2714-2726. doi: 10.1038/541396-019-0452-456

Gao, C,, Shi, N. N,, Chen, L, Ji, N. N, Wu, B. W,, Wang, Y. L,, et al. (2017).
Relationships between soil fungal and woody plant assemblages differ between
ridge and valley habitats in a subtropical mountain forest. New. Phytol. 213,
1874-1885. doi: 10.1111/nph.14287

Gao, C., Zhang, Y., Shi, N. N., Zheng, Y., Chen, L., Wubet, T., et al. (2015).
Community assembly of ectomycorrhizal fungi along a subtropical secondary
forest succession. New. Phytol. 205, 771-785. doi: 10.1111/nph.13068

Gao, Y. X,, Wang, L., Hu, X. Q,, Zhang, Z. L., Liu, B. G, Zhang, X. H,, et al.
(2021). Rapid adaptive responses of rosette-type macrophyte Vallisneria natans
juveniles to varying water depths: the role of leaf trait plasticity. Ecol. Evol. 11,
14268-14281. doi: 10.1002/ece3.8142

Garcia-Pausas, J., Casals, P., Camarero, L., Huguet, C., Sebastia, M. T., Thompson,
R, et al. (2007). Soil organic carbon storage in mountain grasslands of the
Pyrenees: effects of climate and topography. Biogeochemistry 82, 279-289. doi:
10.1007/s10533-007-9071-9079

Gunatilleke, C. V. S., Gunatilleke, I. A. U. N., Esufali, S., Harms, K. E., Ashton,
P. M. S., Burslem, D. F. R. P., et al. (2006). Species-habitat associations in
a Sri Lankan dipterocarp forest. . Trop. Ecol. 22, 371-384. doi: 10.1017/
50266467406003282

Guo, Y. L., Wang, B., Mallik, A. U., Huang, F. Z.,, Xiang, W. S., Ding, T., et al. (2017).
Topographic species-habitat associations of tree species in a heterogeneous
tropical karst seasonal rain forest, China. J. Plant. Ecol. 10, 450-460. doi: 10.
1093/jpe/rtw057

Harms, K. E., Condit, R., Hubbell, S. P., and Foster, R. B. (2001). Habitat
associations of trees and shrubs in a 50-ha Neotropical forest plot. J. Ecol. 89,
947-959. doi: 10.1111/j.1365-2745.2001.00615.x

Frontiers in Microbiology | www.frontiersin.org

June 2022 | Volume 13 | Article 923346


https://doi.org/10.1007/978-3-319-91614-9_1
https://doi.org/10.1038/nature13855
https://doi.org/10.1111/j.1541-4337.2004.tb00057.x
https://doi.org/10.1046/j.1523-1739.1999.97369.x
https://doi.org/10.1046/j.1523-1739.1999.97369.x
https://doi.org/10.1111/ecog.00787
https://doi.org/10.1007/s00248-019-01414-1417
https://doi.org/10.1016/j.foreco.2012.11.020
https://doi.org/10.1016/j.foreco.2012.11.020
https://doi.org/10.3389/fmicb.2019.00895
https://doi.org/10.1186/1471-2105-12-35
https://doi.org/10.5846/stxb201606011056
https://doi.org/10.3389/fevo.2020.00165
https://doi.org/10.3389/fmicb.2018.00037
https://doi.org/10.1038/s41598-018-31795-31797
https://doi.org/10.1093/femsec/fiw186
https://doi.org/10.2307/4496002
https://doi.org/10.1016/s0169-5347(00)88955-7
https://doi.org/10.1016/j.geoderma.2016.02.009
https://doi.org/10.1016/j.geoderma.2016.02.009
https://doi.org/10.1111/j.1365-2745.12783
https://doi.org/10.1111/j.1365-2745.12783
https://doi.org/10.1890/0012-9658(2002)083[2005:HPOAIT]2.0.CO;2
https://doi.org/10.1126/science.aap9516
https://doi.org/10.13287/j.1001-9332.201807.009
https://doi.org/10.7717/peerj.6251
https://doi.org/10.1111/j.1365-2664.2009.01744.x
https://doi.org/10.1007/s11258-006-9123-9126
https://doi.org/10.1007/s11258-006-9123-9126
https://doi.org/10.1007/s.11258-006-9123-9126
https://doi.org/10.13961/j.cnki.stbctb.2019.02.042
https://doi.org/10.13961/j.cnki.stbctb.2019.02.042
https://doi.org/10.1038/ismej.2013.11
https://doi.org/10.1046/j.1472-4642.2003.00039.x
https://doi.org/10.1016/j.soilbio.2013.12.015
https://doi.org/10.1038/s41396-019-0452-456
https://doi.org/10.1111/nph.14287
https://doi.org/10.1111/nph.13068
https://doi.org/10.1002/ece3.8142
https://doi.org/10.1007/s10533-007-9071-9079
https://doi.org/10.1007/s10533-007-9071-9079
https://doi.org/10.1017/S0266467406003282
https://doi.org/10.1017/S0266467406003282
https://doi.org/10.1093/jpe/rtw057
https://doi.org/10.1093/jpe/rtw057
https://doi.org/10.1111/j.1365-2745.2001.00615.x
https://www.frontiersin.org/journals/microbiology
https://www.frontiersin.org/
https://www.frontiersin.org/journals/microbiology#articles

Lietal

Distribution Preference of Soil Microbes

Hooper, D. U,, Bignell, D. E., Brown, V. K., Brussaard, L., Dangerfield, J. M.,
Wall, D. H,, et al. (2000). Interactions between aboveground and belowground
biodiversity in terrestrial ecosystems: patterns, mechanisms, and feedbacks.
Bioscience 50, 1049-1061.

