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Abstract: Until recently, a comprehensive evaluation of the environmental drivers on the abundance
and structure of the microbial community in typical forest soils has not been thoroughly conducted.
In this study, the typical forest soils (Mongolian oak (Quercus mongolica) soil, MOS; white birch
(Betula platyphylla) soil, WBS; and white poplar (Populus davidiana) soil, WPS) in the Sanjiang Plain
were selected to ascertain the differences and the major environmental factors driving soil microbial
community abundance and structure. Results indicated that differences existed in the abundance
and structure of the bacterial, archaeal, and fungal community. Co-occurrence network analysis
showed that the bacterial and fungal networks were more complex than those of archaeal networks.
Unclassified Acidobacteria and unclassified Pyrinomonadaceae were the keystone taxa in the bacte-
rial networks, while Pleotrichocladium and Leotia were the keystone taxa in the fungal networks.
Among all environmental factors, pH, SOM, and total N exhibited dominant roles in affecting the
abundance of bacteria, archaea, and fungi. The redundancy analysis (RDA) showed that pH was
the vital environmental factor responsible for driving the structure of the bacterial, archaeal, and
fungal community.

Keywords: Mongolian oak; white birch; white poplar; forest soils; microbial community

1. Introduction

Soil microorganisms belong to the ecosystem’s important parts. They participate
in the energy flow and nutrient cycling, etc. [1,2]. Soil microorganisms have relations
with soil formation and development, fertility evolution, nutrient element transformation,
etc. [3-5]. In the forest ecosystem, the microbial distribution and activities not only reflect
the effects of various factors on the ecological distribution, biochemical characteristics, and
functions of the microorganisms but also reflect the growth and development of plants soil
fertility, etc. Different types of forest are relevant to the community structure of bacteria in
soils [6,7]. Meanwhile, the composition and diversity of soil microbial community depend
on the vegetation types that have different plant litter and root exudates [8]. However,
controversial results, such as the above-ground vegetation having almost no effect on the
bacterial community, were reported [9,10]. Therefore, in-depth research is needed to discuss
the differences in the microbial community from different types of forest soils.

Much research has been carried out in evaluating the influence of environmental
factors (pH and organic matter, etc.) on microbial communities. For example, Cui et al. [11]
reported that total phosphorus content could affect the bacterial community, while NO3; ~-N
content governed the fungal community. Wang et al. [12] found that pH instead of nutrients
performed significant roles in shaping the bacterial community in agricultural soils. In
wetland soils, pH and conductivity were considered to be the most critical environmental
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factors that could affect bacterial community structure [13]. Although most of the previous
studies have discussed the description of impacts of environmental factors on the abun-
dance and structure of microbial community, it is still a challenge to investigate the drivers
in terrestrial ecosystems, such as in forest ecosystems [8,14-16]. Meanwhile, it is vital to
ascertain the environmental factors driving the community structure of forest soil microbes
for predicting ecosystem responses to environmental changes [1,17,18]. However, a com-
prehensive and detailed survey into the environmental drivers on microbial community
abundance and structure in the typical forest soils has not been conducted.

The Sanjiang National Nature Reserve (SNNR) is part of the Sanjiang Plain, which
belongs to the alluvial plain and has a total area of 108,829 km? [19,20]. This area con-
tains the largest freshwater wetland area in China. It is considered to be a biodiversity
hotspot because of its high forest coverage, which has natural forests, including coniferous
forests and deciduous broad-leaf forests, etc. [19,21]. Previous studies mainly concentrated
on the discussion of microorganisms in the wetland soil and cultivated soil of Sanjiang
Plain [22-26]. However, the key factors driving the community abundance and structure
in the typical forest soils in Sanjiang Plain have not yet been well documented. Thus,
we aimed to (1) discuss the differences among the bacterial, archaeal, and fungal com-
munity in the typical forest soils, (2) investigate the associations between the microbial
community abundance and soil physicochemical characteristics, and (3) elucidate the vital
environmental factors governing the structure of the microbial community.

