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Abstract

The bacterial community plays a crucial role in the soil ecosystem, and is closely linked with soil
physicochemical properties. Surface tension cracks caused by underground coal mining inevitably
have a significant impact on physical properties. To reveal the characteristics of the soil bacterial
communities in the surface tension zones, high-throughput 16S rRNA sequencing was used to analyze
the bacterial communities in surface tension fracture areas. Furthermore, the relationships between
environmental factors and the diversity and abundance of the bacterial community, alpha diversity
index, and variations in bacterial communities were discussed. We analyzed soil bacterial community
structure and soil physicochemical properties from different dimensions. The results indicated that
The abundance of bacteria in the soil surface layer was higher, and the nutrients in the middle and
bottom of the slope increased with the increase of soil depth. Additionally, our data illustrated that
microorganisms participated in soil carbon and nitrogen cycling in the soil samples. This study provides
a reference for the study of variations in the bacterial diversity and community composition in surface
tension fracture areas caused by underground mining.

Keywords: bacterial diversity, carbon and nitrogen cycle, coal mining subsidence area, surface tension
fracture, soil bacteria community structure

Introduction

Soil microorganisms are closely related to soil
quality, which constitute the soil ecosystem [1]. The
metabolism of soil microorganisms has a certain effect

*e-mail: ayufty@163.com

on nutrient transformation and the soil structure [2].
Recently, some biogeochemical simulation studies
have shown that the soil microbial community is an
important part of biogeochemistry [3, 4]. In addition,
there are an increasing number of studies have been
directed toward the mechanisms of changes in or the
generation of soil microorganisms in different types
of soil, such as the effects of Quaternary volcanic
activity on soil microorganisms in typical steppes [5],
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the soil microbial biomass C: N response to drought
in the forests of eastern China [6], and the effects of
soil nutrient absorption by soil microorganisms on
the growth conditions of plants [7]. Additionally,
the composition of and dynamic changes in the soil
bacterial community can respond to soil moisture,
pH, temperature and nutrient status immediately, thus,
the soil bacterial community has become an effective
index to evaluate soil quality [8]. In relevant published
studies, the bacterial community is also considered as a
characteristic in research on mining-degraded sites [9].
Some mining activities, such as stripping, excavation,
transportation and dumping, have different effects on
soil chemical, physical and biological properties [10].
Therefore, the soil bacterial community is always used
as an indicator to evaluate the progress of reclamation,
restoration or recovery [10-13].

China is the largest coal producer and consumer
worldwide. With the rapid development of its social
economy, the demand for energy has accelerated, and
coal mining activities have increased accordingly. In
2020, the COVID-19 pandemic and lockdowns in China
caused the worldwide coal demand to drop by 11%
and 7.5% year-on-year in the first and second quarters
respectively, but as countries eased lockdowns, coal
consumption recovered, and China’s share of global
coal consumption continued to increase, accounting for
56% of the global yield in 2020 [14]. In China, more
than 95% of coal comes from underground mining [15].
Although coal mining in China has made outstanding
contributions to the national economy, it has destroyed
the local ecological balance and caused many ecological
and environmental problems [16, 17], especially due
to coal mining subsidence. Coal mining subsidence
causes surface subsidence water [18] and surface
tension fracturing. Surface tension fracturing is the
most common phenomenon in mining subsidence areas
[19]. It can cause soil moisture evaporation, soil nutrient
erosion [20] and plant root damage [21]. Therefore, the
study of subsidence soil not only is beneficial to the
stability of the local economy and society, but also
provides a theoretical reference for the sustainable
development and ecological restoration of mining areas.

