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Abstract: Land subsidence caused by underground coal mining critically influences the structure and
function of ecosystems in mining areas. However, knowledge on the aquatic bacterial community
structure and interspecies interactions in subsidence lakes are still limited. To address this issue, we
collected water samples from a coal mining subsidence lake and its connected river and investigated
the spatial distribution and co-occurrence patterns of the bacterial community using 16S rRNA
amplicon sequencing. The results revealed that the bacterial α-diversity in the subsidence lake
was higher than that in the river. The bacterial community composition was also significantly
different between the subsidence lake and its connected river. Total nitrogen explained 21.4% of the
bacterial community composition variation, while sulfate explained 38.4% of the bacterial functional
composition variation. Co-occurrence network analysis indicated that the modularity indices and
stability of the microbial network in the subsidence lake were significantly higher than those in
rivers, which presented more resistance to environmental disturbance. Keystone bacterial taxa in
the subsidence lake and river included the Clostridiaceae 1 family, and the Shewanella, Flavobacterium,
and Limnohabitans genera, which play vital roles in the carbon, sulfur, and nitrogen cycles. Moreover,
functional analysis showed that assimilatory sulfate reduction processes had a major role in the sulfur
cycle of the subsidence lake and its connected river ecosystem. Overall, our findings provide new
insights into the microbial community structure and assembly in subsidence lakes and its connected
river ecosystems, with significant implications for the responsible utilization of water resources and
the promotion of sustainable development in mining areas.

Keywords: coal mining subsidence lake; bacterial diversity; bacterial community structure; co-occurrence
network; sulfur cycle

1. Introduction

Coal is an important source of the energy worldwide [1]. With the rapid development
of society and the economy, the energy demand is increasing and coal exploitation activities
have increased accordingly [2]. Although coal resource exploitation has made a significant
contribution to the national economy, it has increased pollution in various forms, such as
mining subsidence and coal gangue accumulation, as well as a series of ecological and
environmental problems [3–5]. Underground mining currently accounts for a larger ratio
of global coal production than open cut mining [6]. Underground coal mining leads to
ground displacement and deformation, forming large-scale subsidence areas and ultimately
forming subsidence lakes under the action of high diving levels and surface runoff [7,8].
Due to the low topography of subsidence lakes, leachate water from coal gangue piles,
agricultural drainage, and domestic sewage are more likely to flow into those water bodies,
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releasing a large number of nutrients, such as nitrogen and phosphorus into the lakes [8,9].
Moreover, some subsidence areas that are affected by long-term anthropogenic activities
and rainfall continue to expand the range of subsidence and gradually connect with
adjacent rivers, resulting in the enrichment of river pollution sources and biodiversity
reduction, which in turn has a serious impact on the overall structure and function of
aquatic ecosystems in mining areas [10]. Microorganisms play a vital role in water quality
purification and in the biogeochemical cycle of nutrients (e.g., C, N, and P) in aquatic
ecosystems [11,12]. Therefore, a better understanding of the structure and function of
the microbial community in coal mining subsidence lakes is of great significance for the
responsible utilization of water resources and the promotion of sustainable development
practices in mining areas. In recent years, studies on coal mining subsidence lakes have
mainly focused on the source and transformation of heavy metals [13], nutrients [10], and
polycyclic aromatic hydrocarbons [9], while the structure and function of the microbial
communities have not been fully explored.

As essential components of microorganisms, bacterial communities play a crucial
role in organic matter processing, energy flow, and nutrient cycling in aquatic ecosys-
tems [14–16]. Furthermore, bacterial communities are extremely sensitive to changes in
physicochemical states in water bodies and usually form specific community structures to
cope with various environmental pressures [17,18]. Therefore, the bacterial community can
be used as a potential comprehensive index to monitor the influence of natural factors and
anthropogenic activities on aquatic environments [19]. Most studies on aquatic bacterial
communities are focused on glaciers [20,21], oceans [22,23], rivers [19,24], and eutrophic
lakes [25,26]. With respect to coal mining subsidence areas, a few studies have explored
the effects of land reclamation and soil remediation on soil bacterial communities in low
diving level subsidence areas [27–29]. However, few studies have explored the spatial
and temporal distribution characteristics of bacterial community structure and diversity
in coal mining subsidence lakes with high diving levels. As reported previously, the
bacterial community structure in eutrophic lakes varies with season and location under
the influence of various natural and anthropogenic pressures, with spatial and temporal
heterogeneity [30,31]. However, it is unknown whether the bacterial communities in sub-
sidence lakes also show spatial heterogeneity under the influence of various anions and
cations, heavy metals, and nutrients. Currently, there is still a knowledge gap on the spatial
pattern and interspecific interaction of the bacterial community structure in coal mining
subsidence lakes.