2. Materials and Methods
2.1. Soil Collection and Physicochemical Characterization

The study area belongs to SNNR, which is located in the Heilongjiang Province in
northeastern China (133°43'20"-134°46"40" E, 47°26'00”-48°22'50" N). SNNR is situated at
the border of Fuyuan City and Tongjiang City [27]. The Chinese government defined it as a
National Nature Reserve in 2000. The total acreage of SNNR is 1980 km? [27]. In October,
the mean daily minimum and maximum temperatures are 1 °C and 10 °C, respectively.
The mean annual precipitation in the study area is about 560 mm [23].

Broad-leaf forests such as Mongolian oak (Quercus mongolica), white birch (Betula platyphylla),
and white poplar (Populus davidiana) are known as the typical forests in the SNNR [28].
These forests have been planted for at least 10 years. The latitude and longitude range of
the study area are 134°12' E to 134°14’ E and 48°09’ N to 48°11" N. No additional fertilizers
and no weed control have been applied in this area. The distance between each sample
is set approximately 500 m. In each sampling site, surface soil samples in triplicate below
the plant litter layer were taken with a core sampler device in October 2019. The triplicate
samples were composited together as a mixed sample (Mongolian oak soil, MOS; white
birch soil, WBS, and white poplar soil, WPS) and then transferred to the laboratory for the
analysis of physicochemical characteristics and molecular analysis.

The soil physicochemical characteristics analyzed include soil pH, available P, avail-
able K, total nitrogen (Total N), ammonium nitrogen (NH;*-N), nitrate-nitrogen (NO3 ~-N),
and soil organic matter (SOM). The pH was measured with a soil-to-water ratio of 1:2.5.
The available P content was extracted with 0.5 mol L~! sodium bicarbonate and then mea-
sured with a spectrophotometer (UV-4802H, UNIC, Shanghai, China) [29]. The content of
available K was extracted with 1.0 mol L~! ammonium acetate and measured by the flame
spectrophotometry method [30]. The total N content was analyzed by an element analyzer
(Elementar, Hanau, Germany) [31]. The NH;*-N and NO; ~-N contents were determined
on a flow-injection autoanalyzer (FIAstarTM 5000, Foss, Hillered, Denmark) [32]. The
KyCrpOy colorimetric method was used to quantify the SOM content [30]. All the above
analyses were performed in triplicate.

2.2. DNA Extraction

DNA was extracted by the OMEGA-soil DNA kit [24]. DNA concentration was mea-
sured by a NanoDrop 2000 UV-vis spectrophotometer (Thermo Fisher Scientific, Waltham,
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MA, USA). The extracted DNA was purified with a DNeasy Tissue kit (Qiagen, Valencia,
CA, USA) and then checked for qPCR and Illumina high-throughput sequencing [24].

2.3. qPCR

The qPCR technique could be used to study the abundance of the microbial com-
munity [1]. The primers and PCR conditions were shown in Table 1. Amplification was
performed on a Line-Gene 9600 plus Detection System (Bioer Technology, Hangzhou,
China) as per the description of our previous study [24]. The R? and amplification efficien-
cies were 0.995 and 89.27% for bacterial 165 rRNA genes, 0.999 and 85.66% for archaeal
16S rRNA genes, and 0.997 and 90.7% for the fungal ITS region, respectively. All gPCR
experiments were performed in triplicate.

Table 1. Primer pairs and PCR programs for amplifying 16S rRNA and ITS regions.

Target Group Primers Sequence PCR Conditions
_ 338F 5-ACTCCTACGGGAGGCAGCAG-3'
Bacterial 165 rRNA 806R 5'-GGACTACHVGGGTWTCTAAT-3' (331
524F10extF 5 -TGYCAGCCGCCGCGGTAA-3'
Archaeal 165 IRNA Arch958RmodR 5 -YCCGGCGTTGAVTCCAATT-3' [8]
Funsal ITS resions ITSIF 5-CTTGGTCATTTAGAGGAAGTAA-3' [34]
& & ITS2R 5-GCTGCGTTCTTCATCGATGC-3/

2.4. llumina MiSeq Sequencing

The pairs of primers for sequencing were shown in Table 1. The volume of PCR
reactions of 16S rRNA genes and the ITS region was 20 pL, respectively. The amplification
was conducted by ABI GeneAmp® 9700 based on five cycling procedures as previous
studied [11,12,26]. After the successful PCR amplification, PCR products were purified
then sequenced at Majorbio Co., Ltd. (Shanghai, China) [35,36]. Operational taxonomic
units (OTUs) were clustered with a 97% similarity cutoff using UPARSE [37].

