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Abstract The discharge of acid mine drainage from abandoned high sulfur (S) coal mines has caused serious pollution in
the Shandi River, Yangquan, Shanxi Province. To determine the impact of long-term acid mine drainage on the
microorganisms in the river, we collected river sediments from a polluted tributary (Group P) and the mainstream of Shandi
River (Group R) to study the bacterial diversity and community composition. The results showed that the tributary was
seriously polluted by acid drainage from abandoned coal mines, with the pH value of the sediment being < 2.5, resulting in
the low bacterial richness and diversity of the tributary samples. Acidophillic Fe- and S-metabolizing bacteria, such as
Metallibacterium, Acidiphilium, and Acidithiobacillus, were the dominant genera in Group P samples, while the Group R
was dominated by the neutral anaerobic iron-reducing bacteria Geothrix and Geobacter. Results of principal co-ordinates
analysis (PCoA) revealed that the bacterial communities are significantly different between groups P and R, and the
significant different species were mainly attributed to phylum Proteobacteria, Actinobacteria, and Acidobacteria. The
distribution of the microbial community is mainly influenced by pH, and the Fe and Cd concentrations. Metallicactrium,
the dominant genus, is negatively correlated with pH (R* = — 0.95) and positively correlated with Fe (R* = 0.99), while
Geothrix and Geobacter, are mainly affected by the heavy metals. This study determined the impact of river pollution
caused by abandoned coal mine drainage, especially on the microbial diversity and community composition within the
river sediment.
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1 Introduction

Acid mine drainage (AMD) is formed by a series of
complex geo-chemical and microbial reactions that occur
when sulfide minerals, particularly pyrite (FeS,), are
exposed to oxygen and water (Johnson and Hallberg 2005).
Although this process occurs naturally, mining operations
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With the increasing depletion of coal reserves, the
Chinese government has implemented a series of policies
to integrate coal resources, resulting in an increasing
number of abandoned coal mines (Chen et al. 2019). The
environmental pollution caused by abandoned coal mines,
especially AMD cannot be ignored. Acidic pollution
caused by abandoned coal mines has been reported in many
countries, such as the USA and Korea (Chon et al. 2010;
Gammons et al. 2010). This discharged mine water seri-
ously affects the quality of surface water and soil. Many
previous studies have focused on AMD from operating coal
mines (Yang 2009), coal gangue (Xu et al. 2014, 2017),
and metal tailings (Yang et al. 2014). However, the AMD
produced by abandoned coal mines, especially under-
ground abandoned coal mines, requires further
investigation.

Microorganisms play an important catalytic role in the
formation of AMD. A variety of microorganisms are
known to be involved in the production of AMD, including
Thiobacillus thiooxidans and Thiobacillus ferrooxidans
(Baker and Banfield 2003). These microorganisms are
carried to the surface environment with the overflow of
acidic drainage from abandoned coal mines. At the same
time, due to the acidic pH, and high concentrations of
sulfates, Fe, and other heavy metals, the discharge of AMD
also affects the microbial composition of surface environ-
ment. Studies have shown that despite the extreme acidity
and toxicity, AMD associated environments harbor
numerous microorganisms (David 2012; Hallberg 2010). A
variety of acidophilic and metal tolerant microorganisms
have been identified in AMD environments (Baker and
Banfield 2003). Previous studies of the diversity of
microorganisms in AMD with an extremely low pH (< 2)
have shown that acidophilic bacteria mainly include a
group of sulfur (S) and/or Fe-oxidizers, that can be clas-
sified into Acidithiobacillus ferrooxidans, Acidithiobacillus
thiooxidans, Leptospirillum ferrooxidans, and Ferroplasma
spp. (Guo et al. 2013). Microaerobes, facultative anaer-
obes, and obligatory anaerobes, including Acidithiobacil-
lus, Sulfobacillus, Thiomonas, Gallionella, Geobacter,
Geothrix, and Clostridium were found to be the main
bacteria in river sediment in the vicinity of Dabaoshan
multimetallic mine (Bao et al. 2017). The impact of long-
term AMD from abandoned coal mines on microbial
communities in river sediments under different pollution
levels requires further study.

In the Shandi River Basin, Yangquan, acid drainage
from abandoned coal mines has flowed directly into the
river without any treatment. Long-term drainage of mine
water has resulted in a large amount of yellow sediment
being deposited on the river bed. To determine the impact
of acid drainage on the microorganisms in the river, we
collected river sediments from a polluted tributary and the

mainstream of Shandi River to study the bacterial diversity
and community composition by Illumina MiSeq sequenc-
ing (Illumina, San Diego, CA, USA).

