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Abstract: Climate change is altering the abundance and distributions of natural communities in
mountainous ecosystems, but the variations of soil microbial communities and their driving factors
along elevation gradients at high altitudinal mid-subtropical zones have received limited attention.
Such information is needed for a comprehensive understanding of the ecosystem’s response to
intensifying climate changes. In this study, using Illumina sequencing, we investigated the shift in
soil microbial diversity and community composition at eight evergreen broadleaf forest sites, which
ranged from a low of 550 to a high of 1038 m above sea level (m a.s.l.) on Wuyi Mountain in Southeast
China. Significant (p < 0.05) differences were observed only in the community structure of bacteria
and fungi between the low and high elevation levels of forests, but not in their alpha-diversity
indices. Soil bacterial diversity was significantly correlated with plant Shannon index. Likewise,
plant richness and diversity modified soil bacterial community structures along the two elevations
and were the best predictors. Soil pH was the main edaphic factor driving the fungal diversity across
elevations, whereas inconsistency in the fungal trophic mode did not allow the identification of a
determinant factor for soil fungal community structure. The variations of the predominant fungal
trophic guilds, such as the symbiotrophs and pathotrophs, along elevation gradients were due to
the plant richness and diversity prevailing at the low and high elevation levels of forest sites. The
findings of this study reveal the soil microbial community dynamics and the local regulators across
elevations on Wuyi mountain.

Keywords: soil microbial community; elevation gradients; climate change; Illumina sequencing

1. Introduction

Climate change is altering the abundance and distribution of natural communities,
and many montane plant species have already started to shift their geographic range
accordingly [1,2]. In various mountainous ecosystems, the upward migration of treeline
to higher elevations is gradually occurring [3], which will in turn profoundly affect the
stability of soil-vegetation ecosystems. The satellite data in the subtropical regions show
that the warming of these regions due to climate change has expedited especially within
the past 25 years [4]. This implicates a significant impact on subtropical forest ecosystems,
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which are biodiversity hotspots of mountainous subtropical regions [4]. Therefore, a
comprehensive understanding of the spatiotemporal dynamics of biological communities
across elevations at high altitudes in mid-subtropical zones is essential for contemplating
and forecasting the influence of climatic change.

As one of the most active and critical components in the soil-vegetation ecosystem,
soil microorganisms are important regulators of ecosystem functionality and stability [5].
They operate as decomposers, mutualists, or pathogens and regulate various ecosystem
processes of significant importance, such as the transformation and turnover of soil organic
matter (SOM) and the cycling of nutrients in the soil matrix [5–7]. Despite their close rela-
tionship with plants and animals, soil microbes are more sensitive toward environmental
changes [8]. Any changes in soil microbial community composition reflects early changes
in soil environmental quality and the differences in ecological functionality of different
ecosystems [9]. Elucidating the responses of soil microbes across elevation gradients at
high altitudinal mid-subtropical zones might better help to predict the consequences of
climate change and help model new mitigation strategies to protect these ecologically
important hotspots.

Various biotic (e.g., plant diversity) and abiotic (e.g., soil properties) ecological factors
were reported to modify the soil microbial community structure [10,11]. Along elevational
gradients, the forces shaping macrobial and microbial communities differ [5,12–14]. Based
on the differences in adaptability and resource requirements, the response of soil bacteria
and fungi to the varying soil properties is dissimilar. Bacteria were more readily influenced
by the alterations in soil pH as they have a narrower pH tolerance range compared to
fungi [15]. Similarly, soil pH was indicated as the key predictor for soil bacterial alpha-
diversity and community composition [12,15]. On the other hand, fungi exhibit higher
carbon (C) and nitrogen (N) demands [16,17]. Therefore, the shifts in fungal communities
and composition were more related to the SOM and nutrient status of the elevation gradient
soils [18]. This is because most of the fungi (saprotrophic fungi) derive higher proportions
of their energy through the decomposition of SOM [19] than bacteria which have a consid-
erably low nutritional requirement. Nevertheless, most of the previous studies indicated
shifts in soil properties (soil organic carbon, total phosphorous, and pH) as key regulators
of elevation-related patterns of diversity in soil microbial communities [13,18,20].

However, a large proportion of the microbial communities (such as the mycorrhizal
fungi) are plant symbionts in the forest ecosystems [14], meaning that vegetation exerts a
strong control and act as a local determinant of soil microbial community composition [21].
The carbon input through plants depend on the type of litter or root exudates of the vegeta-
tion [22,23]. Theoretically, a higher plant diversity corresponds to an increased diversity in
food resources and niche availability, thus integrating diverse microbial communities in
the soil matrix [24]. However, inconsistent relationships (positive, negative, or neutral) be-
tween aboveground plant and belowground microbial diversity across different ecosystems
have also been reported [24–26]. This indicates the complexity in determining the factors
driving the characteristics of soil microbial communities and the necessity to investigate
the inter-relationship among soil properties, plant diversity, and soil microbial community
composition across elevation gradients.