2.5. Statistical Analyses

One-way analysis of variance (ANOVA) followed by a Duncan test was conducted
to study the significant differences between microbial community abundance and the
environmental factors. Principal coordinates analysis (PCoA) and the analyses of the Venn
diagram, microbial community structure, and «-diversity indices based on OTUs were
achieved through the Online Cloud Platform (http://www.i-sanger.com/) (accessed on
10 October 2021). Redundancy analysis (RDA) was conducted by Canoco 5 [38]. Statistical
analyses were conducted by SPSS 20.0. The figure of community composition was drawn
using origin 2019. The co-occurrence network analyses were conducted by the psych
package in the R program (V.3.6.1) [39].

2.6. Nucleotide Sequence Accession Numbers

All the bacterial, archaeal, and fungal sequences were submitted to the NCBI Sequence
Read Archive (SRA) and obtained the accession PRINA788180.

3. Results
3.1. Soil Physicochemical Characterization

Soil physicochemical characteristics, such as pH, SOM, and total N, varied significantly
across all samples (p < 0.05), whereas no significant differences were detected in available P,
and K, NH4*-N, NO;™-N, and C/N ratio (p < 0.05) (Table 2). The pH of soil samples was
slightly acidic. The highest and lowest pH were 5.12 in MOS and 4.92 in WBS, respectively.
The contents of SOM and total N across all soil samples ranged from 62.25 g kg~! to
78.35 g kg~ ! and from 3.58 g kg~ ! to 4.81 g kg !, respectively. The SOM and total N
contents in all soil samples followed the order WBS > WPS > MOS.
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Table 2. The physical-chemical characteristics of WBS (white birch soil), WPS (white poplar soil),
and MOS (Mongolian oak soil).

Typical H Available P Available K NH;*-N NO;3;—-N SOM Total N CIN
Forest Soils P (mg kg~1) (mg kg~1) (mg kg~1) (mg kg1) (gkg) (gkg1)
WBS 4.92 +0.06° 33.2+582° 975+13.1% 28.25+3.892 8.63 +£1.85° 78.35 + 6.54° 4.814+0.15¢ 9.43 +0.49°
WPS 5.03 £ 0.08 ? 29.5+5.84° 935+13.1° 2518 £3.51? 935+1.01° 70.29 + 3.51 % 420 +0.55" 9.71 +£0.14°
MOSs 5.12 4 0.06® 30.6 597 98.1+11.6° 20.36 £3.73° 6.76 £1.42° 62.25 £4.68° 3.58 £0.67 2 1012+ 0467

Values are mean = standard deviations (1 = 3). The superscripts denote differences based on one-way ANOVA
(p < 0.05).

3.2. Abundance of Microbial Community in the Three Typical Forest Soils

As shown in Figure 1, 743 bacterial OTUs, 87 archaeal OTUs, and 50 fungal OTUs were
common in the three groups. In contrast, MOS (148 bacterial OTUs, 278 archaeal OTUs, and
161 fungal OTUs), WBS (128 bacterial OTUs, 194 archaeal OTUs, and 127 fungal OTUs),
and WPS (157 bacterial OTUs, 709 archaeal OTUs, and 165 fungal OTUs) had unique OTUs.
The above results indicated that the three typical forest soils (WBS, WPS, and MOS) had
a higher number of shared bacterial OTUs but a lower number of shared archaeal and
fungal OTUs.

Bacteria ® wis r
® wrs Archaea T
@® MOs o wrs
@ MOS
1364 1340
(a) (b)
Fungi @ WS
@ wps
® Mos

()

Figure 1. Venn diagram analyses of the bacterial community (a), archaeal community (b), and fungal
community (c) in different forest soils (WBS, WPS, and MOS).