Coal mining fractures are an important type of coal
mining disturbance [22], and surface tension fractures
can have a negative impact on land use and the
environment [23]. Research on soil quality in subsidence
areas mainly focuses on the soil physicochemical
properties and the process, characteristics and effects
of nutrient loss. Some previous and recent studies on
bacterial diversity have examined the temporal and
spatial evolution of microbial populations and enzyme
activities in cracks [24], the effects of postharvest
sedimentation on soil bacterial diversity in sandstorm
areas of western China [25] and the soil biogeochemical
characteristics, bacterial diversity and metabolic
adaptation heterogeneity in arid and semiarid areas of
Northwest China [26]. However, there has been little
research focusing on the bacterial communities of coal

mining subsidence areas in surface tension fractures or
in eastern China. Therefore, a better understanding of
the bacterial communities in coal mining subsidence
areas is of great significance for evaluating the soil
quality of surface tension fractures in coal mining
subsidence areas.Recently, the development of next
generation sequencing (NGS) technology has made
it possible to study microbial composition based on
nonculture methods and pushed microbiome research
into a golden age of development [27], which has
allowed the study of microbiomes to move from the
culture level to the DNA level. High-throughput
sequencing technology has facilitated the study of
microbial diversity at a previously infeasible level. This
technique has been used in various studies of species
diversity in medicine, aquatic environments, grasslands
and farmlands, including in nucleic acid assays for the
novel coronavirus.

In this study, we studied the changes in soil
properties and bacterial community characteristics
at different levels in Huaibei, Anhui Province, China.
We assumed that the characteristics of bacterial
communities are different at different levels and that
there are correlations between the soil properties and
bacterial community characteristics at different levels.
Thus, to test our hypothesis, we chose 16S rRNA high-
throughput sequencing to study the microorganisms in
the top fractured zone (TA), middle fractured zone (MA)
and bottom subsidence zone (SA) at different locations
in the subsidence area. The correlations between
soil microorganisms and soil physical, and chemical
properties were detected by redundancy analysis (RDA)
and correlation analysis. The main purpose of this
study was to answer the following questions: (1) what
are the effects of soil physicochemical properties on the
bacterial community; (2) what is the spatial distribution
pattern of the soil bacterial community in surface
tension fracture areas in coal mining subsidence areas;
and (3) The difference between soil and other types of
soil in tensile fracture zone? This research is expected
to provide a theoretical reference for improving the
quality and efficiency of coal mining subsidence soil in
surface tension fracture areas and to contribute to the
sustainable development of coal mines.

Materials and Methods
Research Area

The research area is located in the surface subsidence
area corresponding to the 1047 outer working face of
the Suntuan mine in Huaibei city. The working face is
560 m long. The dip width is 220 m, and the mining
thickness is approximately 3.3 m. The mining time
was from July 15, 2019, to the end of December, 2019.
The coal-mining method was a fully mechanized
mining method, which mainly recovered No. 10 coal,
the mining depth was -2804~-427.3 m, and the coal
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Fig. 1. Schematic diagram of sampling points.

type was 1/3 JM, with recoverable resources measuring
5,356,000 t. The face cutting direction is 150°, and the
machine roadway and wind roadway directions are 60°.
The region belongs to the semi-humid monsoon climate
of the warm temperate zone, with an annual average
temperature of 14.8°C, extreme lowest temperature
of -21.3°C, extreme maximum temperature of 41.5°C,
annual average precipitation of 823.4 mm, and annual
extreme maximum precipitation of 1441.4 mm. The
dominant wind is from the southeast throughout the
year, with more southwest winds in summer and more
northwest winds in winter.

Sample Collection

In December 2019, soil samples were collected in
the subsidence area. Four sampling points were set in
the top fractured zone (TA); and middle fractured zone
(MA), which were listed at 50 cm and 100 cm on the
vertical sides of the fracture. Four sampling points were
set in the subsidence area at the bottom subsidence
zone (SA), each with an interval of approximately 15 m.
At each sampling point, a soil corer with a diameter of
6 cm was used to drill and collect soil samples from
the soil layer 0-60 cm away from the ground, and one
sample was collected every 20 cm, for a total of 36
samples. Approximately 5 g of each sample was put
into a sterile bag and immediately placed in a freezer in
the field for microbial sequencing, while the remaining
sample was put into a sealed bag for the determination
of soil physical and chemical properties.