Hou, H. Y., and Hou, X. Y. (1983). Vegetation of China with reference to its
geographical distribution. Ann. Mo. Bot. Gard. 70, 509-549. doi: 10.2307/
2992085

Huang, X. F., Chaparro, J. M., Reardon, K. F., Zhang, R., Shen, Q., and Vivanco,
J. M. (2014). Rhizosphere interactions: root exudates, microbes, and microbial
communities. Botany 92, 267-275. doi: 10.1139/cjb-2013-2225

Ishida, T. A., Nara, K., and Hogetsu, T. (2007). Host effects on ectomycorrhizal
fungal communities: insight from eight host species in mixed conifer-broadleaf
forests. New. Phytol. 174, 430-440. doi: 10.1111/j.1469-8137.2007.02016.x

Jiao, S., Yang, Y. F., Xu, Y. Q., Zhang, J., and Lu, Y. H. (2020). Balance between
community assembly processes mediates species coexistence in agricultural soil
microbiomes across eastern China. ISME. J. 14, 202-216. doi: 10.1038/s41396-
019-0522-529

Jing, X., Sanders, N. J., Shi, Y., Chu, H., Classen, A. T., Zhao, K., et al. (2015).
The links between ecosystem multifunctionality and above- and belowground
biodiversity are mediated by climate. Nat. Commun. 6:8159. doi: 10.1038/
ncomms9159

Koljalg, U., Nilsson, R. H., Abarenkov, K., Tedersoo, L., Taylor, A. F., Bahram, M.,
et al. (2013). Towards a unified paradigm for sequence-based identification of
fungi. Mol. Ecol. 22, 5271-5277. doi: 10.1111/mec.12481

Lai, J. S., Mi, X. C,, Ren, H. B., and Ma, K. P. (2009). Species-habitat associations
change in a subtropical forest of China. J. Veg. Sci. 20, 415-423. doi: 10.1111/j.
1654-1103.2009.01065.x

Lai, J. S., Zou, Y., Zhang, J. L., and Peres-Neto, P. R. (2022). Generalizing
hierarchical and variation partitioning in multiple regression and canonical
analyses using the rdacca.hp R package. Methods Ecol. Evol. 13, 782-788. doi:
10.1111/2041-210X.13800

Lan, G., Hu, Y., Cao, M., and Zhu, H. (2011). Topography related spatial
distribution of dominant tree species in a tropical seasonal rain forest in China.
Forest. Ecol. Manag. 262, 1507-1513. doi: 10.1016/j.foreco.2011.06.052

Landeweert, R., Hoffland, E., Finlay, R. D., Kuyper, T. W., and van Breemen, N.
(2001). Linking plants to rocks: ectomycorrhizal fungi mobilize nutrients from
minerals. Trends. Ecol. Evol. 16, 248-254. doi: 10.1016/s0169-5347(01)02122-x

Lauber, C. L., Hamady, M., Knight, R., and Fierer, N. (2009). Pyrosequencing-based
assessment of soil pH as a predictor of soil bacterial community structure at
the continental scale. Appl. Environ. Microb. 75, 5111-5120. doi: 10.1128/ AEM.
00335-339

Lee, S. H., Sorensen, J. W., Grady, K. L., Tobin, T. C., and Shade, A. (2017).
Divergent extremes but convergent recovery of bacterial and archaeal soil
communities to an ongoing subterranean coal mine fire. ISME. J. 11, 1447-
1459. doi: 10.1038/isme;j.2017.1

Lei, S. Y. (2019). Vegetation Restoration With Soil Physical and Chemical Properties’
Distribution Characteristics of Converted Grassland in Different Topographic
Conditions. Yangling: Journal of Northwest A&F University.