The a-diversity indices were expressed by the Shannon index and Simpson index in
Table 3. The highest values of bacterial, archaeal, and fungal Shannon indices were observed
in WPS (6.00), MOS (3.39), and WBS (2.96), respectively. However, no significant differences
were present in the bacterial Shannon index from WBS, WPS, and MOS (p < 0.05). The
bacterial, archaeal, and fungal Simpson indices varied from 0.0056 to 0.0105, 0.0879 to



Sustainability 2022, 14, 8040

5o0f 14

0.1865, and 0.1254 to 0.2872, respectively. The Simpson indices of bacteria and archaea in
WBS were higher than those in MOS and WPS, whereas those of fungi in WBS were the
lowest compared with in MOS and WPS.

Table 3. The «-diversity indices in WBS, WPS, and MOS.

Microbe Typical Forest Soils Shannon Index Simpson Index
WBS 541+0.262 0.0105 =+ 0.0008 ®

Bacteria WPS 6.00 £0.57 2 0.0056 + 0.0007 @
MOS 587 +0412 0.0071 £ 0.0006 2

WBS 247 £0.13%2 0.1865 + 0.0109 ®

Archaea WPS 3.08+0.23° 0.1725 =+ 0.0086
MOS 339 +0.22b 0.0879 £ 0.0087 2

WBS 2.96 +0.16° 0.1254 + 0.0075 @

Fungi WPS 215+£0.122 0.2872 4+ 0.0130 ®
MOS 234+0.182 0.2304 £+ 0.0101 ©

Values are mean = standard deviations (1 = 3). The superscripts denote differences based on one-way ANOVA
(p <0.05).

Bacteria, archaea, and fungi were present in all soil samples, with abundance in the
range of 3.32 x 10° copies g~ ! dry soil t0 9.01 x 10° copies g~ ! dry soil, 5.11 x 10° copies g~
dry soil t09.03 x 10° copies g~ ! dry soil, and 0.86 x 10° copies g ! dry soil to 1.80 x 10° copies g~*
dry soil, respectively (Figure 2). Results indicated that the copy numbers of archaea were
lower than those of bacteria and fungi in WBS, WPS, and MOS. The bacterial copy num-
bers in WBS, WPS, and MOS were significantly different (p < 0.05). The highest bacterial
copy numbers were detected in WPS, followed by those in MOS and WBS. The archaeal
copy numbers were significantly different from WBS and WPS. Furthermore, significant
differences in the fungal copy numbers were present in WBS, WPS, and MOS.

= 1.0x10" | I Mos

2 c WBS

g B vrs

S 8.0x10° |

g

g

o b

2 6.0 x10° |

8

o

8 a

o

§D40x106 - }

2

=}

5

gZOXIOG - ab b

“ I a a b
0

Bacteria Archaea Fungi

Figure 2. The abundance of bacterial community, archaeal community, and fungal community in different
forest soils (WBS, WPS, and MOS). Values are represented by mean =+ standard deviations (n = 3). The a
and b above the column chart represent the differences based on one-way ANOVA (n =3, p < 0.05).