Aquatic microorganisms are not isolated in the aquatic ecosystem but exist in the
complex interaction system that shapes the structure of the microbial community [32]. A
variety of microorganisms interact directly or indirectly to form a complicated ecologi-
cal network through various processes, such as predation, competition, inhibition, and
promotion [33], which is of great significance for controlling the community assembly
and maintaining community stability [34]. Network analysis is a vital method to uncover
the interactions among bacterial communities in ecosystems [35]. Network analysis was
applied to explore the assembly patterns of complex bacterial communities and their rela-
tionship with the habitat environment in eutrophic lakes [36,37], rivers [38,39], soils [40,41],
and oceans [42,43]. These studies have shown that the co-occurrence pattern of bacterial
communities has a nonrandom and modular structure. Further research showed that
keystone bacterial taxa in the co-occurrence network exert significant impacts on the struc-
ture and function of entire bacterial communities, and their disappearance may induce
substantial pressures on community composition and succession [33]. Therefore, revealing
the co-occurrence patterns and keystone taxa of aquatic bacterial communities is of great
significance to better understand community assembly. However, relatively little is known
about the co-occurrence patterns of bacterial communities and which keystone bacterial
taxa maintain community stability in coal mining subsidence lakes.

In this study, 16S rRNA gene sequencing combined with function prediction and
network analysis was applied to analyze the spatial distribution and co-occurrence patterns
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of the aquatic bacterial community in subsidence lakes and its connected rivers in the
Linhuan mining area of Huaibei. We hypothesized that the spatial distribution and co-
occurrence pattern of the aquatic bacterial community would be significantly different
between the subsidence lake and its connected river. Moreover, we hypothesized that
nutrients are the main factors affecting the spatial distribution and predicted function of
aquatic bacterial communities in a subsidence lake and its connected river. The results
of this study revealed the spatial distribution and co-occurrence pattern of the bacterial
community in a subsidence lake and made a fundamental contribution to predicting the
ecological function of subsidence lakes.

2. Materials and Methods
2.1. Site Description and Sample Collection

The Linhuan mining area is in the city of Huaibei in Anhui Province, China, and its
geographical location is between 116◦34′25′′–116◦44′27′′ E and 33◦36′50′′–34◦40′47′′ N [44]
(Figure 1). The Huihe River is the largest river flowing through the area from west to the
east and is a small to medium-sized seasonal river. The Linhuan subsidence lake is shaped
by a coal mining collapse, and its shape is irregular. The accumulation of water in the
subsidence area mainly comes from atmospheric precipitation and surface runoff. The
average water depth is approximately 3.45 m, the maximum water depth is 9.0 m, and
the subsidence time of the subsidence lake is more than 17 years [45]. One part of the
subsidence lake serves as a water source for the Linhuan industrial park, and the water
surface is covered with photovoltaic panels for solar power generation, while the other
part has been developed as a fish pond. A fly ash field and a gangue mountain are located
to the east of the subsidence lake. To the southwest of the lake are the Linhuan industrial
park and a small gangue mountain, and a large number of water bodies are collected
at the gangue mountain due to rainfall and surface runoff. To the north, the Xiangshun
channel connects the subsidence lake with the Huihe River, which is the water source of
the subsidence lake [46]. With the advance of coal mining, the subsidence area continues
to increase. While the ecological environment in this area has changed from a terrestrial
ecosystem to a water–land composite ecosystem, it is also affected by mine acid wastewater
and agricultural and domestic sewage, which have collectively seriously disturbed the
structure and function of the ecosystem.

In this study, combined with hydrogeological conditions and on-site investigations, a
total of 12 sampling points were established in the coal mining subsidence waters of the
Linhuan mining area and the Huihe River (Figure 1). To explore the impact of underground
coal mining activities and the leaching process of coal gangue on the microorganisms of
subsidence lakes, five sampling points (L4, L5, L6, L7, and L8) in the subsidence lake (SL)
and three sampling points (L1, L2, and L3) in the coal gangue mountain waters (GM) were
selected. To characterize the effect of natural river recharge on the microorganisms of
subsidence lakes, three sampling points (L10, L11, and L12) were selected from upstream to
downstream of the Huihe River, and one sampling point (L9) was selected in the Xiangshun
channel. Water samples were collected at these sites in April 2021. At each site, three surface
water samples (0–50 cm) were collected in parallel using a Perspex sampler and then mixed
for homogenization. Then, 300–400 mL subsamples were filtered through polycarbonate
filters (0.22 µm pore-size, Millipore, Burlington, MA, USA) for molecular analysis, and
the filtered samples were stored in the field at −20 ◦C and subsequently stored in the
laboratory at −80 ◦C for DNA extraction. The other samples were immediately transported
to the laboratory for chemical analysis.
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Figure 1. Map of sampling sites in the coal mining subsidence lake and its connected river.

2.2. Analysis of Physicochemical Indices

At each site during sampling, pH, total dissolved solids (TDS), dissolved oxygen (DO),
electrical conductivity (EC), and water temperature (T) were measured by a multiparameter
water quality sonde (YSI 6600 V2, Yellow Springs Instruments Inc., Yellow Spring, OH,
USA). Secchi transparency (SD) was determined using a Secchi disk. Total nitrogen (TN),
total phosphorus (TP), chemical oxygen demand (CODcr), ammonia nitrogen (NH4

+-N),
nitrate (NO3

−), orthophosphate (PO4
3−), and sulfate (SO4

2−) were measured in the lab-
oratory according to standard methods [47]. F−, Cl−, K+, Ca2+, Na+, and Mg2+ were
determined using ion chromatography (930 Compact IC Flex).