Moreover, studies of elevational patterns of soil microbial diversity were mostly
conducted in temperate regions [13,20,27,28] or plateau sections (e.g., Qinghai-Tibet
Plateau) [18,29–32]. Comparatively, less attention has been paid toward microbial diversity
in high altitudinal mid-subtropical forests especially in the Wuyi Mountain in Southeast
China. Wuyi Mountain harbors the largest and highly preserved vertically distributed
evergreen broadleaf forest ecosystem [33]. This region thereby offers a unique location
to study the variations in soil microbial diversities at its elevation gradients. Most of
the previous studies in relation to Wuyi Mountain focused either on the changes in soil
microbial biomass carbon, nitrogen, and phosphorus along elevation gradients [34,35],
or studied the seasonal variations in microbial diversity [36] along with changes in veg-
etation composition [37], whereas investigations considering the elevational patterns of
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soil microbial diversity [38,39] at Wuyi Mountain are merely adequate. Nevertheless, it
is essential to investigate such diversity patterns and the underlying regulators of soil
microbial community composition at high altitudinal mid-subtropical regions which are
tremendously influenced by the ongoing climate change. Furthermore, the earlier studies
determined soil microbial diversity based on phospholipid fatty acids (PLFAs) profiling,
which limits the in-depth taxonomic classification of soil microbial communities as this is
usually achieved by using next generation sequencing [40] methodology.

In the region of Wuyi Mountain, using Illumina sequencing, we conducted a study
to explore the dynamics of soil microbial communities across eight evergreen broadleaf
forest sites spanning across low (550 m a.s.l.) to high (1038 m a.s.l.) elevation levels on the
Wuyi Mountain, and to investigate their regulating factors. With a strategy of space-for-
time substitution, we randomly selected four forests at high elevations to represent the
probable forest situation after future upward migration, and four forests at low elevations to
represent the current situation and to access and forecast the possible influence of climatic
warming on soil microbial community in mid-subtropical regions. We hypothesized
that: (1) the different diversity and community structures of soil bacteria and fungi were
expected across elevations due to the differentiations (e.g., adaptabilities and resource
requirements) between soil bacterial and fungal communities; (2) considering the close
above-belowground interactions, plant diversity and soil properties contribute greatly in
the formation of soil bacterial and fungal communities across elevations.

2. Materials and Methods
2.1. Study Area

The study area was in Wuyi Mountain National Park of Southeastern China (27◦42′38′′–
27◦44′05′′ N, 117◦44′38′′–117◦46′26′′ E). Located in the mid-subtropical zone, this area is
characterized by warm and moist climate, where the mean annual temperature (MAT)
ranges between 17 and 19 ◦C, and the mean annual precipitation (MAP) ranges between
1684 and 1780 mm, with 78%–85% relative humidity and over 100 days of fog annually.
The elevation of Wuyi Mountain reaches up to 2158 m above sea level (m a.s.l.).

On Wuyi mountain, eight elevation levels, four of which were considered as low eleva-
tions (L1-to-L4 (550–700 m a.s.l.)) and four as high elevations (H1-to-H4 (1020–1038 m a.s.l.))
were chosen, where vegetation comprised evergreen broadleaf secondary forests (Table 1).
The soils of these two elevations were classified as Ultisols according to the United States
Department of Agriculture Soil Taxonomy Classification, with dark reddish brown color at
the surface (layer A: 10–20 cm) and a typical occurrence of desiliconization and aluminiza-
tion layers at the bottom (layer B). The soil thickness was <50 cm in the plots. The parent
material was mainly slope deposits of granite.

Table 1. General characteristics of forest sites.

Elevations
(m a.s.l.) Levels Latitude Longitude Slope

(◦)
Coverage

(%) DBH (cm) Density
(Trees/ha)

556 L1 27◦42′11′′ 117◦44′38′′ 20 70 13.63 ± 7.69 1075
563 L2 27◦42′17′′ 117◦44′43′′ 26 70 9.13 ± 4.68 3075
650 L3 27◦42′38′′ 117◦45′04′′ 34 90 13.28 ±12.82 1475
700 L4 27◦42′47′′ 117◦45′09′′ 33 50 13.73 ± 8.83 2100
1020 H1 27◦44′00′′ 117◦46′23′′ 34 50 13.87 ± 9.22 1450
1020 H2 27◦43′53′′ 117◦46′15′′ 37 60 15.52 ± 9.71 1125
1025 H3 27◦43′51′′ 117◦46′16′′ 32 80 14.40 ± 9.97 2225
1038 H4 27◦44′05′′ 117◦46′26′′ 34 60 10.00 ± 5.79 2150

L1, L2, L3, and L4 correspond to forests at low elevations, and H1, H2, H3, and H4 correspond to forests at high
elevation levels, respectively; m a.s.l., meters above sea level; DBH, diameter at breast height of trees.
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2.2. Plant Survey and Soil Sampling

In May 2020, plant survey and soil sampling were carried out in the selected forests.
Three plots (20 × 20 m) in each forest were chosen (3 plots × 8 forests; total of 24 plots),
with a 50 m distance grid. The species names and abundance of trees were recorded in the
20 × 20 m plot, followed by information of shrubs in four subplots (3 × 3 m) and similarly
of herbs in four subplots (1 × 1 m) at four corners of each 20 × 20 m forest plot [41]. The
number of plant species and individuals per plot were counted to estimate the diversity of
plant species (Table S1).

Subsequently, seven soil cores were taken using sterilized soil corers (Ø8 cm) at the
depth of 0–20 cm in each plot, and bulked as one single soil sample per plot for the analysis
of soil properties. The bulked soil sample was sieved (>2 mm mesh) and homogenized.
Immediately, an aliquot of the freshly sieved and homogenized soil was stored at −20 ◦C
for a microbial analysis, and at 4 ◦C for soil physiochemical properties analyses.