Correlation was the tightest between soil pH and bacterial community abundance
(p < 0.01). Meanwhile, soil pH also was significantly correlated with archaeal and fungal
community abundance (p < 0.01), as shown in Table 4. The contents of available NH;"-N,
NO;™-N, K, and P, showed negative correlations with the bacterial, archaeal, and fungal
abundance, respectively. In contrast, positive correlations were shown between the C/N
ratio and the abundance of bacteria, archaea, and fungi, respectively (Table 4). The bacterial,
archaeal, and fungal abundance correlated significantly with SOM and total N (p < 0.05).
The results revealed that pH, SOM, and total N could affect the abundance of the bacterial,
archaeal, and fungal community more than other soil physical-chemical characteristics.
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Table 4. Pearson’s correlation coefficients between soil characteristics and bacteria, archaea, and fungi abundance.
Soil Characteristics Aiii:;::“l:e Aﬁiﬁ‘;:ie AbF:llr?c%:lice pH Available P Available K NH;*-N NO;~—-N SOM Total N C/N
Bacterial abundance 1.00
Archaeal abundance 0.927 ** 1.00
Fungal abundance 0.918 ** 0.952 ** 1.00
pH 0.801 ** 0.795 * 0.799 ** 1.00
Available P —0.176 —0.358 —0.326 —0.140 1.00
Available K —0.236 —0.316 —0.084 —0.140 0.917 1.00
NH4*-N —0.363 —0.244 —0.161 —0.301 0.235 0.235 1.00
NO;~-N —0.461 —0.373 —0.359 —0.625 0.362 0.362 0.523 1.00
SOM —0.772 % —0.750 * —0.783 * —0.870 ** 0.155 0.155 0.454 0.658 1.00
Total N —0.755 % —0.705 * —0.715* —0.899 ** 0.047 0.047 0.585 0.612 0.928 ** 1.00
C/N 0.227 0.109 0.089 0.397 0.266 0.266 —0.493 —0.148 —0.174 —0.525 1.00

* Correlation is significant at the 0.05 level. ** Correlation is significant at the 0.01 level.
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3.3. Community Structure of Microbial Community in the Three Typical Forest Soils

In this study, 464,855 high-quality prokaryotic sequences, including 88,538 bacterial
sequences, 161,712 archaeal sequences, and 214,605 fungal sequences, were obtained through
the three forest soils, with an average number of 154,952. Meanwhile, 1775 bacterial OTUs,
1481 archaeal OTUs, and 634 fungal OTUs were identified among these sequences. As shown
in Figure 3, the two bacterial species that dominated WBS, WPS, and MOS were Acidobacteria
(24.3-43.6%) and Proteobacteria (17.5-32.6%). Some species at a low relative abundance were
found in all soils, such as Gemmatimonadetes, Rokubacteria, Patescibacteria, and Elusimicrobia.
Bacterial community structure differed significantly in WBS, WPS, and MOS.

100 4

100 +
|

80+
11
|

20
|

T T T
WBS WPS

Percentage (%)
2 5 2 =
i T T i
— — =

2

Percentage (%)

a

100 "

80 -

60 -

Percentage (%)

Figure 3. Community composition of bacterial community (a), archaeal community (b), and fun-
gal community (c) in different forest soils (WBS, WPS, and MOS). Percentage represents relative
abundance of different microbial community.
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Among these three forest soils, the archaeal phyla Thaumarchaeota (MOS, 70.2%;
WBS, 86.1%; WPS, 80.1%, respectively), unclassified Archaea (MOS, 22.9%; WBS, 13.1%;
WPS, 17.2%, respectively), and Euryarchaeota (MOS, 6.8%; WBS, 0.6%; WPS, 2.7%, re-
spectively) encompassed the largest proportion of archaeal sequences (Figure 3). At the
phylum levels, the archaeal taxon Euryarchaeota was highly enriched in MOS. Furthermore,
Thaumarchaeota was highly enriched in MOS and WPS but also present in WBS.

The fungal phyla of Ascomycota (17.6-61.1%), Basidiomycota (7.1-75.8%), and Mortierel-
lomycota (4.0-52.8%) were prevalent fungal community in these three forest soils (Figure 3).
The three dominant species accounted for 77.02%, 79.68%, and 87.42% of the total obtained
fungal reads in WBS, WPS, and MOS, respectively. Ascomycota was dominant in WPS, but
Basidiomycota dominated in WBS, and Mortierellomycota dominated in MOS. The relative
abundance of Basidiomycota showed a significantly negative correlation with pH (p < 0.05)
(Supplementary Table S1).

According to the results of PCoA (Supplementary Figure S1), site MOS was distant
from WBS and WPS. These results showed that the bacterial, archaeal, and fungal commu-
nity had significant differences among WBS, WPS, and MOS. These results showed that the
structures of the bacterial, archaeal, and fungal community in the three typical forest soils
(WBS, WPS, and MOS) differed in various degrees.