2.3. DNA Extraction and PCR Amplification

According to the manufacturer’s instructions, total DNA was extracted from the ho-
mogenized water samples using a FastDNA® Spin Kit for Soil (MP Biomedicals, Solon,
OH, USA). The primer sets 338F (5′-ACTCCTACGGGAGGCAGCA-3′) and 806R (5′-
GGACTACHVGGGTWTCTAAT-3′) were used to amplify the V3-V4 hypervariable regions
of the bacterial 16S rRNA genes [48]. PCR amplification was conducted in triplicate for
each sample. The PCR program was as follows: 98 ◦C for 3 min, followed by 30 cycles at
98 ◦C for 45 s, 55 ◦C for 45 s, 72 ◦C for 45 s, and a final extension at 72 ◦C for 7 min. Then,
the PCR amplification product was purified using an AxyPrep DNA Gel Extraction Kit
(Axygen Biosciences, Union City, CA, USA) and pooled in equimolar amounts and finally
sequenced (2 × 300 bp) on the Illumina MiSeq platform (Illumina, San Diego, CA, USA) by
Personal Biotechnology Co., Ltd., Shanghai, China.

2.4. Sequence Analyses

The 16S rRNA gene amplicon sequence data were processed using the Qiime2 pipeline [49]
and the DADA2 algorithm [50]. After quality trimming, merging of paired sequences and
removal of chimeric sequences, amplicon sequence variant (ASV) tables were generated
based on 100% sequence similarity for 16S rRNA. The representative ASVs were subse-
quently annotated using the Silva database [51] (version 132) to identify the taxonomy



Diversity 2022, 14, 674 5 of 19

of each ASV. The ASVs annotated as chloroplasts or mitochondria were excluded from
further analyses.

2.5. Statistical Analyses

The statistical analyses and visualization were conducted by “ggplot2” and “heatmap”
in R 3.5.3 and RStudio 1.1.463. To determine the alpha and beta diversity of water bacteria,
the Chao 1 and Shannon indices were calculated and principal coordinates analysis (PCoA)
was performed using the “vegan” package in R. The Kruskal–Wallis test was conducted to
test the variation in the alpha diversity index and the microbial community at the phylum
and genus levels between the subsidence lake and its connected river. The variance inflation
factor (VIF) for each selected significant variable was calculated, and variables with VIF
values greater than 20 (indicating strong collinearity) were removed from the model. The
significant effects of physicochemical indices (p < 0.05) on the variation in the microbial
community structure and function were determined by using redundancy analysis (RDA),
Pearson’s correlation analysis, and variation partition analysis (VPA) [52]. The bacterial
functional composition (BFC) was predicted through PICRUSt2 annotation based on the
ASV table [53].

Co-occurrence networks were constructed by using the “psych” package in R based
on Spearman’s correlation [54]. To simplify the dataset, only ASVs with a relative abun-
dance >0.05% in the water samples were used in the analyses. To be statistically significant,
microbial ASVs that occurred simultaneously in each sample of the group were included
in the analysis. Robust correlations with Spearman’s correlation coefficients |r| > 0.9
and false discovery rate-corrected p-values < 0.01 were used to construct networks, and
the p values were corrected at the same time [41]. In networks, ASVs represent nodes,
while correlations among ASVs are represented as edges. The topological properties of the
co-occurrence networks and random networks were also determined using the package
“igraph” in R [55]. Nodes with a high degree value and a low betweenness centrality value
were defined as keystone bacterial taxa [56]. The co-occurrence networks were visualized
by the interactive platform Gephi (v0.9.2). In addition, this study uses the UPGMA method
to carry out hierarchical cluster analysis on the correlation matrix of ASVs (with relative
abundance > 0.05%), supporting network analysis from the side. The detailed analysis of
hierarchical cluster analysis is described in the supplemental information.

3. Results
3.1. Alpha and Beta Diversity of the Bacterial Community

The spatial distribution of the microbial communities in the coal mining subsidence
lake and its connected river was profiled by high-throughput sequencing technology. After
quality filtering, 784,413 high-quality reads were acquired from the 12 sites, averaging
65,367 sequences per sample, and the average length was 425 bp. Those reads were
clustered into 28,496 amplicon sequence variants (ASVs) through the 12 samples that were
obtained from a coal mining subsidence lake and its connected river. The rarefaction
curves approached saturation, and the coverage values of all the samples were >0.97,
which suggested that the sequencing depth was sufficient to detect most bacterial taxa,
even some scarce species (Figure S1; Table S1). Based on the statistical analysis of all the
samples, the results of bacterial diversity (Chao 1 and Shannon indices) ranked as follows:
gangue mountain (GM) (mean = 3496.18 and 7.342, respectively) > subsidence lake (SL)
(mean = 3452.61 and 7.39, respectively) > Huihe River (HR) (mean = 1612.81 and 6.98,
respectively). The Chao 1 index in the SL and GM was significantly higher than that in
the HR (p < 0.001, Kruskal–Wallis test) (Figure 2a). There were no significant differences
(p > 0.05, Kruskal–Wallis test) in the Shannon index among the three distinct types of
sampling points (Figure 2a).
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Figure 2. Alpha and beta diversity of water samples in a coal mining subsidence lake and its
connected river. (a) Chao 1 and Shannon diversity indices; (b) principal coordinates analysis (PCoA);
SL: subsidence lakes; GM: coal gangue mountain waters; HR: Huihe River. *** p < 0.001.