2.3. Soil Physiochemical Analyses

Soil aliquot was dried at 105 ◦C for 24 h in an oven for gravimetric soil moisture content
(MC) analysis and soil pH was measured from a soil–water mixture (1:2.5, w/v) using
the pH meter S400 (Mettler-Toledo Instruments, Shanghai, China). The soil ammonium
(NH4

+) and nitrate (NO3
−) contents were determined by indophenol blue colorimetric and

phenol disulfuric acid colorimetric techniques, respectively [42]. The 0.5 M 8.5 pH-adjusted
NaHCO3 solution was used to extract and measure the available phosphorous (AP) in soils
using molybdenum blue method [43]. The TOC-L analyzer (Shimadzu, Kyoto, Japan) was
used to determine the dissolved organic carbon (DOC) content in soils. PerkinElmer 2400II
CN-element analyzer (PerkinElmer, Waltham, MA, USA) was used to quantify the soil
organic carbon (SOC) contents in the soil samples [44].

2.4. DNA Extraction, Amplification

Genomic DNA for metabarcoding was extracted from 0.2 g of 24 soil samples using
a commercial soil DNA isolation kit (Omega Bio-Tek Inc., Norcross, GA, USA) following
the instructions of the manufacturer. The extracted e-DNA was stored at −20 ◦C and used
for PCR amplification. The bacterial V4–V5 regions of the 16S rRNA gene was amplified
using the primers 515F-907R [45], and fungal ITS1 gene was amplified using specific ITS5F-
ITS1R [46] primer set, respectively. Following the PCR reaction mixture and PCR thermal
cycling as described in [18], the obtained amplicons were firstly extracted by 2% agarose
gels, and purified using a commercial AP-GX-500 DNA gel extraction kit, then quantified
on a microplate reader, and was finally sequenced on an Illumina MiSeq platform as [18].
The bacteria and fungi-specific DNA library for Illumina sequencing was prepared with
the TruSeq Nano DNA LT Library Prep Kit, generating 300 bp paired-end reads.

2.5. Illumina Sequence Processing

The primer fragment of the sequence was trimmed with Cutadapt (v2.3) [47] and the
unassembled sequences were discarded. Then, the sequencing reads were spliced with the
fastq_mergepairs module, implemented in Vsearch algorithm (v2.13.4_linux_x86_64) [48],
and the quality spliced sequences were filtered using fastq_filter module. The duplicate se-
quences were removed by the derep_fulllength module. The cluster_size module was used
to cluster the de-duplicated sequences at a 98% similarity level, and the uchime_denovo
module was used to remove chimeras. The chimeras were further filtered by conducting
PERL script (https://github.com/torognes/vsearch/wiki/VSEARCH-pipeline, accessed
on 28 January 2022). Finally, the high quality sequences of bacteria and fungi were clus-
tered into operational taxonomic units (OTUs) with 97% similarity through UCLUST and
BLAST [49] against the database of SILVA (v132) for bacteria [50] and UNITE (v8.0) for
fungi [51], respectively. The corresponding bacterial and fungal sequence projects were
deposited in the NCBI Genbank with the accession numbers SRR18688539 to SRR18688562
for soil bacteria and SRR18688636 to SRR18688659 for soil fungi, respectively.

https://github.com/torognes/vsearch/wiki/VSEARCH-pipeline
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Different trophic modes of soil fungal communities were further assigned in FUN-
Guild. The confidence scores of “Highly Probable” or “Probable” were selected to ana-
lyze the FUNGuild annotations [52]. The fungal OTUs of symbiotroph, saprotroph, and
pathotroph were classified from the database on FUNGuild (v1.0) following their taxo-
nomic assignment.

2.6. Statistical Analysis

The normality and homogeneity of the data were checked using Shapiro–Wilk [53] and
Levene [54] tests before any statistical analysis. If necessary, data were either log- or square-
root-transformed to meet the criteria of normal distribution and homogeneity of variances.
The variations in plant diversity, soil properties, soil microbial alpha-diversity indices and
the relative abundance of dominant bacteria and fungi (at phylum and genus levels) at
the two groups of elevation levels (low vs. high) were tested using independent t-test [55].
The richness (Chao 1) and diversity (Shannon) index values were used to determine soil
microbial alpha-diversity. The Pearson’s correlation analysis [56] was employed to study
the associations between the soil microbial alpha-diversity and environmental variables
as well as the relative abundance of dominant bacterial and fungal taxa. Multivariate
linear regression models were conducted to assess the optimal predictors of soil microbial
alpha-diversity. The multivariate linear regression models were selected based on the least
Akaike’s information criteria (AIC) scores [57].

The differences between microbial community structures at the two elevational group-
ings (low vs. high) were calculated using the pairwise UniFrac distance matrices in the
analysis of similarities (ANOSIM) method [58] and the results were visualized by nonmetric
multidimensional scaling (NMDS) ordination plots in the Vegan package [56] of R statistical
software. The mantel test [59] of correlation between two matrices of low and high eleva-
tions was performed to verify the influences of environmental variables on soil microbial
community structures using the Vegan package in R [56]. Canonical correlation analysis
(CCA) [60] was conducted to test the influences of plant diversity and soil properties on
the community composition of different fungal trophic guilds. All statistical tests were
performed using R statistical software version R 4.0.3.