3.4. Co-Occurrence Network Analysis

Based on the co-occurrence network analysis (Figure 4), it was shown that the bacterial
and fungal community was more connected than those of the archaeal community. The
number of bacterial nodes was the most abundant compared with archaeal and fungal
nodes. As shown in Figure 4, positive links in the bacterial networks were more than
the negative links. On the contrary, fewer positive links than negative ones existed in
the archaeal and fungal networks compared with the bacterial networks. The nodes of
unclassified Acidobacteria and unclassified Pyrinomonadaceae, Pleotrichocladium, and Leotia
had the top two betweenness centrality values in the bacterial networks and the fungal
networks, respectively.

3.5. The Associations between Microbial Community Structure and Environmental Factors

The first two principal components of RDA could explain 81.97% of the overall vari-
ation (Figure 5). Compared with a variation of the first axis (RDA 1, 53.95%), the second
axis (RDA 2, 28.02%) had a reduced variation. The RDA results indicated that the fungal
community structure was positively influenced by pH, while both NO3;~-N and total N
had positive correlations with the forest soil archaeal community structure. In comparison,
the bacterial community structure was significantly correlated with all physicochemical
characteristics of forest soils (Figure 5). Meanwhile, the interactive forward selection RDA
results indicated that pH (F = 6.5, p = 0.01) performed a vital role in shaping the microbial
community structure and could explain 9.7% of the overall variation. The above results
indicated that the effects of physicochemical characteristics on the structure of bacterial,
archaeal, and fungal communities showed differences, whereas pH was the dominant
driver of the differences in the microbial community structure in the studied region.
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Figure 4. Network structures of the bacterial community (a), archaeal community (b), and fungal
community (c) in all forest soils. Lines between two different nodes represent strong positive (green)
or negative (yellow) interactions. Each node represents a different microbial community.
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Figure 5. RDA of the structure of dominate bacterial community, archaeal community, fungal commu-
nity, and environmental factors in all forest soil samples. Different communities are represented by
different colors (red graphics mean bacterial community; yellow graphics mean archaeal community;

and green graphics mean fungal community).
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4. Discussion

The driving factors of archaeal, bacterial, and fungal community abundance and
structure in the soils of Mongolian oak (Quercus mongolica), white birch (Betula platyphylla),
and white poplar (Populus davidiana) from Sanjiang Plain were discussed. The results
indicated that significant differences in pH, SOM, and total N were present in three typical
forest soils. The pH showed an opposite trend with SOM. A higher pH corresponded to a
lower SOM. The inconsistent response was mainly due to the production of organic acids
during the decomposition processes of SOM [40]. Furthermore, the negative correlation
between pH and total N was consistent with previous studies [41,42]. In fact, soil pH could
affect SOM and total N by regulating microbial activities [43]. The differences in pH, SOM,
and total N in three typical forest soils may be related to leaf litter types.

In this study, soil pH, SOM, and total N had significant correlations with the abundance
of bacteria, archaea, and fungi, respectively. The above results were in accordance with
the studies conducted by Sui et al. [23], Hu et al. [14], and Tang et al. [16]. Soil pH
was a vital environmental factor that influenced microbial community [12,16]. SOM and
total N were considered as the soil nutrients that could affect the microbial community
composition [14,44]. Furthermore, it was reported that the microbial community in soils
gained energy depending on SOM decomposition [45]. The significant correlations between
the archaeal abundance and SOM or total N were lower than those between the bacterial
abundance or fungal abundance and SOM or total N. These results could be explained by
the not readily available or incompetent to nutrients by the archaeal community, compared
with the bacterial and fungal community [46]. In brief, pH, SOM, and total N were
considered as the key environmental factors that could affect the abundance of bacteria,
archaea, and fungi.

Co-occurrence network analysis could be used in discussing the putative interactions
among microbial community [47]. The bacterial and fungal networks were more complex
than those of the archaeal networks. This result showed that the bacterial and fungal
networks had more cooperative and competitive interactions than the archaeal networks.
Meanwhile, the bacterial and fungal community had more resistance to environmental
perturbations than the archaeal community [48]. Unclassified Acidobacteria and unclassified
Pyrinomonadaceae were the keystone taxa in the bacterial networks, while Pleotrichocladium
and Leotia were the keystone taxa in the fungal networks. These taxa belonging to the
dominant community could influence the ecosystem functions and the overall ecological
processes [49,50]. They were also the drivers of microbiome structure and function [49].