Bray–Curtis similarity among bacterial communities at different sites was explored
by principal coordinates analysis (PCoA) (Figure 2b). Adonis showed that the bacterial
communities in the Huihe River were significantly separated from those in the subsidence
lake and gangue mountain (p < 0.05). However, there were no significant differences
between the subsidence lake and gangue mountain communities (p > 0.05, Figure 2b).

3.2. Taxonomic Composition of the Bacterial Community

The bacterial community composition at the phylum and genus levels was analyzed
in the coal mining subsidence lake and its connected river (Figure 3). In the subsidence lake
and gangue mountain waters, the dominant phyla were Proteobacteria (35.2% and 34.4%,
respectively), followed by Firmicutes (35.4% and 35.2%, respectively) and Bacteroidetes
(23.7% and 23.4%, respectively) (Figure 3a). In the HR, however, the most dominant
bacterial phyla were Proteobacteria (36.1%), Bacteroidetes (20.8%), Actinobacteria (19.1%),
and Cyanobacteria (14.4%) (Figure 3a). Cyanobacteria gradually decreased in the HR from
upstream to downstream (Figure 3a). The most dominated bacterial community at phylum
levels in different sampling types show significant differences (Figure 4a). The relative
abundance of Firmicutes in the SL was significantly higher than that in the HR, while the
relative abundance of Cyanobacteria and Actinobacteria in the HR was higher than that in the
SL (Figure 4a), which had the highest relative abundance at L10 (23.1%) and L12 (24.1%),
respectively (Figure 4a) (p < 0.05; Kruskal–Wallis test).

At the genus level, in the SL and HR, the bacterial community composition differed
greatly among different samples. However, the composition of bacterial communities was
similar among the samples in the GM and SL (Figure 3b). In the SL and GM, the dominant
genera were ZOR0006 (13.6% and 13.7%, respectively), Bacteroides (13.4% and 13.6%, re-
spectively), Lactococcus (12.1% and 12.4%, respectively), Chryseobacterium (6.2% and 6.5%,
respectively), Acinetobacter (5.7% and 5.2%, respectively), and Shewanella (5.7% and 5.2%,
respectively) (Figure 3b). In the HR, the dominant genera were Planktothrix_NIVA-CYA_15
(16.4%), hgcI_clade (5.7%), and Flavobacterium (3.8%) (Figure 3b). The abundances of the
Limnohabitans (7.4%) and Pseudanabaena_PCC-7429 (4.8%) genera at L9 and L10, respectively,
were significantly higher than those at other sites. The most dominant bacterial community
at the genus level also showed significant differences among the different sampling types
(Figure 4b). ZOR0006, Bacteroides, Lactococcus, Acinetobacter, and Chryseobacterium were the
dominant genera in the SL, while the relative abundances of Planktothrix_NIVA-CYA_15 and
hgcI_clade were significantly higher in the HR (Figure 4b) (p < 0.05; Kruskal–Wallis test).
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Figure 3. Relative abundance of reads of bacteria at the phylum (a) and genus (b) levels in the water
samples; SL: subsidence lakes; GM: coal gangue mountain waters; HR: Huihe River.

Figure 4. Significantly different bacterial community compositions among the subsidence lake and
its connected river. (a) phylum level; (b) genus level; SL: subsidence lake; GM: coal gangue mountain
waters; HR: Huihe River; * p < 0.05, ** p < 0.01, *** p < 0.001.
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3.3. Physiochemical Properties and Redundancy Analysis

The physicochemical parameters of the coal mining subsidence lake and its connected
river are summarized in Table S2. The concentrations of EC, CODcr, TP, TN, NH4

+, and
PO4

3− in the GM were higher than those in the HR and SL. For the TN concentrations,
all the samples in the coal mining subsidence lake and its connected river were above the
medium eutrophication level (0.8–1.2 mg/L), with values ranging from 0.87 to 2.71 mg/L.
According to the evaluation criteria for TP, the TP concentrations in all the samples ranged
from 0.045 to 0.268 mg/L, which indicated medium eutrophication. The highest TN
and TP concentrations were 2.71 (L2) and 0.268 (L1) mg/L, respectively. There were few
fluctuations in the other physiochemical parameters among the different sampling types
(Table S2).