2 Materials and methods
2.1 Sample collection

In September 2018, sediment samples were collected from
seven locations in the Shandi River, Yangquan, Shanxi
Province. As shown in Fig. 1, samples P1-P4 were col-
lected from a tributary contaminated by abandoned coal
mine drainage, and RQ, RM, and RQ were collected from
the mainstream of Shandi River. The sample RQ was river
sediment before the confluence of the polluted tributary. To
ensure that the sediment samples fully reflected the impact
of the polluted tributary inflow on the Shandi River,
we collected sample (RM) at 100 m downstream of the
tributary confluence. The RQ site was located 1 km
downstream of the confluence point. At each sampling site,
we collected four subsamples at the same time (Chang
et al. 2004), with a distance of >5 m between each point.
All the samples from each site were manually pooled into
one sample, with sufficient mixing to achieve visual
homogeneity (Yuan et al. 2002). The pooled samples were
placed in sterile boxes and transported to the laboratory.
After mixing, each sediment sample was divided into two
parts. One part was stored at 4 °C for physical and chem-
ical analyses, while the second part was stored at — 80 °C
until DNA extraction.

2.2 Physicochemical analysis of samples

For physicochemical analyses, solid samples were dried in
a freeze dryer (FD-1A-50, BioCool, Beijing, China) and
thoroughly ground using a pestle and mortar. To measure
pH in the sediments, 10 g of dry solid sample was passed
through a 2-mm mesh and mixed with 25 mL of distilled
water (1:2.5 (m/v)). The mixture was left to equilibrate for
30 min after shaking for 2 min and then measured using a
calibrated pH meter (PXSJ-216F, Rex, Shanghai, China)
according to the methods of the People’s Republic of China
National Environmental Protection Standard (HJ962-
2018). Samples with pH < 7 were tested with KCI solution
(1 mol/L) instead of distilled water according to the stan-
dard (LY/T 1239-1999). The total Fe in solid samples was
measured according to a method reported by Sun et al.
(2018). Extractions were performed using 1.0 M HCI for
30 min at room temperature, and then the total Fe was
measured spectrophotometrically at 510 nm with 1,10
phenanthroline (722, Sunny Hengping, Shanghai, China).
To determine the heavy metal concentrations in sediments,
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0.2 g dry solid samples were passed through a 0.15-mm
mesh and microwave digested in a digestion tank with
1 mL HCI, 4 mL. HNO;, 1 mL HF, and 1 mL H,0,. They
were then analyzed by inductively coupled plasma mass
spectrometry (ICAP-QC, Thermo Fisher Scientific, Wal-
tham, MA, USA) according to the Chinese standard (HJ
766-2015).

2.3 DNA Extraction, polymerase chain reaction
(PCR) amplification, and Illumina MiSeq
sequencing

Total soil DNA was extracted from 1.0 g samples using an
E.Z.N.A.® soil DNA Kit (Omega Bio-tek, Norcross, GA,
USA) following the manufacturer’s protocols. The extrac-
ted DNA concentration and quality were estimated using a
Nanodrop® ND-2000 UV-Vis Spectrophotometer (Nano-
Drop Technologies, Wilmington, DE, USA). Amplicon
libraries were produced using the bacteria-universal pri-
mers 338F and 806R, which were designed for the V3-V4
regions of the 16S rRNA gene (Lee et al. 2012). The PCR
conditions were as follows: 3 min at 95 °C, followed by 29
cycles at 95 °C for 30 s, 30 s for annealing at 55 °C, and
45 s for elongation at 72 °C, with a final extension at 72 °C
for 10 min, and 10 °C until halted by the user. The PCR
reactions were performed in triplicate in a final volume of
20 pL, using a mixture containing 4 pL. of x 5 FastPfu
Buffer, 2 pL of 2.5 mM dNTPs, 0.8 pL of forward primer
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(5 uM), 0.8 pL of reverse primer (5 M), 0.4 pL of Fas-
tPfu polymerase, 10 ng of template DNA, and 0.2 pL of
BSA. The resulting PCR products were extracted from a
2% agarose gel and further purified using the AxyPrep
DNA Gel Extraction Kit (Axygen Biosciences, Union City,
CA, USA) and quantified using QuantiFluor™-ST (Pro-
mega, San Luis Obispo, CA, USA) according to the man-
ufacturer’s protocol (Wang et al. 2018). Purified amplicons
were pooled in equimolar concentrations and sequenced
(300 bp paired) on an Illumina MiSeq platform according
to the standard protocols issued by Majorbio Bio-Pharm
Technology Co. Ltd. (Shanghai, China).