3. Results
3.1. Plant Diversity and Soil Physiochemical Properties at the Low and High Elevation Levels
of Forests

A sharp decline was recorded in the richness and diversity of plant species in the
studied forests by 29.6 and 8%, respectively (prichness = 0.07, pdiversity = 0.15) (Table 2).
Similarly, no significant differences were found in soil physiochemical properties between
the low and high elevation forests (p > 0.05) (Table 2). Among these variables, soil pH, the
contents of soil nitrate (NO3

−), ammonium (NH4
+), and dissolved organic carbon (DOC)

were slightly higher in the low elevation forests, but with no significant difference (p > 0.05).
The contents of soil moisture content (MC), available phosphorous (AP), and soil organic
carbon (SOC) were slightly higher in the high-elevation forests, but with no significant
difference (p > 0.05) (Table 2).

Table 2. Cumulative soil physiochemical properties and plant diversity indices at the low and high
elevation evergreen broadleaf forests on Wuyi mountain.

Variables Low Elevation High Elevation

Soil

MC (%) 0.29 ± 0.19 a 0.34 ± 8.39 a
pH 4.92 ± 0.21 a 4.88 ± 0.26 a

NO3
− (mg/kg) 4.23 ± 6.61 a 3.95 ± 5.72 a

NH4
+ (mg/kg) 27.77 ± 32.18 a 14.50 ± 12.81 a

DOC (mg/kg) 655.95 ± 143.70 a 532.55 ± 175.70 a
AP (mg/kg) 5.85 ± 0.99 a 6.12 ± 1.89 a
SOC (g/kg) 31.10 ± 11.31 a 44.50 ± 9.54 a
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Table 2. Cont.

Variables Low Elevation High Elevation

Plant Richness 22.25 ± 6.55 a 15.67 ± 0.58 a
Diversity 2.65 ± 0.15 a 2.44 ± 0.60 a

MC, soil moisture content; pH, soil pH; NO3
−, nitrate nitrogen; NH4

+, ammonia nitrogen; DOC, dissolved organic
carbon; AP, available phosphorus; SOC, soil organic carbon. Significant differences were indicated by different
letters according to the t-test (p < 0.05). Values indicate means ± SE (n = 12).

3.2. Variations in Soil Microbial Alpha-Diversity along Two Elevations

From the 24 soil samples, a total of 1,376,264 and 1,405,614 high-quality sequences
were generated for bacterial and fungal communities. Cleaned reads varied from 41,816
to 78,262 (mean = 57,344) and 39,590 to 64,458 (mean = 58,567) sequences per sample for
bacteria and fungi, separately. The read lengths of the 16S rRNA gene and ITS1 gene ranged
from 203 to 516 bp (mean = 411 bp) and 140 to 535 bp (mean = 248 bp). The coverage rate
of each sample was above 99%, indicating that the sequencing accuracy of bacterial and
fungal communities was reliable (Figure S1).

Despite the higher soil bacterial and fungal alpha-diversity indices in the low elevation
than in the high elevation forests, the differences were not significant (p > 0.05, Figure 1,
Table S2). The bacterial richness (Chao1 index) ranged between 2437.41 and 2381.26
(Figure 1, Table S2), and the bacterial diversity (Shannon index) ranged between 5.61 and
5.39 (Figure 1, Table S2). Pearson’s correlation analysis indicated that the soil bacterial
Chao1 index was significantly positively correlated with NO3

− (p = 0.042), and the bacterial
Shannon index was positively correlated with plant diversity (p = 0.012) (Table 3).

Forests 2023, 14, x FOR PEER REVIEW 6 of 17 
 

 

Table 2. Cumulative soil physiochemical properties and plant diversity indices at the low and high 

elevation evergreen broadleaf forests on Wuyi mountain. 

Variables Low Elevation High Elevation 

Soil 

MC (%) 0.29 ± 0.19 a 0.34 ± 8.39 a 

pH 4.92 ± 0.21 a 4.88 ± 0.26 a 

NO3− (mg/kg) 4.23 ± 6.61 a 3.95 ± 5.72 a 

NH4+ (mg/kg) 27.77 ± 32.18 a 14.50 ± 12.81 a 

DOC (mg/kg) 655.95 ± 143.70 a 532.55 ± 175.70 a 

AP (mg/kg) 5.85 ± 0.99 a 6.12 ± 1.89 a 

SOC (g/kg) 31.10 ± 11.31 a 44.50 ± 9.54 a 

Plant Richness 22.25 ± 6.55 a 15.67 ± 0.58 a 

 Diversity 2.65 ± 0.15 a 2.44 ± 0.60 a 

MC, soil moisture content; pH, soil pH; NO3−, nitrate nitrogen; NH4+, ammonia nitrogen; DOC, 

dissolved organic carbon; AP, available phosphorus; SOC, soil organic carbon. Significant 

differences were indicated by different letters according to the t-test (p < 0.05). Values indicate means 

± SE (n = 12). 

3.2. Variations in Soil Microbial Alpha-Diversity along Two Elevations 

From the 24 soil samples, a total of 1,376,264 and 1,405,614 high-quality sequences 

were generated for bacterial and fungal communities. Cleaned reads varied from 41,816 

to 78,262 (mean = 57,344) and 39,590 to 64,458 (mean = 58,567) sequences per sample for 

bacteria and fungi, separately. The read lengths of the 16S rRNA gene and ITS1 gene 

ranged from 203 to 516 bp (mean = 411 bp) and 140 to 535 bp (mean = 248 bp). The coverage 

rate of each sample was above 99%, indicating that the sequencing accuracy of bacterial 

and fungal communities was reliable (Figure S1). 