Experimental Method
The fresh soil samples were used to determine

the soil moisture content, and the air-dried and sifted
soil samples were analyzed for the following physical
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and chemical properties: pH, organic matter, available
potassium, and available phosphorus. The moisture
content was measured by the drying and weighing
method. pH was measured by the potential method
(water and soil ratio of 2.5:1). The tetrachloride
sodium turbidimetric method was used to determine
rapidly available potassium. Available phosphorus
was measured by molybdenum antimony colorimetric
method. Organic matter was determined by the
potassium dichromate volumetric method and hydration
calorimetry.

The soil samples were sent to Shanghai Partheno
Biotechnology Co., Ltd. for sequencing using Illumina
MiSeq high-throughput sequencing technology. The
soil total DNA genome was extracted with a DNA
extraction kit. Primers F: ACTCCTACGGGAGCAGCA
and R: CGGACTACHVGGGTWTCTAAT were used
to amplify the V3-V4 region of the 16S rRNA gene of
soil microorganisms. The total DNA of the microbiome
was extracted using the DunEasy PowerSoil Kit from
Mobio/Qiagen, and the extracted DNA was tested.
A fluorescence spectrophotometer (Quantifluor-ST
Fluorometer, Promega, E6090; Quant-It Picogreen
DSDNA Assay Kit, Invitrogen, P7589) was used to
measure the light absorption value of DNA at 260 nm
and 280 nm to detect the DNA concentration. The
DNA quality was determined by 1% agarose gel
electrophoresis. The concentration of the DNA solution
was adjusted. The DNA working solution was stored
at 4°C and the storage solution was stored at -20°C.
The variable region of the 16S rRNA gene was first
amplified by PCR and then purified by gel recovery.
The purified samples were then quantitatively detected
by a BIO TEK assay. The sequencing results were
filtered using QIIME, and the platform was also used
for data processing and mapping.
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Fig. 2. Sparse curve a) and species accumulation curve b).

Data Analysis

We used Excel software to process and analyze the
experimental data, and SPSS. 19.0 software (SPSS Inc.,
Chicago, IL, USA) was used to calculate Spearman’s
rank correlation coefficient to determine the relationship
between environmental factors and bacterial community
diversity or abundance. QIIME2 software to process the
raw microbe data. The DADA2 method mainly includes
primer removal, mass filtration, denoising, splicing
and chimerism removal. Each reduplication sequence
generated after quality control with DADA2 is called
an ASVS (amplicon sequence variants) or feature
sequence, and the abundance table of these sequences
in the sample is called a feature table. Alpha diversity
indices were calculated using the software package
GGPLOt2 and included the Chaol (Chao, 1984) and
Shannon (Shannon, 1948a, b) indices representing
diversity, and Good’s Coverage (Good, 1953) index
representing coverage. For B-diversity, NMDS analysis
was performed using the software package Vegan. For
redundant discriminant analysis (RDA), the R basic
software package was used to perform Monte Carlo
permutation tests to reveal the relationship between
bacterial assemblages and environmental factors.

Results

Alpha and Beta Diversity
of Bacterial Communities

The abundance and diversity of bacterial
communities in the soil subsidence area are shown in
Table 1. A total of 2,923,937 valid sequences and 111,738
ASVs were generated from 36 soil samples from 12
sampling sites. The coverage rate was above 94%, and
the species rarefaction curve of all samples tended to be
close to saturation (Fig. 2a). The species accumulation
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curve indicated that the sample size was sufficient for
subsequent data analysis (Fig. 2b). The abundance of
bacteria in TA1 and TA2 soil was significantly higher
than that in other sampling sites, and the average
Chaol index values were 4816.05 and 4305.03,
respectively (Table 1). The abundance in the MAI
and SA2 samples was relatively low (P<0.05), and the
average Chaol index values were 3966.29 and 3922.08,
respectively. For soil bacterial diversity, the Shannon
index in these samples ranged from 9.87 to 10.53, which
was higher than the Shannon index values in TA1, TA2,
and MA2 (P<0.05), and the lowest value was 9.87 in
SA2.