Redundancy analysis (RDA) indicated that the bacterial community composition was
significantly affected by three environmental variables: TN, TDS, and T (Figure 5a). Among
these three environmental variables, TN was the most important factor, which explained
21.4% of the total bacterial community composition variation (Figure 5c). The bacterial
community function was also significantly affected by three environmental variables:
SO4

2−, T, and PO4
3− (Figure 5b). Among those variables, SO4

2− was the most crucial
factor, which alone accounted for 38.4% of the total bacterial community function variation
(Figure 5d).

Figure 5. Redundancy analyses (RDA) show the influence of significant environmental factors
on (a) bacterial community composition and (b) bacterial functional composition. Bar plots (c,d)
presenting the variation explained by each factor are shown below the RDA; SL: subsidence lakes;
GM: coal gangue mountain waters; HR: Huihe River.

Spearman’s correlations among nineteen environmental parameters, bacterial com-
munity composition, and diversity indices for the water samples are shown in Figure S2.
The results indicated that the Shannon index was positively correlated with Ca2+, K+,
TP, and CODcr but was negatively correlated with pH, DO, TDS, and EC. The Chao 1
index was positively correlated with NH4

+, K+, TP, Ca2+, and F− and negatively correlated
with T, DO, TDS, and EC. Among the genera with a high relative abundance, ZOR0006,
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Bacteroides, Lactococcus, Chryseobacterium, Acinetobacter, and Shewanella were positively cor-
related with NH4

+, F−, TP, NO3
−, and SD but were negatively correlated with T, DO,

and pH (Figure S2). However, the Limnohabitans hgcI_clade, Planktothrix_NIVA-CYA_15,
and Flavobacterium genera were positively correlated with T, pH, DO, TDS, and EC and
negatively correlated with NH4

+ and F− (Figure S2).

3.4. Distribution Characteristics of Sulfur Metabolism Genes in Different Samples

In this study, PICRUSt2 was used to predict the functions of microbial communities,
and the sulfur metabolism-related functional gene KO (KEGG Orthology) was obtained by
comparison with the KEGG database (Table S3). The genes related to sulfur metabolism in
the coal mining subsidence lake and its connected river were mainly involved in sulfate
transport, assimilatory sulfate reduction, dissimilatory sulfate reduction and oxidation, and
sulfur oxidation (Figure 6). The abundance of dissimilatory sulfate reduction and oxidation
genes in the water was significantly lower than that of other sulfur metabolizing genes
(Table S3). The abundances of the assimilatory sulfate reduction genes CysJ, cysI, CysH, Sir,
cysN, cysD, and cysC were higher in all the samples (except Sir in the GM and SL samples)
(Figure 6). The abundances of CysH and Sir were significantly higher in the HR than in
the GM and SL samples (p < 0.01; Kruskal–Wallis test). The sulfate transport genes cysA,
cysU, cysW, and cysP encode proteins that can transfer bacterial extracellular sulfate to the
intracellular space. The abundance of these genes was high in all the samples, especially
the abundance of cysP, which was higher than that of the other genes in the three types
of samples (Figure 6). The dissimilatory sulfate reduction and oxidation genes aprA, aprB,
and Sat were lower in all the samples. The genes sseA, sorA, and glpE participate in sulfur
oxidation, and the abundances of sseA and glpE were significantly higher in the HR and the
SL than in the other samples (p < 0.01; Kruskal–Wallis test) (Table S3).

Figure 6. Relative abundances of sulfur metabolizing genes in the subsidence lake and its connected
river; SL: subsidence lakes; GM: coal gangue mountain waters; HR: Huihe River.

3.5. Bacterial Community Co-Occurrence Network Analysis

The correlation-based network was composed of 153 nodes with 825 edges for subsi-
dence lakes and 201 nodes with 731 edges for the Huihe River (Figure 7; Table S4). Random
networks were constructed with the same nodes and edges in each group to guarantee that
the real networks were nonrandom. Moreover, the value of the structural properties (mod-
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ularity and clustering coefficient (avgCC)) in subsidence lake and Huihe River networks
were higher than those in Erdös-Réyni random networks, and the value of small-world
coefficients (σ) in subsidence lake and Huihe River networks with σ > 1 (Table S4), all
suggesting that both networks have “small world” properties. The co-occurrence network
in the subsidence lake and the Huihe River were mostly positively correlated (60.36% and
71.27%, respectively), which indicated mutualistic and cooperative relationships. For the
subsidence lake network, Proteobacteria (56.86%), Firmicutes (22.88%), Bacteroidetes (12.42%),
Tenericutes (3.92%), and Rsahf231 (1.96%) mainly occupied the nodes (Figure 7a). Nodes in
the Huihe River network mainly pertained to Proteobacteria (29. 85%), Cyanobacteria (24.38%),
Bacteroidetes (20.9%), Actinobacteria (13.3%), and Verrucomicrobia (4.48%) (Figure 7b). Key-
stone bacterial taxa play a crucial role in maintaining microbial community stability. Based
on the low betweenness centrality and high degree value, the top species identified as
keystone taxa were the Clostridiaceae_1 family and Citrobacter, Shewanella genera for the
subsidence lake network, and the Flavobacterium, Limnohabitans, and Sphingorhabdus genera
for the Huihe River network.