Lennon, J. T., and Jones, S. E. (2011). Microbial seed banks: the ecological and
evolutionary implications of dormancy. Nat. Rev. Microbiol. 9, 119-130. doi:
10.1038/nrmicro2504

Li, L. H,, Yang, H. Z., Wang, ], Qin, Y. F,, and Fu, Q. J. (2017). Species structure
and diversity of plant community of luhua valley in baiyun mountain of henan
province. Hunan Agricultural Sci. 10, 44-47. doi: 10.16498/j.cnki.hnnykx.2017.
010.013

Li, S., Shakoor, A., Wubet, T., Zhang, N. L., Liang, Y., and Ma, K. P. (2018). Fine-
scale variations of fungal community in a heterogeneous grassland in Inner
Mongolia: effects of the plant community and edaphic parameters. Soil. Biol.
Biochem. 122, 104-110. doi: 10.1016/j.s0ilbio.2018.04.007

Liang, M. X,, Liu, X. B., Gilbert, G. S., Zheng, Y., Luo, S., Huang, F. M., et al.
(2016). Adult trees cause density-dependent mortality in conspecific seedlings
by regulating the frequency of pathogenic soil fungi. Ecol. Lett. 19, 1448-1456.
doi: 10.1111/ele.12694

Lin, B. (1999). Introduction of Baiyun Mountain National Forest Park (Chinese).
Henan: Henan Forestry, 40.

Linde, S. V. D,, Suz, L. M., Orme, C. D. L., Cox, F., Andreae, H., Asi, E., et al. (2018).
Environment and host as large-scale controls of ectomycorrhizal fungi. Nature
558, 243-258. doi: 10.1038/s41586-018-0189-189

Liu, L., Zhu, K., Krause, S. M. B, Li, S. P., Wang, X., Zhang, Z. C,, et al. (2021).
Changes in assembly processes of soil microbial communities during secondary
succession in two subtropical forests. Soil. Biol. Biochem. 154:108144. doi: 10.
1016/j.s0ilbio.2021.108144

Liu, R. L., Wang, L., Liu, Q. F., Wang, Z. X,, Li, Z. Z., Fang, ]. S., et al. (2018). Depth-
resolved distribution of particle-attached and free-living bacterial communities
in the water column of the New Britain Trench. Front. Microbiol. 9:625. doi:
10.3389/fmicb.2018.00625

Liu, Y. L., Zhu, G. Y., Hai, X. Y., Li, J. W., Shangguan, Z. P., Peng, C. H., et al.
(2020). Long-term forest succession improves plant diversity and soil quality
but not significantly increase soil microbial diversity: evidence from the Loess
Plateau. Ecol. Eng. 142:105631. doi: 10.1016/j.ecoleng.2019.105631

Lu, J. K, Yang, F. C, Wang, S. K, Ma, H. B,, Liang, J. F, Chen, Y. L,
et al. (2017). Co-existence of rhizobia and diverse non-rhizobial bacteria
in the rhizosphere and Nodules of Dalbergia odorifera seedlings inoculated
with Bradyrhizobium elkanii, Rhizobium multihospitium-like and burkholderia
pyrrocinia-like strains. Front. Microbiol. 8:2255. doi: 10.3389/fmicb.2017.02255

Lu, N. N, Xu, X. L, Wang, P., Zhang, P, Ji, B. M., and Wang, X. J.
(2019). Succession in arbuscular mycorrhizal fungi can be attributed to a
chronosequence of Cunninghamia lanceolata. Sci. Rep. 9:18057. doi: 10.1038/
$41598-019-54452-z

Lucas-Borja, M. E., and Delgado-Baquerizo, M. (2019). Plant diversity and
soil stoichiometry regulates the changes in multifunctionality during pine
temperate forest secondary succession. Sci. Total. Environ. 697:134204. doi:
10.1016/j.scitotenv.2019.134204

Maestre, F. T., Bowker, M. A., Puche, M. D., Belien Hinojosa, M., Martinez,
I, Garcia-Palacios, P., et al. (2009). Shrub encroachment can reverse
desertification in semi-arid Mediterranean grasslands. Ecol. Lett. 12, 930-941.
doi: 10.1111/.1461-0248.2009.01352.x

Magoc, T., and Salzbera, S. (2011). FLASH: fast length adjustment of short reads
to improve genome assemblies. Bioinformatics. 27, 2957-2963. doi: 10.1093/
bioinformatics/btr507

Martinez-Garcia, L. B, Richardson, S. J., Tylianakis, J. M., Peltzer, D. A., and
Dickie, I. A. (2015). Host identity is a dominant driver of mycorrhizal fungal
community composition during ecosystem development. New. Phytol. 205,
1565-1576. doi: 10.1111/nph.13226

McGuire, K. L., Payne, S. G., Palmer, M. L, Gilikin, C. M., Keefe, D., Kim, S. J.,
et al. (2013). Digging the New Y ork city skyline: soil fungal communities in
green roofs and city parks. PLoS One 8:¢58020. doi: 10.1371/journal.pone.005
8020

Meyer, M., and Kircher, M. (2010). Illumina sequencing library preparation for
highly multiplexed target capture and sequencing. Cold Spring Harb. Protocols
6:5448. doi: 10.1101/pdb.prot5448

Montagna, M., Berruti, A., Bianciotto, V., Cremonesi, P., Giannico, R., Gusmeroli,
F., et al. (2018). Differential biodiversity responses between kingdoms (plants,
fungi, bacteria and metazoa) along an Alpine succession gradient. Mol. Ecol. 27,
3671-3685. doi: 10.1111/mec.14817

Nakamura, A., Kitching, R. L., Cao, M., Creedy, T. J., Fayle, T. M., Freiberg, M.,
et al. (2017). Forests and their canopies: achievements and horizons in canopy
science. Trends Ecol. Evol. 32, 438-451. doi: 10.1016/j.tree.2017.02.020

Nelson, D. W., and Sommers, L. E. (1982). Dry combustion method using
medium temperature resistance furnace. Chem. Microbial Properties 2,
539-579.