A nonmetric multidimensional scale (NMDS) based
on the Bray-Curtis distance matrix was used to explore
the B-diversity of all samples in the subsidence area
(Fig. 3). The NMDS plot showed the differences in
the bacterial community structure. ANOSIM further
validated the NMDS analysis (Fig. 3). According to the
NMDS analysis, there was little difference in bacterial
communities on the soil surface (0-20 cm), and there
were significant differences between the samples of
20-60 cm soil at the basin floor and the samples of 0-20 cm
soil at the surface of the subsidence area.

Taxonomic Composition of the Bacterial
Communities

The main bacterial community composition of
36 soil samples were analyzed at the phylum and genus
levels (Fig. 4). The abundances and relative abundances
of the dominant phylum were different among
the 36 soil samples. The results showed that
Actinomycetes were the most important phylum in all
soils, accounting for 37.03% on average. Proteus was
the second most dominant phylum, accounting for
24.44% on average. Acidobacteria and Chloroflexi were
the third and fourth dominant phyla, accounting for
13.5% and 10.74% on average, respectively.
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Table 1. Abundance and diversity index of bacterial communities in different study areas of coal mining subsidence area
Group® Vseqs® ASV Chaol Shannon Coverage

TA1 82720 3537 4816.05 10.53 0.94
TA2 81566 3172 4305.03 10.29 0.95
TA3 85391 3021 4121.98 10.10 0.95
MAI 73239 2995 3966.29 10.16 0.95
MA2 82630 3143 4193.78 10.30 0.95
MA3 76757 3010 4037.05 10.14 0.95
SAl 84171 3082 4078.42 9.98 0.95
SA2 81931 2865 3922.08 9.87 0.95
SA3 82580 3094 4188.36 10.21 0.95

*TA represents the fractured area at the top of the slope, MA represents the fractured area in the middle slope, and SA represents
the subsidence area at the bottom of the slope. Numbers 1, 2 and 3 represent the soil depth of 0-20 cm, 20-40 cm and 40-60 cm

respectively.
®Vseqs = valid sequences, ASVs = amplicon sequence variants

At the genus level, the dominant species and
quantity of bacteria differed among different samples.
In some cases, a species was highly represented and
was the dominant bacterium in some samples, while
in others, its proportion was small or nonexistent.
A total of 515 different genera were identified in 36
soil samples. The dominant genera were MB-A2-108
(4.42%), Subgroup 6 (6.54%), Rokubacteriales (3.50%),
KD4 96 (2.34%) and Rubrobacter (2.32%). MB-A2-
108 was the dominant genus on average, except in
TAl, MAI1 and SAl. The MB-A2-108, Subgroup 6,
Rokubacteriales and Rubrobacter amounts in SA were
all high er than those in TA and MA.

Soil Physiochemical Properties and Redundancy
Analysis

The differences in the physiochemical property
parameters of soils in different regions and layers in
the tensile fracture zone are shown in Fig. 5. From the
vertical direction, the general trend of the soil moisture
content showed an increase with soil depth. The content
of available potassium in TA decreased with soil depth.
The content of available phosphorus increased with soil
depth in MA and SA. The pH of the surface layer was
less than 7 and showed a trend of increasing with soil
depth. In the horizontal direction, the content of soil
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Fig. 3. NMDS analysis.
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Fig. 4. Relative abundance of bacterial communities at phylum(a) and genus(b) level in the coal mining subsidence area.

organic matter in the surface layer was significantly while the second RDA axis explained 1.92% (Fig. 6).
higher than those in the middle layer and bottom layer. The RDA model revealed that soil organic matter
The content of soil organic matter in the surface layer and pH play key roles in the distribution of bacterial
of MA was the highest, followed by that in TA, and communities in different areas and layers of the coal
the lowest was found in SA. In addition, the content mining subsidence area (Fig. 6).
decreased with soil depth.