Despite the higher soil bacterial and fungal alpha-diversity indices in the low 

elevation than in the high elevation forests, the differences were not significant (p > 0.05, 

Figure 1, Table S2). The bacterial richness (Chao1 index) ranged between 2437.41 and 

2381.26 (Figure 1, Table S2), and the bacterial diversity (Shannon index) ranged between 

5.61 and 5.39 (Figure 1, Table S2). Pearson’s correlation analysis indicated that the soil 

bacterial Chao1 index was significantly positively correlated with NO3− (p = 0.042), and the 

bacterial Shannon index was positively correlated with plant diversity (p = 0.012) (Table 

3). 

 

Figure 1. The OTUs based alpha-diversity (Chao1 (richness) and Shannon (diversity)) indices of soil
bacterial and fungal communities at the low (L) and high (H) elevation forests in the study area of
Wuyi Mountain.

The ranges of soil fungal Chao1 index and the Shannon diversity index across el-
evations were 1376.34–1270.14 and 4.42–4.06 (Figure 1, Table S2), respectively. Soil pH
(pChao1 = 0.009, pShannon = 0.011) and DOC (pChao1 = 0.013, pShannon = 0.006) were found to
be significantly positively correlated with soil fungal Chao1 and Shannon indices (Table 3).



Forests 2023, 14, 769 7 of 17

Table 3. Pearson’s correlation between microbial alpha-diversity indices and environmental factors
of the study area (n = 24).

Variables
Bacteria Fungi

Chao 1 Shannon Chao 1 Shannon

Soil

MC 0.281 0.743 0.285 0.423
pH 0.368 –0.067 0.875 0.895

NO3
− 0.770 0.382 0.119 –0.031

NH4
+ 0.459 –0.460 0.137 –0.087

DOC 0.249 –0.340 0.860 0.867
AP 0.170 –0.170 0.622 0.536

SOC 0.537 0.549 0.528 0.307

Plant
Richness 0.216 0.341 –0.074 0.167
Diversity 0.105 0.861 0.310 0.155

Alpha-diversity indices were based on OTUs richness (Chao 1 index) and diversity (Shannon index). Bold values
indicate significant correlations (p < 0.05).

The best AIC-selected linear regression model explained that plant diversity was the
optimal indicator to soil bacterial Shannon diversity (Table 4), while soil pH was found to
be the best predictor of variability in the Shannon diversity index of the soil fungi (Table 4).

Table 4. Best AIC-selected linear regression model explaining the microbial alpha-diversity of the
study areas (n = 24).

Type Predictor Variables Slope (SE) t-Value p

Bacterial diversity (Intercept) 0.169 (0.025) 0.000 1.000
Plant diversity 0.879 (0.194) 4.531 0.004

Fungal diversity (Intercept) 0.131 (0.045) 0.000 1.000
pH 1.105 (0.202) 5.466 0.003

Alpha-diversity indices were based on OTUs diversity (Shannon index). Bold p-values indicate statistical signifi-
cance at p < 0.05.

3.3. Variations in Soil Microbial Community Compositions at Low and High Elevation
Level Forests

Proteobacteria, acidobacteria, actinobacteria and chloroflexi were the most abundant
bacterial phyla (Figure 2, with the mean relative abundance >5%), which together com-
prised more than 83.8% of the total bacterial sequences (Figure 2, Table S3). Amongst
these, the relative abundance of proteobacteria was the highest (with the mean relative
abundance >39.5%) (Figure 2, Table S3). While at the genus level, several bacterial genera
(norank_Xanthobacteraceae, norank_Subgroup_2, norank_Elsterales, Acidothermus) were abun-
dant (with the mean relative abundance >5%), together accounting for over 34.2% of the
total bacterial sequences (Table S4).

Among fungi, Basidiomycota, Ascomycota, and Mortierellomycota phyla were dom-
inant in soils at all elevation levels (Figure 2, with the mean relative abundance >5%).
Together, these phyla accounted for more than 89.8% of the total fungal sequences, fol-
lowed by sequences belonging to Rozellomycota and Mucoromycota phyla (Figure 2,
Table S3). Phylum Basidiomycota was the most abundant with more than 47.1% relative
abundance (Figure 2, Table S2). At the fungal genus level, Russula, Saitozyma, unclassi-
fied_Thelephoraceae, Mortierella, unclassified_Sordariomycetes were abundant (with the mean
relative abundance >5%) and they accounted for over 44.7% of the relative abundance in
fungal genera (Table S4).

The soil bacterial and fungal community structures were clearly distinguished between
those in the low elevation forests and those in the high elevation forests (pbacteria = 0.001,
pfungi = 0.001, Figure 3), as seen in the ANOSIM analysis based on NMDS ordination plots
of the microbial communities.
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Figure 3. Non-metric multidimensional scaling (NMDS) of soil microbial communities based on
pairwise UniFrac distance matrices. (A) Bacteria and (B) fungi: The consistency of the new model
was determined by the stress value with the original data. Non-parametric ANOSIM (analysis of
similarities) indicated significant differences between soil microbial community structure across
elevations on Wuyi Mountain. L1, L2, L3, and L4 correspond to forests at low elevations and H1, H2,
H3, and H4 correspond to forests at high elevation levels, respectively.
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3.4. Environmental Determinants of Soil Microbial Community Structures

The plant richness (r = 0.415, p = 0.019) and diversity (r = 0.486, p = 0.004) influenced
soil bacterial community structures (based on OTUs) in the forests at the two elevation
levels (Figure S2, Table 5). In the Canonical Correlation Analysis (CCA) (Figure 4, Table S5),
and plant diversity was found to be the main driver for the bacterial community structures
(based on OTUs) in the forests at the two elevation levels. Similarly, soil fungal community
structures was also seen to be influenced by plant diversity (plant Shannon diversity index)
(Figure 4, Table S5).