Olesen, J. M., Bascompte, J., Dupont, Y. L., and Jordano, P. (2007). The modularity
of pollination networks. Proc. Natl. Acad. Sci. U S A. 104, 19891-19896. doi:
10.1073/pnas.0706375104

Olsen, S. R., Sommers, L. E., and Page, A. L. (1982). Methods of soil analysis.
Part 2. chemical and microbiological properties of Phosphorus. ASA Monogr.
9, 403-430. doi: 10.2134/agronmongr9.2.2ed

Pennock, D. J. (2005). Precision conservation for co-management of carbon and
nitrogen on the Canadian prairies. J. Soil. Water. Conserv. 60, 305-306. doi:
10.1111/1478-9302.12087_107

Petsch, D. K. (2016). Causes and consequences of biotic homogenization in
freshwater ecosystems. Int. Rev. Hydrobiol. 101, 113-122. doi: 10.1002/iroh.
201601850

Poisot, T., Bever, J. D., Nemri, A., Thrall, P. H., and Hochberg, M. E. (2011). A
conceptual framework for the evolution of ecological specialisation. Ecol. Lett.
14, 841-851. doi: 10.1111/j.1461-0248.2011.01645.x

Frontiers in Microbiology | www.frontiersin.org

June 2022 | Volume 13 | Article 923346


https://doi.org/10.2307/2992085
https://doi.org/10.2307/2992085
https://doi.org/10.1139/cjb-2013-2225
https://doi.org/10.1111/j.1469-8137.2007.02016.x
https://doi.org/10.1038/s41396-019-0522-529
https://doi.org/10.1038/s41396-019-0522-529
https://doi.org/10.1038/ncomms9159
https://doi.org/10.1038/ncomms9159
https://doi.org/10.1111/mec.12481
https://doi.org/10.1111/j.1654-1103.2009.01065.x
https://doi.org/10.1111/j.1654-1103.2009.01065.x
https://doi.org/10.1111/2041-210X.13800
https://doi.org/10.1111/2041-210X.13800
https://doi.org/10.1016/j.foreco.2011.06.052
https://doi.org/10.1016/s0169-5347(01)02122-x
https://doi.org/10.1128/AEM.00335-339
https://doi.org/10.1128/AEM.00335-339
https://doi.org/10.1038/ismej.2017.1
https://doi.org/10.1038/nrmicro2504
https://doi.org/10.1038/nrmicro2504
https://doi.org/10.16498/j.cnki.hnnykx.2017.010.013
https://doi.org/10.16498/j.cnki.hnnykx.2017.010.013
https://doi.org/10.1016/j.soilbio.2018.04.007
https://doi.org/10.1111/ele.12694
https://doi.org/10.1038/s41586-018-0189-189
https://doi.org/10.1016/j.soilbio.2021.108144
https://doi.org/10.1016/j.soilbio.2021.108144
https://doi.org/10.3389/fmicb.2018.00625
https://doi.org/10.3389/fmicb.2018.00625
https://doi.org/10.1016/j.ecoleng.2019.105631
https://doi.org/10.3389/fmicb.2017.02255
https://doi.org/10.1038/s41598-019-54452-z
https://doi.org/10.1038/s41598-019-54452-z
https://doi.org/10.1016/j.scitotenv.2019.134204
https://doi.org/10.1016/j.scitotenv.2019.134204
https://doi.org/10.1111/j.1461-0248.2009.01352.x
https://doi.org/10.1093/bioinformatics/btr507
https://doi.org/10.1093/bioinformatics/btr507
https://doi.org/10.1111/nph.13226
https://doi.org/10.1371/journal.pone.0058020
https://doi.org/10.1371/journal.pone.0058020
https://doi.org/10.1101/pdb.prot5448
https://doi.org/10.1111/mec.14817
https://doi.org/10.1016/j.tree.2017.02.020
https://doi.org/10.1073/pnas.0706375104
https://doi.org/10.1073/pnas.0706375104
https://doi.org/10.2134/agronmongr9.2.2ed
https://doi.org/10.1111/1478-9302.12087_107
https://doi.org/10.1111/1478-9302.12087_107
https://doi.org/10.1002/iroh.201601850
https://doi.org/10.1002/iroh.201601850
https://doi.org/10.1111/j.1461-0248.2011.01645.x
https://www.frontiersin.org/journals/microbiology
https://www.frontiersin.org/
https://www.frontiersin.org/journals/microbiology#articles