The correlation between physiochemical indices Abundance of Functional Genes Related
and bacterial communities in different areas and soil to the Carbon and Nitrogen Cycle
layers of coal mining sloping farmland were determined
by redundancy analysis (RDA). The first RDA axis In this study, PICRUST was used to predict the
explained 44.47% of the bacterial community variation, functions of bacterial communities of each sample,
a L]
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Fig. 5. Physicochemical parameters of bacterial communities in different study areas of coal mining subsidence area (Lowercase letters
indicate the importance of differences in soil depths in the same area; capital letters indicate the importance of differences between
different areas of the same soil layer. If the letters are different, there is a significant difference(P<0.05)).
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Fig. 6. Redundancy analysis (RDA) and environmental factors of soil bacterial community composition in coal mining subsidence area.

and carbon and nitrogen metabolism-related functional
gene KEGG orthology was obtained from the KEGG
database (Table 1). The genes related to carbon and
nitrogen metabolism in the surface tension and fracture
soil in the coal mining subsidence area were involved
in three reactions (carbon fixation, carbon reduction,
nitrotoluene degradation and nitrogen metabolism).
The abundances of carbon and nitrogen metabolism-
related functional genes in the coal mining subsidence
area are shown in Fig. 7. In Fig. 7a), CynT is a carbon
fixation gene, and its abundance was the highest. CoxS,
coxM and coxL are carbon reduction genes, and their
abundances were higher in all samples. The abundances
of nifU, ncd2 and ginG were significantly higher in
all samples, as shown in Fig. 7b). Additionally, the
abundances of pnbA, ntrY and ncd2 were higher in the
top layer of the surface tension soil. G/nK, ginL,ginG

and g/nB are nitrogen regulatory genes, and along with
nifU, their abundances were higher in the middle and
bottom layers of the surface tension soil.

Discussion

Variations in the Bacterial Community Structure
of the Coal Mining Subsidence Area

Extremely diverse bacterial populations existed in
the soil and affected the biogeochemical cycle of soil.
The 4 dominant phyla were Actinomycetes, Proteus,
Acidobacteria and Chloroflexi, which have also been the
main phyla found in other different types of coal mining
subsidence soil research [28-30]. The abundances
of Actinomycetes and Acidobacteria showed little
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Fig. 7. Relative abundances of carbon and nitrogen metabolism genes in coal mining subsidence area.
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difference among samples. However, the abundance of
Proteobacteria was higher in the surface soil than in
the middle layer of the surface tension soil, and higher
in the middle of the slope than at the top and bottom of
the slope. The existence of surface fractures can inhibit
the flow of surface runoff or nutrients along the slope
and increase vertical flow. Thus, both the abundance
and diversity of bacterial communities at the top of
the slope were higher than those in other locations.
In the horizontal direction, the bacterial community
structure in the surface soil samples (0-20 cm)
and deep soil samples (40-60 cm) showed a trend of
aggregation. In the middle soil samples (20-40 cm),
TA and MA showed significant differences, but the
bacterial community structure was similar to that of SA.
The soil compaction caused by mining subsidence has a
strong effect on soil microorganisms [31]. The surface
tension fracures caused by underground mining can
cause soil compaction, which increases the soil bulk
density and changes the size distribution, curvature and
connectivity of soil pores, affecting the soil physical
properties [32-35] and causing the aggregation of the
bacterial community structure at different depths in the
fracture.