Table 5. Mantel test results for the correlation between microbial community composition and
environmental variables of the forests across elevations on Wuyi Mountain. Bold values indicate
significant correlations (p < 0.05).

Variables
Bacteria Fungi

r p r p

MC −0.120 0.688 0.361 0.063
pH −0.139 0.711 −0.174 0.769

NO3
− −0.106 0.656 −0.017 0.534

NH4
+ 0.020 0.423 −0.410 0.929

DOC −0.111 0.638 −0.020 0.546
AP 0.254 0.136 −0.471 0.987

SOC 0.126 0.275 0.056 0.438
PR 0.415 0.019 0.186 0.261
PS 0.487 0.004 0.312 0.135
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Figure 4. Canonical correlation analysis (CCA) of soil microbial communities of the forests across
elevations on Wuyi Mountain (n = 24). (A) Bacteria and (B) fungi.

In the trophic guild analysis, the compositions of fungal trophic guilds were similar
in all forests at all elevation levels (p > 0.05, Tables 6 and S6). Among these fungal trophic
guilds, the symbiotrophs were the most abundant (the average relative abundance: 65.70%
in low elevations and 61.98% in high elevations), followed by saprotrophic fungi (29.28%
and 30.77%). The abundance of the pathotrophic fungi was the lowest (5.01% and 7.26%)
(Tables 6 and S6).
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Table 6. The trophic mode-based community structure of soil fungal communities in the forests at
the low and high elevations on Wuyi mountain.

Fungal Trophic Guild Low Elevations
(556–700 m asl)

High Elevations
(1020–1038 m asl)

Symbiotroph 65.704 ± 0.496 a 61.978 ± 1.165 a
Saprotroph 29.282 ± 0.351 a 30.766 ± 1.012 a
Pathotroph 5.013 ± 0.168 a 7.257 ± 0.175 a

Significant differences were indicated by different letters according to the t-test (p < 0.05, n = 12).

The symbiotrophic fungal guild was significantly influenced by plant diversity, as
indicated by 18.3% of variations among the total variations seen in the CCA analysis
(Figure S3, Table 7). Plant richness was observed as the main regulator of the pathotrophic
fungal community, which caused 25.0% of the total variation (Figure S3, Table 7). However,
no factor could be determined as the predictor of saprotrophic fungi through CCA analysis
(Figure S3, Table 7).

Table 7. Canonical correlation analysis (CCA) between environmental factors and the community
structure of different fungal trophic guilds (symbiotroph, saprotroph, pathotroph) (n = 24).

Fungal Trophic Guild Variables Explained (%) F p

Symbiotroph

PS 18.3 1.1 0.006
DOC 17.4 1.1 0.396
NH4

+ 16.8 1.1 0.436
NO3

− 16.8 1.1 0.454
MC 14.8 <0.1 1

Saprotroph

NH4
+ 21.3 1.4 0.112

AP 19.8 1.3 0.196
SOC 16.2 1.3 0.338
PS 10.4 <0.1 1

Pathotroph

PR 25 1.7 0.02
AP 19.2 1.4 0.188
pH 15.1 1.2 0.354

DOC 15.2 <0.1 1
PS, plant Shannon diversity; DOC, dissolved organic carbon; NH4

+, ammonia nitrogen; NO3
−, nitrate nitrogen;

MC, soil moisture content; AP, available phosphorus; SOC, soil organic carbon; PR, plant richness; pH, soil pH.
Bold values indicate significant correlations (p < 0.05).

Environmental factors were significantly correlated with the main taxa of soil bacterial
and fungal communities (Figure 5, Tables S7 and S8). For bacteria, plant diversity was
negatively and positively correlated with Actinobacteriota and Myxococcota (p < 0.05), re-
spectively. Plant richness was positively correlated with Myxococcota (p = 0.036) (Figure 5,
Table S7). At genus level, plant diversity was negatively correlated with the relative abun-
dances of several genera (p < 0.05, Table S8), including norank_Subgroup_2, Bryobacter,
norank_Micropepsaceae, and was positively correlated with Candidatus_Solibacter, Conexibac-
ter and Edaphobacter (p < 0.05, Table S8). Plant richness was positively correlated with
Gemmataceae, and negatively correlated with norank_IMCC26256 and norank_Micropepsaceae
(p < 0.05, Table S8). Similarly for fungi, soil pH was negatively correlated with Russula
and Tolypocladium, while positively correlated with Entoloma and Apiotrichum (p < 0.05,
Table S8).
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4. Discussion
4.1. Drivers of Soil Bacterial Diversity and Community Structure across Elevations

Soil microbial diversity and community structure are central in shaping the dynamics
of vulnerable ecosystems, such as forests in the events of global climate change [61,62].
Elevation gradients are unique locations to study such vulnerability, along with the response
of soil microbial communities over short distances and their interaction with several
environmental variables. An unexpected finding which did not match our first hypothesis
was that no significant variations (p > 0.05) were seen in bacterial as well as fungal diversity
indices, except for a decrease in their values. Similar observations were made by Shen [63] in
the Changbai mountain range of Northeastern China (530–2200 m a.s.l.), where soil fungal
diversity remained unchanged with increasing elevation levels. While several other studies
indicated monotonic increasing soil microbial diversities with increasing elevations [13],
the soil microbial diversities of our study firstly decreased and then increased [64] with
higher elevations, or otherwise increased to a certain elevation and then decreased with the
increase in elevations [18].