Figure 7. Spearman’s correlation-based network analysis of frequent ASVs (relative abundance >
0.05%) for (a,c) subsidence lakes and (b,d) river water samples. The size of each node is proportional
to the number of connections (i.e., degree), and the nodes are colored according to different phyla.
Orange and blue edges indicate positive and negative correlations, respectively.

Furthermore, a module is regarded as a group of ASVs that are linked more tightly
together. In this study, both the subsidence lake and Huihe River network were mainly
divided into six modules. In the subsidence lake network, modules I, II, and III occupied
34.64%, 27.45%, and 25.49%, respectively (Figure 7c). In the Huihe River network, modules
I, II, and III occupied 7.46%, 6.47%, and 5.47%, respectively (Figure 7d). In the subsidence
lake network, the ASVs from modules I and II mainly belonged to Proteobacteria, Firmicutes,
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and Bacteroidetes. In the Huihe River network, the ASVs from module I and Module II
belonged to Actinobacteria, Cyanobacteria, Proteobacteria, and Bacteroidetes.

4. Discussion
4.1. Variation of Bacterial Diversity in Subsidence Lake and Its Connected River

In this study, we found that the bacterial α-diversity in the gangue mountain and
subsidence lake was much higher than that in the Huihe River (Figure 2). The high richness
observed in the gangue mountain and subsidence lake is likely attributed to the increase
in nutrients and resources and/or because of the increased niche availability for aquatic
bacteria at an intermediate level of nutrients. This concept is supported by the fact that
NH4

+ and TP were positively correlated with the Chao 1 and Shannon indices, and the
concentrations of nutrients in the gangue mountains and subsidence lake were much higher
than those in the Huihe River (Figure S2, Table S2). Nutrient availability plays a crucial
role in the variation in bacterial diversity [57]. Our result on the relationship between
bacterial diversity and nutrients is consistent with previous research, which found that the
bacterial diversity indices increased with increasing nutrients [58,59]. However, the impact
of nutrients on bacterial diversity may depend on the scale, as a previous study showed
that nutrients significantly reduce bacterial diversity across a large eutrophication scale [60].
This phenomenon is consistent with the intermediate-disturbance hypothesis, which holds
that a mildly disturbed ecosystem would have maximal community diversity [61]. On
the other hand, a previous study suggested that network modules can be explained as
overlapping niches and that groups of microbes are more closely connected with each
other [62,63]. Here, network analysis suggested that the modularity index in the subsidence
lake was higher than that in the Huihe River (Table S4), indicating that there are more
ecological niches in the subsidence lake for a variety of bacteria to occupy.

4.2. Variations of Bacterial Community Composition at Different Sites

The major bacterial communities that we found in the waters of the subsidence lake
and its connected river were consistent with previous studies of lakes and rivers performed
around the world [64,65], but the relative abundances differed among the different sites.
The results of the bacterial community composition analysis showed that the dominant
bacteria at the phylum and genus levels between the subsidence lake and gangue mountain
samples were similar. There are several possible reasons for this observation. For example,
sampling sites that are close to each other tend to have similar environmental conditions
for bacterial communities [66]. Moreover, anthropogenic activities such as the frequent
photovoltaic power generation in this area can accelerate the homogenization process.
Proteobacteria, specifically Gammaproteobacteria and Alphaproteobacteria, were most abun-
dant in the subsidence lake and its connected river. This result was consistent with other
studies performed in eutrophic lakes and urban rivers, where Proteobacteria also played a
dominant role in aquatic environments [56,67]. Gammaproteobacteria are widely distributed
in oligotrophic and eutrophic environments, and their abundance is influenced by pH
and nutrient availability [11,68]. Alphaproteobacteria typically prevail in marine environ-
ments and participate in biogeochemical cycling [69]. Numerous species of Proteobacteria
are implicated in the biogeochemical cycles of C, N, and S in subsidence lakes and its
connected rivers.

The second most abundant phylum in the subsidence lake and gangue mountains
were Firmicutes, which are associated with human activities [11]. For example, the genus
ZOR0006, which is affiliated with Firmicutes, was the most enriched microbial taxon related
to fish gills and guts [70]. Lactococcus (Firmicutes) has a beneficial influence on the growth
performance, disease resistance, nutrient metabolism, and intestinal microbial diversity of
fish [71,72]. Moreover, the genus has also been observed in human patients with urinary
tract infections and endocarditis [36]. The significantly higher abundance of Firmicutes in the
subsidence lake may be associated with the comprehensive utilization mode of photovoltaic
power generation on the surface and the underwater fishery in the coal mining subsidence
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lake. Bacteroidetes, as the third dominant community, was significantly enriched in the coal
mining subsidence lake and gangue mountains. This result was consistent with the study
of Hou et al., who found that Bacteroidetes was enriched in mining area sediment samples
and positively correlated with metal content [73]. Coal gangue gradually disintegrates
under the influence of external factors such as weathering and rainfall, and internal heavy
metals migrate and transform into the surrounding environment [74]. This may be the
reason for the high abundance of Bacteroidetes in the coal mining subsidence lake and
gangue mountain waters. Furthermore, it has been reported that Bacteroidetes are able to
disintegrate hydrolytic cellulose and starch polysaccharides and respond to the enrichment
of various dissolved organic matter in aquatic environments [75,76]. During the formation
of the coal mining subsidence lake, a large amount of plant litter and soil organic matter
would have entered the lake along with surface runoff, which could have stimulated the
enrichment of Bacteroidetes.