Effects of Soil Physicochemical Properties
on Microbial Diversity and Abundance

Environmental factors such as the climate, soil type,
soil properties and geographic location, can all affect
soil microbial communities [25]. In an ecosystem, the
soil nutrient status is closely related to microorganisms.
From Table 1 and Fig. 2, we can see that both the
abundance and diversity of the TAl and TA2 bacterial
communities were relatively high, while the abundance
and diversity of the SA2 bacterial communities were
the lowest. These results indicated that the soil nutrient
contents in TAl and TA2 were at least higher than
those in SA2. Large-area collapse in coal mining
areas will cause the soil to sink and change the soil
texture structure, resulting in the concentration of soil
nutrients and water content as well as other physical
and chemical properties with different crack depths.
Through the correlation analysis of the abundance of the
first 4 dominant phyla and environmental parameters,

it can be seen (Table 2) that the abundances of the
first dominant Actinomycetes and the third dominant
Actinomycetes were not affected by environmental
factors. PH, soil organic matter and available potassium
were significantly correlated with the abundances of
Proteobacteria and Chloroflexi bacteria. The contents
of organic matter and available potassium were
significantly positively correlated with the abundance
of Proteobacteria, but negatively correlated with the
abundance of Chloroflexi bacteria. Proteobacteria and
Chloroflexi bacteria were in a competitive relationship.
Fig. 5 shows that the soil moisture content and available
P decreased significantly near the crack, while the soil
pH, available K and organic matter contents increased
near the crack. The change in the water content at the
basin floor was small. The organic matter, available P
and available K tend to increase. The soil pH followed
no obvious rule.

Recently, many studies have been conducted on
soil microorganisms after reclamation in coal mining
subsidence areas [10, 36-39]. By studying the physical
and chemical properties of soil and the diversity and
abundance of the bacterial community before and
after reclamation, the recovery status of coal mining
subsidence soil can be determined. Li et al. [39]
studied changes in the composition and diversity of
bacterial communities before and after reclamation in
abandoned mine land in eastern China. They found
that Actinomycetes, Acidobacteria, Proteobacteria and
Prongella were the dominant phyla in the coal mining
subsidence soil before reclamation. After reclamation,
the dominant groups were Blomonas, Greenrot,
Actinomycetes and nitrifying bacteria. In 36 soil
samples, the top 4 dominant phyla were Actinomycetes,
Proteus, Acetobacter and Chlorobacteria, accounting
for almost 85.71%, which was consistent with the above
research results.

According to the data analysis, we can also find
that some soil physico-chemical properties, such as the
contents of organic matter, pH and available potassium,
were major drivers of soil bacterial communities [40].
However, this finding did not definitely indicate whether
the degree of bacterial community aggregation was
directly related to a certain nutrient element, and more
research is needed.

Table 2. Correlation analysis between environmental parameters and the abundance of the first 4 dominant phyla.

Actinomycetes Mycetozoan Acid bacillus Chloroflexi
Moisture content 0.143 -0.277 0.065 0.274
pH 0.188 -0.637** 0.017 0.586%**
SOM -0.259 0.84%** 0.053 -0.769**
AP 0.076 -0.372* 0.152 0.263
AK -0.271 0.495%* 0.133 -0.434**

*The correlation was significant at a confidence level of 0.05 (double test).
**The correlation was significance at a confidence level of 0.01 (double test).
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Predicted Functions of Bacterial Communities
Associated with Carbon and Nitrogen
Metabolism