The differing responses of the soil microbial community at different elevations in
various ecosystems could be attributed to the varying environmental conditions, includ-
ing vegetation, topography, and edaphic factors [65]. Wang [32] indicated that soil pH
contributed the most to the hollow elevational pattern of soil fungal diversity on the Ti-
betan plateau (3106 to 4479 m a.s.l.), while Bryant [66] found that soil bacterial diversity
decreased with the increase in elevations of the Rocky Mountains in Colorado (2406 to
3380 m a.s.l.). This may have been due to the combined influence of soil temperature, pH,
and total nitrogen contents in soil on account of variable physiological responses of micro-
bial communities, such as the bacteria and fungi that differ in robustness and recalcitrance
mechanisms [67]. Furthermore, in the study of Shen [68], the best predictor for decreased
soil bacterial diversity along elevations was the soil C/N ratio and not the particular ele-
mental content in soil along the 2000–2500 m a.s.l. Changbai mountain range. In our study,
the main determinants of soil bacterial and fungal diversity were the vegetation factors,
such as plant diversity and the soil pH as main soil edaphic factors, which confirmed our
second hypothesis. Plant diversity and soil pH were positively correlated with soil bacterial
and fungal Shannon diversity index, respectively.

A significant correlation between plant and soil bacterial community was seen
(Tables 3 and 4), which means that plant diversity can be regarded as the best predic-
tor of soil bacterial diversity and community structure (Figure 4, Table 4). These results
are in line with the observations of those in the previous studies [13,22,69]. This may be
because plant mixtures promote soil microbial diversity by increasing the diversity of
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resources (e.g., soil exudates and litter), providing physical microhabitats and controlling
environmental conditions (e.g., soil pH, nutrient status) [22].

Specific microbial communities are conditioned under certain soil microenviron-
ment [23,70]. There are multiple ways in which plant communities may influence their
association with soil microbial communities and their compositions [20,71]. For example,
the plant community might directly influence the composition of soil microbial communi-
ties through symbiosis, where plant photosynthates are traded in exchange of essential soil
nutrients, as seen in the presence of nodule-forming bacteria, while indirect effects may
include changes in the edaphic properties, such as substrate availability and alteration in
soil pH through root exudates [72–74].

4.2. Soil pH Drove Soil Fungal Diversity Patterns across Elevations

In this study, despite the symbiotic nature of fungal communities and plant species, no
significant differences in soil fungal diversity and composition along the elevation gradients
as a result of plant diversity changes were seen. Such observation can be attributed to the
stronger influence of other ecological factors such as the soil pH and C, N, and P dynamics
on soil biodiversity in comparison to the singular effects of plant diversity [23]. In a recent
study [21], a negative correlation was seen between plant and soil fungal diversity under
nitrogen-limited conditions, while plant diversity, soil nutrients (the total phosphorus and
soil nitrate), and fungal trophic guild together determined the fungal diversity of the forest
ecosystem in the Southern Chinese Himalayas, albeit the vegetation there was dominated
by coniferous trees, unlike the evergreen broadleaf trees in the current study. This further
agrees with the findings that fungal trophic guilds exhibit a differential response to the
shifts in plant diversity [75]. Owing to the contrasting strategies of C and other nutrient
acquisition, symbiotrophic fungi may outcompete saprotrophic fungi in nutrient-limited
soils [76]. This may further inhibit the abundance of saprotrophic fungi and induce a lower
soil fungal diversity.

Likewise, the FUNGuild-based results indicated a significant influence of plant diver-
sity and richness on symbiotroph and pathotroph fungal trophic mode. These results are in
line with those of Dickie [77] in boreal forest ecosystems, meaning that due to close interac-
tions between plants and their symbiont fungi, a host preference and/or filtering might
be operational in the study area. This is also consistent with the findings of Gao [78] in
Chinese subtropical forests where diversity of symbiotic fungi (the Ectomycorrhizal fungi)
corresponded with the increased plant diversity. Together, these observations acknowledge
close associations between aboveground and belowground biotic communities [22,31,79].
However, no environmental determinants of the saprophytic fungal communities could
be explored in this study. All this may perhaps illustrate ambiguity in determining exact
driving factors for an overall fungal community.

Nonetheless, the effects of plant diversity on soil microbial communities may be
masked by the stronger effects of edaphic properties under acidic conditions represented
by a below-six soil pH [80]. Many studies until date have demonstrated soil pH as the
most important driving factor of microbial alpha-diversity [15,80]. The elevation pattern
of microbial alpha-diversity was generally coupled with that of the soil pH. This was in
close accordance with the narrow range in pH tolerance of most microbial taxa [67]. The
optimal pH range for fungi is between five and nine [81]. Under lower soil pH, only certain
fungi may thrive at the expense of a higher fungal diversity [32]. In relation to this, the
growth of microbial communities was decreased by nearly 50% when pH values differed
by 1.5 units [15]. In this study, soil pH was relatively low and ranged from 3.88 to 5.03.
Such a shift in soil pH may have had compounding effects on soil fungal diversity across
the studied elevational range.