Lietal

Distribution Preference of Soil Microbes

Powell, J. R., Karunaratne, S., Campbell, C. D., Yao, H. Y., Robinson, L., and Singh,
B. K. (2015). Deterministic processes vary during community assembly for
ecologically dissimilar taxa. Nat. Commun. 6:8444. doi: 10.1038/ncomms9444

Qiang, W, He, L., Zhang, Y, Liu, B, Liu, Y, Liu, Q., et al. (2021). Aboveground
vegetation and soil physicochemical properties jointly drive the shift of soil
microbial community during subalpine secondary succession in southwest
China. Catena 202:105251. doi: 10.1016/j.catena.2021.105251

Qu, Z. L., Liu, B, Ma, Y., Xu, J., and Sun, H. (2020). The response of the soil
bacterial community and function to forest succession caused by forest disease.
Funct. Ecol. 34, 2548-2559. doi: 10.1111/1365-2435.13665

Ren, C., Zhang, W., Zhong, Z. K., Han, X,, Yang, G., Feng, Y., et al. (2018).
Differential responses of soil microbial biomass, diversity, and compositions
to altitudinal gradients depend on plant and soil characteristics. Sci. Total.
Environ. 610, 611-750. doi: 10.1016/j.scitotenv.2017.08.110

Reynolds, H. L., Packer, A., Bever, J. D., and Clay, K. (2003). Grassroots ecology:
plant-microbe- soil interactions as drivers of plant community structure and
dynamics. Ecology 84, 2281-2291. doi: 10.1890/02-0298

Richard, C. P. D. (1998). Tropical Forest Census Plots. New York, NY: Springer.

Rousk, J., Brookes, P. C., and Béath, E. (2010). The microbial PLFA composition as
affected by pH in an arable soil. Soil. Biol. Biochem. 42, 516-520. doi: 10.1016/j.
s0ilbio.2009.11.026

Sasse, J., Martinoia, E., and Northen, T. (2018). Feed your friends: do plant exudates
shape the root microbiome? Trends. Plant. Sci. 23, 25-41. doi: 10.1016/j.tplants.
2017.09.003

Sayer, E. J., Oliver, A. E., Fridley, J. D., Askew, A. P., Mills, R. T. E., and Grime,
J. P. (2017). Links between soil microbial communities and plant traits in a
species-rich grassland under long-term climate change. Ecol. Evol. 7, 855-862.
doi: 10.1002/ece3.2700

Sepp, S. K., Davison, J., Jairus, T., Vasar, M., Moora, M., Zobel, M., et al. (2019).
Non-random association patterns in a plant-mycorrhizal fungal network reveal
host-symbiont specificity. Mol. Ecol. 28, 365-378. doi: 10.1111/mec.14924

Shao, P., Liang, C., Rubert-Nason, K., Li, X., Xie, H., and Bao, X. (2019).
Secondary successional forests undergo tightly-coupled changes in soil
microbial community structure and soil organic matter. Soil. Biol. Biochem. 128,
56-65. doi: 10.1016/j.s0ilbio.2018.10.004

Silvertown, J. (2004). Plant coexistence and the niche. Trends. Ecol. Evol. 19,
605-611. doi: 10.1016/j.tree.2004.09.003

Song, K., Mi, X. C,, Jia, Q., Dan, B., and Ma, K. P. (2011). Variation in phylogenetic
structure of forest communities along a human disturbance gradient in
Gutianshan forest, China. Biodiversity Sci. 19:190. doi: 10.3724/SP.J.1003.2011.
07030

Sterkenburg, E., Bahr, A., Durling, M. B., Clemmensen, K. E., and Lindahl, B. D.
(2015). Changes in fungal communities along a boreal forest soil fertility
gradient. New. Phytol. 207, 1145-1158. doi: 10.1111/nph.13426

Su, L., Cheng, A, Lin, Y., Fu, W., and Zheng, P. (1992). Investigation on
mycorrhizae of forest trees in natural Reserve of mount tianmu. J. Zhejiang
Forestry College 9, 263-276.

Sui, X., Zhang, R. T., Frey, B., Yang, L. B,, Li, M. H, and Ni, H. W. (2019).
Land use change effects on diversity of soil bacterial, Acidobacterial and fungal
communities in wetlands of the Sanjiang Plain, northeastern China. Sci. Rep.
9:18535. doi: 10.1038/s41598-019-55063-55064

Sun, H. Z. (2019). Microbial Community Characteristics of Different Forest Types
and their Relationship with Environmental Factors in Permafrost Region of
Daxin, Anling. China: Harbin Normal University.