Our data illustrated that microorganisms
participated in soil carbon and nitrogen cycling in the
soil samples (Fig. 7a-b). The genes related to carbon and
nitrogen metabolism in the surface tension and fracture
soil in the coal mining subsidence area included carbon
fixation, carbon reduction, nitrotoluene degradation
and nitrogen metabolism. Microbial communities are
mainly involved in the biogeochemical cycle of carbon
and nitrogen [41]. Microorganisms can accumulate
energy and nutrients in nutrient-poor environments
through the nitrogen cycle [42]. Overall, 18 carbon and
nitrogen cycling-related functional genes were detected,
including 3 carbon reduction genes, 4 carbon fixation
genes, 4 nitrogen regulatory genes and 7 nitrogen
metabolism genes (Fig. 7). The intensity of the main
carbon and nitrogen cycling-related functional genes
found in the surface tension and fracture soil in the
coal mining subsidence area are shown in Table 3.
The presence of genes encoding proteins involved in
the phosphonate recycling mechanism (such as pnbA
and ptsN in the soil samples) suggested that these
proteins form a carbon phosphorus lyase complex
that participates in methane production from methyl
phosphonate [42, 43]. The abundance and distribution of
carbon and nitrogen genes may be related to the organic
matter and organic carbon contained in the tensile
fracture soil in coal mining subsidence areas, leading
to the existence of some nitrogen fixing bacteria.
Actinomycetes are considered to be involved in organic
matter decomposition as they can secrete extracellular
enzymes to help breakdown lignin in lignocellulose [44]
and degrade polysaccharides or phenolics in dead plants.
Acidobacteria are also important soil microorganisms
and play an important role in soil material circulation
and ecological environment construction. At the
same time, they also degrade plant residue polymers,
participate in the iron cycle, have photosynthic ability,
participate in single-carbon compound metabolism, etc.
The abundance of Proteobacteria were significantly
lower in soils with a high abundance of Chlorobacteria,
and both Chlorobacteria and P. proteobacteria
belong to nitrogen metabolism-related  fungi,
suggesting a possible competitive relationship between
Chlorobacteria and Proteobacteria. This assumption
agreed with Zhang [45] and Huang [46], who suggested
that the level of organic carbon/organic matter is the
main factor affecting the abundance and diversity of
nitrogen-fixing bacteria [47]. Change in seasons and
arable land can also explain this finding.

Comparison of Soil Properties between Mining
Subsidence Soil and Other Soil Types

Soil nutrients and organic matter have high spatial
variability, especially in coal mining subsidence areas

[48]. Thus, soil nutrients and organic matter are always
used as indicators in soil property or reclamation studies.
The results of this study on environmental parameters
showed that there was no significant difference in soil
pH between different regions. The surface layer content
of soil organic matter was significantly higher than
those in the middle layer and deep layer. Additionally,
there was no significant difference in soil available
phosphorus among different soil layers in the TA
region, and MA and SA in the surface layer were
significantly lower than those in the middle and deep
layers, which was the opposite of the trend of organic
matter. The content of soil available potassium was
the highest in TAl and decreased with soil depth. In
contrast, the content of available potassium increased
with soil depth in SA. The available potassium content
in MA was the lowest in MA2. The results indicate
that fractures in the research area lead to changes in
the distribution of soil nutrients. Also, it may be due
to the planting of plants on the surface, the nutrient
content of the topsoil is relatively higher. Zhang et al.
[48] used a stochastic simulation method to study the
3D spatial distribution of SOM in the Zhaogu mining
area in Henan Province, and the results revealed the
maximum spatial variation in SOM in the surface layer
(0-20 cm). Bao ’s [49] research conducted as early as
2008 showed that surface subsidence changes the soil
chemical microenvironment in coal mining areas; and
has a more significant impact on surface soil. This is
consistent with the research results obtained in this
study. [26] found that the contents of many nutrient
elements decreased significantly with soil depth when
they studied soil in subsidence areas of arid and
semiarid underground coal mining, again indicating
that soil nutrients infiltrated vertically due to mining
subsidence. In recent years, many scholars have studied
soil organic matter and nutrient elements in coal mining
subsidence areas for land restoration and the planting
of crops or vegetation [38, 39, 48, 50, 51]. Consistently,
the nutrient content and biological structures of all
mining soils were much better after reclamation than
during mining subsidence. Plants, soil microorganisms
and soil physical and chemical properties are closely
related. Plant roots continuously secrete large amounts
of organic materials into the soil, forming rhizosphere
deposits, which provide abundant nutrients and energy
for microorganisms. The species and quantity of plant
root exudates determine the species and quantity of
rhizosphere microorganisms and affect their growth,
reproduction and metabolism [52]. The dynamic
changes in the rhizosphere microbial community
in turn affect the material cycle and energy flow of
the plant rhizosphere ecosystem, and thus affect the
growth and development of plants and the changes in
vegetation diversity [53]. It has been further indicated
that the physical and chemical properties of plants and
soil, material exchange between microorganisms and
nutrient cycling are complex open systems [54].
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Table 3. Distribution of carbon and nitrogen metabolism genes in each group of samples.