In this study, bloom-forming Cyanobacteria were observed only in the Huihe River (L10,
L11, and L12) area, and their relative abundance gradually decreased from upstream to
downstream (Figure 3a). Cyanobacteria are generally found in eutrophic environments and
consistently occur with increased N and P in the water [77,78]. Luo et al. also reported that
Cyanobacteria were significantly enriched in rivers, with higher nitrogen and phosphorus
concentrations in summer [79]. Therefore, the enrichment of Cyanobacteria reflects the high
nitrogen and phosphorus content in the Huihe River, indicating that the river is at risk of
eutrophication. There is a large amount of farmland in the Huihe River area. Agricultural
production and related human activities may be important sources of nitrogen and phos-
phorus in the Huihe River [45]. Furthermore, we observed that Cyanobacteria gradually
decreased in the Huihe River from upstream to downstream (Figure 3a). The co-occurrence
network analysis showed that some numbers of Cyanobacteria were significantly negatively
correlated with the numbers of Proteobacteria, Bacteroidetes, and Actinobacteria (Figure 7).
Our observation was consistent with that of Osman et al., who found that heterotrophic
bacteria, such as Proteobacteria, Bacteroides, Actinobacteria, and Firmicutes, exhibit antago-
nistic activity against various Cyanobacteria [80]. However, our results contrast with the
findings of Lu et al., who studied bacterial community composition in eutrophic rivers and
found that Cyanobacteria could promote the growth of Proteobacteria, Actinobacteria, and
Bacteroidetes [12]. This discrepancy may be attributed to the different relative abundances
of Cyanobacteria: the dominant species in our study, and a lower relative abundance in the
study by Lu et al. [12].

4.3. Predicted Functional Potential of Bacterial Communities Associated with Sulfur Metabolism

Our data illustrated that sulfate had strong impact on the predicted bacterial functional
composition (Figure 5b,d). Thus, we analyzed the sulfur cycle in the subsidence lake and
its connected river. The spectrum of major sulfur-related functional genes found in the
subsidence lake and the river are shown in Table S3. The abundances of assimilatory
sulfate reduction genes and sulfate transport genes were significantly higher than those
of dissimilatory sulfate reduction and oxidation genes and sulfur oxidation genes in all
the samples (Table S3). Our results agree with those of Cai et al. [81], who reported that
sulfate-reducing genes were the most abundant and were far more numerous than sulfur
oxidation genes and sulfur assimilation genes in urban rivers. Our data indicated that
SO4

2− concentrations in subsidence lakes and rivers are higher (Table S3). When sulfates
are significantly enriched, the bacterial community may absorb the enriched sulfates into
the cell via sulfate transport genes and then reduce sulfates to sulfides by assimilatory
sulfate reduction genes. This may be an adaptive mechanism of microorganisms during
sulfate enrichment in water bodies.
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4.4. Differences in Microbiome Complexity and Keystone Taxa in the Subsidence Lake and Its
Connected River

Co-occurrence network-based analysis is an effective tool for characterizing complex
interaction networks and ecological processes that transcend microbial community diversity
and composition [82]. In this study, the resulting networks had modular and small-world
properties, reflecting the essential network attributes of a complex ecosystem [83]. The
lower graph density, average degree, and average clustering coefficient values combined
with the higher average path length in the subsidence lake networks indicated that the
coupling between the community nodes and the network complexity was lower. Previous
studies illustrated that increased environmental pressure reduces the connectivity and
complexity of microbial community networks [84]. The higher concentration of nutrients
in subsidence lakes can specifically select microbial populations with fewer interactions
through niche differentiation. However, the modularity indices in the subsidence lake
were significantly higher than those in the Huihe River (Table S4). Higher modularity has
been considered crucial for promoting the stability of microbial networks [85], and the
higher modularity indices in the subsidence lake illustrated a stable community structure.
In addition, we found that the subsidence lake network had a higher ratio of negative
links than did the Huihe River (Table S4). This was consistent with previous results, which
found that negative links within the network can enhance the stability of the microbial
community structure [86]. Compared with that of the subsidence lake network, the Huihe
River community diversity was lower, but there were slightly higher values of the average
clustering coefficient, graph density, and average degree, and the network was a tighter
cluster (Table S4). This indicated that an appropriate amount of diversity loss may improve
the metabolic efficiency of water microorganisms, although the microbial diversity is
low [87]. Furthermore, the low values of average path length in the Huihe River network
suggested that the information and substances were rapidly disseminated among species in
the microbial communities [88]. This signified that the microbes had a higher transmission
capacity in the river than in the subsidence lake.