The responses of both communities were expected to be variable with the alterations
in soil pH [15]. Bacterial networks tend to be more destabilizing than fungal network
and are more sensitive to environmental changes such as differences in the optimal pH
range [82]. The optimal pH interval for bacterial growth is 4–7, and bacteria tend to be
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more sensitive to alteration in pH values beyond this range. However, such pH effects
on bacterial diversity were not seen in this study. One possible reason could be that most
bacterial taxa prefer an acidic environment [15], meaning that they could adapt to the pH
alterations in evergreen broadleaf forests of the subtropical zone on Wuyi Mountain where
pH ranged between 3.88 and 5.03. Another explanation could be the stronger effects of
other environmental factors (e.g., plant diversity) that masked the effects of soil pH on the
existing bacterial communities.

5. Conclusions

This study determined how soil microbial diversity and community composition
respond to distinct plant diversities and soil physiochemical properties in the evergreen
broadleaf forests at the low (550–700 m a.s.l.) and the high (1020–1038 m a.s.l.) elevations
of Wuyi Mountain. Despite no significant variations in soil bacterial and fungal alpha-
diversities, the microbial community structures shifted significantly when the elevation
levels were compared. Plant Shannon index was the key predictor of soil bacterial diversity,
and plant diversity (The Chao 1 and Shannon indices) altered soil bacterial community
structures across the elevation levels. Soil pH was the driving factor of soil fungal diversity
patterns across elevations. However, no exact determinant of variations in soil fungal
community structures could be predicted due to the inconsistency in differences among
the fungal trophic modes. Nonetheless, plant Chao1 and Shannon indices were the major
drivers of symbiotroph and pathotroph fungal community structure across elevations. The
findings of this study provide new insights on soil microbial community dynamics and
the local regulators across elevations covered by evergreen broadleaf forest vegetation.
Our results show high interconnectedness between the plant diversity and microbial
community structure. Therefore, as the plant diversity is mainly structured by climatic
factors along elevation gradients, the microbial functional and structural patterns will have
remarkable implications of microbial responses to climate change, especially in the studied
mid-subtropical forest ecosystems in China.

Supplementary Materials: The following supporting information can be downloaded at: https:
//www.mdpi.com/article/10.3390/f14040769/s1, Figure S1. The coverage curves of soil bacterial
and fungal communities in soils at low and high elevation forests of Wuyi mountain. L1, L2, L3, L4
correspond to forests at low elevations and H1, H2, H3, H4 correspond to forests at high elevation
levels, respectively. Figure S2. Mantel test of soil bacterial and fungal community structures with
environmental variables at the study area of Wuyi mountain. MC, soil moisture content; pH, soil
pH; NO3

−, nitrate nitrogen; NH4
+, ammonia nitrogen; DOC, dissolved organic carbon; AP, available

phosphorus; SOC, soil organic carbon; PR, plant richness; PS, plant Shannon diversity. Figure S3.
Canonical correlation analysis (CCA) between environmental factors and community structure of
different fungal trophic guilds (symbiotroph, saprotroph, pathotroph) (n = 24). PS, plant Shannon
diversity; DOC, dissolved organic carbon; NH4

+, ammonia nitrogen; NO3
−, nitrate nitrogen; MC, soil

moisture content; AP, available phosphorus; SOC, soil organic carbon; PR, plant richness; pH, soil pH.
Table S1. The main plant species at the low and high elevation evergreen broadleaf forests on Wuyi
mountain. L1, L2, L3, L4 correspond to forests at low elevations and H1, H2, H3, H4 correspond to
forests at high elevation levels, respectively. Table S2. Alpha-diversity indices of microbial community
in soils of the forests at the low and high altitudes on Wuyi mountain. Alpha diversity indices were
based on OTUs richness (Chao 1 index) and diversity (Shannon index). Significant differences
between the low and high elevation forests are indicated by different letters according to the t-test
(p < 0.05). Table S3. Summary of keystone taxa (Top 10 at phylum level) of soil microbial community
in the forests at the low and high altitudes on Wuyi mountain. Significant differences between the
low and high elevation forests are indicated by different letters according to the t-test (p < 0.05).
Table S4. Summary of keystone taxa (Top 50 at genus level) of soil microbial community in the
forests at the low and high altitudes on Wuyi mountain. Significant differences between the low and
high elevation forests are indicated by different letters according to the t-test (p < 0.05). Table S5.
Canonical correlation analysis (CCA) between environmental factors and community structure of
soil bacerial and fungal communities (n = 24). Table S6. Classifications of symbiotroph, saprotroph
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and pathotroph fungi were obtained from the fungal community trophic dataset based on FUNGuild
by taxonomic assignments. L1, L2, L3, L4 indicate the forests at low altitudes, and H1, H2, H3, H4
indicate the forests at high altitudes. Table S7. Pearson correlations between main bacterial and
fungal phyla and environmental variables. Values indicate means ± SE (n = 24). Bold values indicate
significant correlations (p < 0.05). Table S8. The Pearson correlations between main microbial taxa (at
the genus level) and environmental factors. Values indicate means ± SE (n = 24). Bold values indicate
significant correlations (p < 0.05).
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