In this study, Acidobacteria was the dominant species commonly present in forest soils,
and it was sensitive to the changes in pH [51]. The relative abundance of Acidobacteria
decreased from WBS to MOS as soil pH increased, which concurred with a previous
study [52]. In contrast, the bacterial phylum Proteobacteria preferred to accumulate in
soils at a higher pH. This finding agreed with the previous study conducted by Lauber
et al. [53,54]. Furthermore, Acidobacteria and Proteobacteria were also considered the most
abundant bacterial phyla in forest soils [51]. The bacterial phylum Actinobacteria showed
the same trend as the changes of soil pH. Both Actinobacteria and Chloroflexi found in WBS,
WPS, and MOS were the common phyla in forest soils [51,55,56]. The archaeal phylum
Thaumarchaeota contributed to the ammonia oxidation of soil [57,58]. A previous study
indicated that Thaumarchaeota was strongly influenced by soil pH in forest soils [57]. In
this study, the relative abundance of Euryarchaeota showed a positive correlation with
soil pH but negatively correlated with SOM and TN. These results were consistent with
other surveys describing the relationships between Euryarchaeota and soil physicochemical
characteristics [59]. The fungal species of Ascomycota, Basidiomycota, and Mortierellomycota
constituted the dominant fungal community in this study. The study conducted by Zhou
et al. [18] showed that Ascomycota was the most abundant species in forest soils, and
soil pH could affect its spatial characteristics. Furthermore, Ascomycota could promote
carbon transformation and was also involved in the refractory organic macromolecules’
metabolism [60,61]. The relative abundance of Basidiomycota showed a negative correlation
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with pH, while Mortierellomycota was positively correlated with pH. Basidiomycota was
found to be the predominant fungal phyla in the soils of Betula albosinensis and Picea asperata
Mast in the Qinling Mountains [61]. Furthermore, Basidiomycota could participate in the
process of soil carbon transformation [62]. Bastida et al. [60] found that Mortierellomycota
was related to the decomposition of organic matter in the rhizosphere.

According to the results of RDA, it could be concluded that pH was the mainly
environmental factor shaping the structure of the microbial community. It was reported
that soil pH was a critical factor affecting the structure of the bacterial, archaeal, and
fungal community [12,63]. However, it was not easy to elucidate the difference between
pH and other environmental factors [64]. In this study, pH was considered the only
dominant environmental factor driving the structure of the microbial community. It was
reported that pH could affect the microbial community structure by regulating soil nutrient
availability [65]. Furthermore, pH could interact directly or indirectly with enzymes,
soil moisture, organic carbon, etc. These interactions could impact the diversity and
abundance of the microbial community [53]. To sum up, this study indicated that pH was
the driving factor of the archaeal, bacterial, and fungal community structure in the soils
of Mongolian oak (Quercus mongolica), white birch (Betula platyphylla), and white poplar
(Populus davidiana).

5. Conclusions

The major environmental factors driving soil microbial community abundance and
structure in the typical forest soils were discussed in this study. It was shown that pH, SOM,
and total N play essential roles in affecting the bacterial, archaeal, and fungal abundance,
while pH emerged as the primary determinant of archaeal, bacterial, and fungal community
structure. In our study, the patterns of biodiversity are very clear between groups (bacteria,
archaea, and fungi), but the diversity of OTUs is very high within the groups. Further
studies are needed to address this issue.

Supplementary Materials: The following supporting information can be downloaded at: https:
/ /www.mdpi.com/article/10.3390/su14138040/s1, Figure S1: PCoA diagram of bacterial community
(a), archaeal community (b), and fungal community (c) identified from WBS, WPS, and MOS based
on Bray-Curtis distance matrix.; Table S1: Pearson’s correlation coefficients between pH, SOM, and
total N and the relative abundance of bacteria, archaea, and fungi.
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