TA1 TA2 TA3 MALI MA2 MA3 SA1 SA2 SA3
cynT 3574.496 | 3567.734 | 3456.711 3591.738 | 3440.615 | 3450.321 | 3584.304 | 3435.499 | 3370.238
cah 175.724 146.448 111.983 176.752 144.136 131.110 116.300 84.588 106.518
cosS 2009.792 | 2029.492 | 2280.213 | 2092.911 2176.852 | 2298.773 | 2113.231 2370.994 | 2191.241
coxM 1398.740 1265.924 1418.435 1439.669 | 1370.104 | 1456.995 1429.380 | 1418.600 | 1347.727
coxL 1697.201 1241.840 | 1398.277 | 1729.196 | 1402.308 1378.540 | 1566.301 1370.376 | 1260.238
cstA 1111.702 | 777.657 | 856.634 | 1127.921 | 935498 | 806.292 | 1020.949 | 739.832 | 832.812
cstA 728.060 982.365 879.842 702.799 907.065 927.379 826.488 926.888 1008.646
ncd2 2938.806 | 1742.646 | 1619.221 | 2708.184 | 1813.945 1646.339 | 2520.695 1345.603 1440.998
ptsN 821.273 830.536 734.992 814.336 823.632 799.020 842.875 811.824 846.839
pnbA 1610.788 1184.429 1145.560 1614.736 997.67 1076.308 1598.417 907.600 962.375
nifU 2149.102 2661.53 2908.276 | 2087.344 | 2735.093 | 2850.054 | 2168.803 | 3108.206 | 3068.212
glnB 2386.333 | 2600.042 | 2718.498 | 2418.411 2667.596 | 2762.623 | 2374.377 | 2846.567 | 2877.102
glnK 966.946 600.793 519.063 1069.544 618.761 599.3136 958.114 465.424 478.915
glnL 711.817 | 496.0591 | 412.043 | 753.937 | 532.323 | 499.604 | 728.349 | 379.360 | 389.087
glnG 890.933 832.214 718.155 937.352 822.034 799.977 963.399 803.586 806.427
ntrY 531.782 743.054 743.875 554.635 738.586 746.690 566.253 873.692 884.409
ntrX 887.292 740.711 764.129 812.318 797.882 754.076 676.478 839.851 855.997
fixK 341.464 157.242 177.101 326.869 186.466 175.137 268.353 155.131 144.660
Conclusions Acknowledgments

This study investigated the variations in the bacterial
community structure of the surface tension fracture
area. The results indicated that soil nutrient content was
relatively high in the surface layer, and the similarity
of the bacterial community structures in the surface
layer (0-20 cm) and deep layer (40-60 cm) soil samples
showed a tendency of aggregation in the horizontal
direction. The soil moisture content and effective
phosphorus near the crack decreased significantly, and
the pH, available potassium and organic matter content
near the crack increased, while the abundance and
diversity of bacterial communities in TAl and TA2
were relatively high. The abundance and diversity of the
SA2 bacterial community were the lowest, showing that
soil nutrients have a certain influence on the abundance
and similarity of the bacterial community structure.
We also observed that the genes related to the carbon
and nitrogen cycles in the surface tension fractures in
the coal mining subsidence area were involved carbon
fixation, carbon reduction, nitrotoluene degradation and
nitrogen metabolism. This study provides a reference
for the study of variations in bacterial diversity and
variations in bacterial community composition in
surface tension fracture areas caused by underground
mining.
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