Sun, H.,, Wang, Q. X, Zhang, C. G,, Li, L., Liu, Z. B,, Liu, N,, et al. (2018). Effects
of different leaf litters on the physicochemical properties and soil microbial
communities in Panax ginseng-growing soil. Appl. Soil. Ecol. 38, 3603-3615.
doi: 10.1016/j.aps0il.2016.11.008

Svenning, J. C. (1999). Microhabitat specialization in a species-rich palm
community in Amazonian Ecuador. J. Ecol. 87, 55-65. doi: 10.1046/j.1365-2745.
1999.00329.x

Tedersoo, L., Bahram, M., Toots, M., Diedhiou, A. G., Henkel, T. W, Kjoller, R.,
et al. (2012). Towards global patterns in the diversity and community structure
of ectomycorrhizal fungi. Mol. Ecol. 21, 4160-4170. doi: 10.1111/j.1365-294X.
2012.05602.x

Tripathi, B. M, Stegen, J. C., Kim, M., Dong, K., Adams, J. M., and Lee, Y. K. (2018).
Soil pH mediates the balance between stochastic and deterministic assembly of
bacteria. ISME. J. 12, 1072-1083. doi: 10.1038/s41396-018-0082-84

Valencia, R., Foster, R. B., Villa, G., Condit, R., Svenning, J. C., Hernandez, C., et al.
(2004). Tree species distributions and local habitat variation in the Amazon:
large forest plot in eastern Ecuador. J. Ecol. 92, 214-229. doi: 10.2307/3599587

Van Dam, N. M., and Heil, M. (2011). Multitrophic interactions below and above
ground: en route to the next level. J. Ecol. 99, 77-88. doi: 10.1111/§.1365-2745.
2010.01761.x

Van der Heijden, M. G. A., Bardgett, R. D., and Straalen, N. M. V. (2008). The
unseen majority: soil microbes as drivers of plant diversity and productivity in
terrestrial ecosystems. Ecol. Lett. 11, 296-310. doi: 10.1111/j.1461-0248.2007.
01139.x

Verhamme, D. T., Prosser, J. 1., and Nicol, G. W. (2011). Ammonia concentration
determines differential growth of ammonia-oxidising archaea and bacteria in
soil microcosms. ISME. J. 5, 1067-1071. doi: 10.1038/isme;j.2010.191

Wang, P, Ren, B. B., Yi, C, and Liu, H. N. (2013). The correlation between
soil characteristics and environmental factors along altitude gradient of jiaozi
mountain nature reserve. J. Mt. Sci-Engl. 31, 456-463. doi: 10.3969/j.issn.1008-
2786.2013.04.011

Wang, W., Zhang, Q., Sun, X., Chen, D., and Zhang, S. (2020). Effects of mixed-
species litter on bacterial and fungal lignocellulose degradation functions
during litter decomposition. Soil. Biol. Biochem. 141:107690. doi: 10.1016/j.
50ilbi0.2019.107690

Wangda, P., and Ohsawa, M. (2006). Structure and regeneration dynamics of
dominant tree species along altitudinal gradient in a dry valley slopes of the
Bhutan Himalaya. Forest. Ecol. Manag. 230, 136-150. doi: 10.1016/j.foreco.
2006.04.027

Wardle, D. A. (2002). Communities and Ecosystems: Linking the Aboveground and
Belowground Components. Princeton NJ: Princeton University Press.

Wardle, D. A. (2006). The influence of biotic interactions on soil biodiversity. Ecol.
Lett. 9, 870-886. doi: 10.1111/j.1461-0248.2006.00931.x

Wardle, D. A., Walker, L. R., and Bardgett, R. D. (2004). Ecosystem properties and
forest decline in contrasting long-term chronosequences. Science 305, 509-513.
doi: 10.1126/science.1098778

Wu, B. W., Gao, C., Chen, L., Buscot, F., Goldmann, K., Purahong, W., et al. (2018).
Host phylogeny is a major determinant of fagaceae-associated ectomycorrhizal
fungal community assembly at a regional scale. Front. Microbiol. 9:2409. doi:
10.3389/fmicb.2018.02409

Wu, H. (2015). The relationship between terrain factors and spatial variability of
soil nutrients for pine-oak mixed forest in qinling mountain. J. Nat. Reso. 30,
858-869. doi: 10.11849/zrzyxb.2015.05.013

Xi,J.J., Shao, Y. Z.,, Li, Z. H., Zhao, P. F., Ye, Y. Z., Li, W., et al. (2021). Distribution
of woody plant species among different disturbance regimes of forests in a
temperate deciduous broad-leaved forest. Front. Plant. Sci. 12:618524. doi: 10.
3389/fpls.2021.618524

Xiong, C., Zhu, Y. G., Wang, J. T., Singh, B., Han, L. L., Shen, J. P., et al. (2020).
Host selection shapes crop microbiome assembly and network complexity. New.
Phytol. 229, 1091-1104. doi: 10.1111/nph.16890

Xu, C. C, Chen, Z. C, Hao, Y. C, and Ding, X. D. (2014). Research on the
correlation between plant species diversity and its main environmental factors
of Mt. Baiyunshan in the transitional region from warm temperate zone to
subtropical zone. J. Ecol. Environ. 23, 371-376. doi: 10.3969/j.issn.1674-5906.
2014.03.002

Yamada, T., Tomita, A., Itoh, A., Yamakura, T., Ohkubo, T., Kanzaki, M., et al.
(2006). Habitat associations of Sterculiaceae trees in a Bornean rain forest plot.
J. Veg. Sci. 17, 559-566. doi: 10.1111/j.1654-1103.2006.tb02479.x