ASVs, which are thought by some to be keystone bacterial taxa, are nodes with high
degree and low betweenness centrality values, which may have a considerable impact on
the entire microbial community [89]. The influence is potentially due to powerful ecological
associations rather than high abundance [90]. In the subsidence lake co-occurrence network,
keystone bacterial taxa included the Clostridiaceae_1 family and the Shewanella genus. The
Huihe River network included the Flavobacterium and Limnohabitans genera. Clostridiaceae_1
is a strictly anaerobic fermenting bacterium and can utilize a variety of organic substrates
(e.g., sucrose, glucose, and cellulose) to produce volatile fatty acids [91]. The genus She-
wanella is known for its wide range of electron accepting capacities, which play an essential
role in organic matter reduction [92]. The genus Flavobacterium, found in many nutrient-rich
environments, can mineralize high molecular weight organic (e.g., polysaccharides and
proteins) compounds into low molecular weight organic compounds [93]. It has been re-
ported that Limnohabitans are sensitive to salinity, which plays a key role in the scavenging
of sulfur and nitrogen pollutants [94,95]. Consequently, the niche spaces occupied by these
keystone bacterial taxa may be relatively complementary, playing indispensable roles in
the C, S, and N cycles, and are of ecological significance in preserving community structure
and functional stability in the subsidence lake and its connected river ecosystem. The co-
occurrence network consisted of six major modules in the subsidence lake and Huihe River,
(Figure 7c,d). Closely related phylogenetic species tend to occur in the same module and
may have similar or complementary functions [34]. In the subsidence lake co-occurrence
network, the bacteria in module I were mainly associated with the pathogenicity of fish
and humans. The Erysipelotrichaceae family and the genera Lactococcus, Flavobacterium, and
Aeromonas inhabit various aquatic environments and are increasingly recognized as fish
pathogens, which may have serious impacts on freshwater and marine fisheries [96–99].
The pneumonia of the Klebsiella genus causes a wide range of infections in humans, in-
cluding urinary tract infections, pneumonia, liver abscesses, and bacteremia [100]. In the
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Huihe River co-occurrence network, nutrient-degrading bacteria in the module I had a
high degree. The CL50029_marine_group genus plays crucial roles during the processes of
salt ionic (including Ca2+, Mg2+, Cl−, and SO4

2−) conversion in river ecology [101]. The
genus hgcI_clade is mainly related to denitrification and nitrogen fixation [102].

Niche theory illustrates that bacterial community structure is controlled by deter-
ministic factors such as environmental filtering and interspecies interactions, which are
often referred to as deterministic processes [103]. In this study, network analysis showed
nonrandom co-occurrence patterns of bacterial communities in the subsidence lake and
its connected river, indicating the role of deterministic processes in community assembly.
This pattern was driven by environmental filtering and ecological functions. However,
in this study, only bacterial communities were considered when constructing microbial
co-occurrence networks. Considering a wider range of microbial communities (such as
fungi and archaea) is crucial to research the response of aquatic microbial community
structures, and their ecological functions to anthropogenic activities and environmental
changes in coal mining subsidence areas. In addition, the co-occurrence patterns of aquatic
microorganisms change with the seasons [56,103]. Future studies are needed to explore
changes in microbial communities at multiple seasonal scales or time series.

5. Conclusions

In this study, microbial community diversity and function were investigated in a
coal mining subsidence lake and its connected river ecosystem by using high-throughput
sequencing. Our findings illustrated that the aquatic bacterial community α-diversity in the
subsidence lake was higher than that in its connected river. Among the physicochemical fac-
tors, nutrients could better explain the differences in bacterial communities. Co-occurrence
network analysis revealed that the environmental factors (especially nutrients) and ecologi-
cal functions were the primary factors driving the assembly of bacterial communities in
the subsidence lake and its connected river. Functional analysis showed that assimilatory
sulfate reduction processes were major players in the sulfur cycle of the subsidence lake
and its connected river ecosystem. Overall, our results provide new insight into the spatial
distribution characteristics and co-occurrence patterns of bacterial communities in a coal
mining subsidence lake and its connected river. Future research will be needed to compre-
hensively analyze the variation in microbial diversity and co-occurrence patterns in coal
mining subsidence lakes on a spatiotemporal scale. In addition, the microbial ecological
processes in the sediments of the subsidence lake should also be revealed.

Supplementary Materials: The following supporting information can be downloaded at: https://
www.mdpi.com/article/10.3390/d14080674/s1, Figure S1: Rarefaction curves of richness across water
samples in coal mining subsidence lakes and its connected rivers; Figure S2: Spearman’s correlations
between concentration of each environmental factors and bacterial relative abundance at genus
level. * p < 0.05, ** p < 0.01, *** p < 0.001; Figure S3: Cluster analysis of frequent ASVs (relative
abundance > 0.05%) correlation in subsidence lake samples; Figure S4: Cluster analysis of frequent
ASVs (relative abundance > 0.05%) correlation in Huihe river samples; Table S1: Estimates of richness
and diversity for amplicon sequence variants (ASVs) for 12 water samples obtained from coal mining
subsidence lakes and its connected rivers; Table S2: Physical and chemical indices of water samples
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