Yang, F., Huang, L. M., Li, D. C,, Yang, F., Yang, R. M., Zhao, Y. G, et al. (2015).
Vertical distributions of soil organic and inorganic carbon and their controls
along toposequences in an alpine region. Acta Pedol. Sinica 52, 1226-1236.
doi: 10.11766/trxb201504220193

Yang, G. R, Ma, Y., Jiang, B, Ma, H. ], Xie, J., Lv, C. Y., et al. (2019).
Analysis of the bacterial community and diversity in tea plantation soil via 16S
rDNA sequencing. Acta Ecol. Sinica 39, 8452-8461. doi: 10.5846/stxb2018081
41733

Ye, W. H. (2000). The maintenance mechanism of plant community and its species
diversity. Biodiversity Sci. 8, 17-24. doi: 10.3321/j.issn:1005-0094.2000.01.003

Yeoh, Y. K., Dennis, P. G., Paungfoolonhienne, C., Weber, L., Brackin, R., Ragan,
M. A, et al. (2017). Evolutionary conservation of a core root microbiome
across plant phyla along a tropical soil chronosequence. Nat. Commun. 8:215.
doi: 10.1038/s41467-017-00262-268

Frontiers in Microbiology | www.frontiersin.org

June 2022 | Volume 13 | Article 923346


https://doi.org/10.1038/ncomms9444
https://doi.org/10.1016/j.catena.2021.105251
https://doi.org/10.1111/1365-2435.13665
https://doi.org/10.1016/j.scitotenv.2017.08.110
https://doi.org/10.1890/02-0298
https://doi.org/10.1016/j.soilbio.2009.11.026
https://doi.org/10.1016/j.soilbio.2009.11.026
https://doi.org/10.1016/j.tplants.2017.09.003
https://doi.org/10.1016/j.tplants.2017.09.003
https://doi.org/10.1002/ece3.2700
https://doi.org/10.1111/mec.14924
https://doi.org/10.1016/j.soilbio.2018.10.004
https://doi.org/10.1016/j.tree.2004.09.003
https://doi.org/10.3724/SP.J.1003.2011.07030
https://doi.org/10.3724/SP.J.1003.2011.07030
https://doi.org/10.1111/nph.13426
https://doi.org/10.1038/s41598-019-55063-55064
https://doi.org/10.1016/j.apsoil.2016.11.008
https://doi.org/10.1046/j.1365-2745.1999.00329.x
https://doi.org/10.1046/j.1365-2745.1999.00329.x
https://doi.org/10.1111/j.1365-294X.2012.05602.x
https://doi.org/10.1111/j.1365-294X.2012.05602.x
https://doi.org/10.1038/s41396-018-0082-84
https://doi.org/10.2307/3599587
https://doi.org/10.1111/j.1365-2745.2010.01761.x
https://doi.org/10.1111/j.1365-2745.2010.01761.x
https://doi.org/10.1111/j.1461-0248.2007.01139.x
https://doi.org/10.1111/j.1461-0248.2007.01139.x
https://doi.org/10.1038/ismej.2010.191
https://doi.org/10.3969/j.issn.1008-2786.2013.04.011
https://doi.org/10.3969/j.issn.1008-2786.2013.04.011
https://doi.org/10.1016/j.soilbio.2019.107690
https://doi.org/10.1016/j.soilbio.2019.107690
https://doi.org/10.1016/j.foreco.2006.04.027
https://doi.org/10.1016/j.foreco.2006.04.027
https://doi.org/10.1111/j.1461-0248.2006.00931.x
https://doi.org/10.1126/science.1098778
https://doi.org/10.3389/fmicb.2018.02409
https://doi.org/10.3389/fmicb.2018.02409
https://doi.org/10.11849/zrzyxb.2015.05.013
https://doi.org/10.3389/fpls.2021.618524
https://doi.org/10.3389/fpls.2021.618524
https://doi.org/10.1111/nph.16890
https://doi.org/10.3969/j.issn.1674-5906.2014.03.002
https://doi.org/10.3969/j.issn.1674-5906.2014.03.002
https://doi.org/10.1111/j.1654-1103.2006.tb02479.x
https://doi.org/10.11766/trxb201504220193
https://doi.org/10.5846/stxb201808141733
https://doi.org/10.5846/stxb201808141733
https://doi.org/10.3321/j.issn:1005-0094.2000.01.003
https://doi.org/10.1038/s41467-017-00262-268
https://www.frontiersin.org/journals/microbiology
https://www.frontiersin.org/
https://www.frontiersin.org/journals/microbiology#articles

Lietal

Distribution Preference of Soil Microbes

Yu, M., Li, Z. M., Chen, W. D, Rong, T., Wang, G., and Ma, X. Y.
(2019). Hermetia illucens larvae as a potential dietary protein source altered
the microbiota and modulated mucosal immune status in the colon of
finishing pigs. J. Anim. Sci. Biotechnol. 10:50. doi: 10.1186/s40104-019-0358-
351

Zak, D. R,, Holmes, W. E., White, D. C., Peacock, A. D., and Tilman, D. (2003).
Plant diversity, soil microbial communities, and ecosystem function: are there
any links? Ecology 84, 2042-2050. doi: 10.1890/02-0433

Zhalnina, K., Dias, R., de Quadros, P. D., Davis-Richardson, A., Camargo,
F. A. O, Clark, I. M,, et al. (2015). Soil pH determines microbial diversity
and composition in the park grass experiment. Microb. Ecol. 69, 395-406.
doi: 10.1007/500248-014-0530-532

Zhang, A. M., Han, X. Y., Sun, K., Zhang, S. H., Sun, W. B,, Niu, S. Q., et al. (2018).
Root nodules endophytic and rhizosphere soil bacteria diversity of Hippophae
rhamnoidoes subsp. sinensis based on high-throughput sequencing. Grasslands
Lawns 38, 49-55.

Zhang, J. Q., He, P, Liu, Y. H, Du, W,, Jing, H. C, and Nie, C. (2021).
Soil properties and microbial abundance explain variations in N20O fluxes
from temperate steppe soil treated with nitrogen and water in Inner
Mongolia, China. Appl. Soil. Ecol. 165:103984. doi: 10.1016/j.apso0il.2021.10
3984

Zhang, X. P., and Shangguan, Z. P. (2006). Effect of Human-induced disturbance
on physical properties of soil in artificial Pinus tabulaeformis Carr. forests of

the Loess Plateau. Acta. Ecol. Sin. 26, 3685-3696. doi: 10.3321/j.issn:1000-0933.
2006.11.022

Zhang, Z. F., Yu, Q. G., Wang, X,, Liu, H. H., Zhao, Y. C,, Xie, X. Y., et al. (2021).
Effects of plant community and soil properties on soil bacterial community
in Bitahai Wetland, Southwest China. Chinese. . Appl. Ecol. 32, 2199-2208.
doi: 10.13287/j.1001-9332.202106.039

Conflict of Interest: The authors declare that the research was conducted in the
absence of any commercial or financial relationships that could be construed as a
potential conflict of interest.

Publisher’s Note: All claims expressed in this article are solely those of the authors
and do not necessarily represent those of their affiliated organizations, or those of
the publisher, the editors and the reviewers. Any product that may be evaluated in
this article, or claim that may be made by its manufacturer, is not guaranteed or
endorsed by the publisher.

Copyright © 2022 Li, Zhang, Wang, Zhang, Chen, Ding and Xi. This is an open-access
article distributed under the terms of the Creative Commons Attribution License
(CC BY). The use, distribution or reproduction in other forums is permitted, provided
the original author(s) and the copyright owner(s) are credited and that the original
publication in this journal is cited, in accordance with accepted academic practice. No
use, distribution or reproduction is permitted which does not comply with these terms.

Frontiers in Microbiology | www.frontiersin.org

15

June 2022 | Volume 13 | Article 923346


https://doi.org/10.1186/s40104-019-0358-351
https://doi.org/10.1186/s40104-019-0358-351
https://doi.org/10.1890/02-0433
https://doi.org/10.1007/s00248-014-0530-532
https://doi.org/10.1016/j.apsoil.2021.103984
https://doi.org/10.1016/j.apsoil.2021.103984
https://doi.org/10.3321/j.issn:1000-0933.2006.11.022
https://doi.org/10.3321/j.issn:1000-0933.2006.11.022
https://doi.org/10.13287/j.1001-9332.202106.039
http://creativecommons.org/licenses/by/4.0/
http://creativecommons.org/licenses/by/4.0/
http://creativecommons.org/licenses/by/4.0/
http://creativecommons.org/licenses/by/4.0/
http://creativecommons.org/licenses/by/4.0/
https://www.frontiersin.org/journals/microbiology
https://www.frontiersin.org/
https://www.frontiersin.org/journals/microbiology#articles

	Changes in the Distribution Preference of Soil Microbial Communities During Secondary Succession in a Temperate Mountain Forest
	Introduction
	Materials and Methods
	Study Site
	Sampling Site Setting and Soil Sampling
	Molecular Analyses for Soil Microbes
	Bioinformatic Analysis
	Environmental Factor Analysis
	Statistical Analyses

	Results
	Species Diversity During Secondary Succession in a Temperate Mountain Forest
	Spatial Distribution of Fungi and Bacteria Among the Four Forest Succession
	Relationship Between Microbe and Environment Among the Four Forest Succession

	Discussion
	Spatial Distribution of Soil Microbes at the Community Level
	Spatial Distribution of Soil Microbes at the Operational Taxonomic Units Level
	Relationship Between Soil Microbes and Environment
	Distribution Differences of Soil Fungi and Bacteria

	Conclusion and Implications
	Data Availability Statement
	Author Contributions
	Funding
	Acknowledgments
	Supplementary Material
	References