2.4 Sequence processing and statistical analyses

Sequences from the Illumina MiSeq platform were pro-
cessed using the QIIME (version 1.70) software package
(Campbell et al. 2010). Raw fastq files were demultiplexed,
quality filtered by Trimmomatic, and merged by FLASH
(Mago and Salzberg 2011), with the following criteria. (1)
The reads were truncated at any site receiving an average
quality score < 20 over a 50 bp sliding window. (2) Pri-
mers were exactly matched allowing two nucleotides,
while mismatching primers and reads containing ambigu-
ous bases were removed. (3) Sequences with an overlap
longer than 10 bp were merged according to their overlap
sequence (Chen et al. 2018). Operational taxonomic units
(OTUs) were clustered with 97% similarity cutoff using
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Usearch (version 7.0). The taxonomy of each 16S rRNA
gene sequence was analyzed by a Ribosomal Database
Project (RDP) classifier algorithm (version 2.2) against the
Silva 16S rRNA database using a confidence threshold of
70% (Elmar et al. 2007).

The rarefaction curves were calculated using the mothur
(v 1.30.1) software (Schloss et al. 2009). Bacterial com-
munity diversity was estimated using the number of OTUs
(Sobs), Chaol (Chao 1984), and Shannon indices. A beta
diversity analysis was performed using the Bray—Curtis
distance algorithm to compare the results of a principal co-
ordinates analysis (PCoA) using the community ecology
package, R (Mitter et al. 2017). A Mantel test was per-
formed and a heatmap was produced using the Qiime and
pheatmap packages in R, respectively.

3 Results and discussion
3.1 Sequencing results and bacterial diversity

Following a quality control procedure, and the removal of
chimeras and non-targeted sequences, a total of 405,008
high quality sequences, with an average length of 438 bp
were obtained from the sediment samples and used for
further analysis. To avoid the influence of the individual
differences of each sample, the initial sequences of each
sample were uniformed according to the minimum
sequence number. After subsampling each sample to an
equal sequencing depth (28295 reads per sample) and
clustering, 2043 OTUs at the 97% identity threshold were
obtained, with the number of OTUs ranging from 280 to
1446 per community (Table 1). The good coverage values
(all > 99%) suggested that the 28,295 sequences for each
sample were sufficient to characterize the bacterial com-
munities in the samples (Table 1). The rarefaction curves
produced a similar result and showed that the number of
OTUs increased with the number of sequences obtained in
each of the soil samples (Fig. 2). The pH values of the
tributary sediment (Group P) were all below 2.5, with the
average Fe concentration being 811.75 g/kg (Table 2),
which together indicated that the tributary was seriously
polluted by acid drainage from abandoned coal mines.
The number of OTUs obtained from the samples ranged
from 280 to 1446, with P4 having the minimum value and
RH having the maximum. There was a significant differ-
ence in the number of OTUs obtained between the two
groups (Fig. 2). The average number of OTUs obtained
from Group R (1367) was nearly 3.46 times higher than
that of Group P (395). The average Chaol and Shannon
index values of Group P were 470 and 4.00, respectively,
while for Group R they were 1508 and 6.05, respectively.
The results of the statistical analysis indicated that there

were significant differences between Group P and Group R
in all alpha diversity indices (p < 0.001), which may be
related to the differences in physicochemical properties.
The Pearson correlation analysis showed that the OTU
number, and Chaol and Shannon index values of samples
were positively related to the pH value, with R* values of
0.978 (OTUs), 0.970 (Chaol), and 0.973 (Shannon) and
negatively related to the Fe concentration, with R* values
of —0.990 (OTUs), — 0.986 (Chaol), and — 0.995
(Shannon), respectively. This may be due to the extreme
oligotrophic environment, with a high Fe concentration and
low pH, which led to a decrease in bacterial diversity and
richness (Zhang 2015).

3.2 Bacterial taxonomy composition of samples

The 2043 OTUs after clustering could be assigned into 43
different phyla. The dominant phyla in samples were
Proteobacteria, Actinobacteria, Firmicutes, Acidobacteria,
Chloroflexi, and Bacteroidetes (Fig. 3), which totally
accounted for 85.24%-95.53% of all sequences. Pro-
teobacteria was the most widely distributed phylum in all
samples, with the relative abundance ranging from 32.93%
to 57.69%. This was comparable to previous results
reported for AMD polluted areas, in which the Pro-
teobacteria accounted for 38%—72% (Sun et al. 2015). The
proportion of Actinobacteria in the Group P samples was
higher than that in Group R. For example, the proportion of
Actinobacteria in P1 was 23.74%, while in RM it was only
6.31%. There was no significant difference in the distri-
bution of Firmicutes between the two groups, and the
average proportion was approximately 10%. The distribu-
tion of Chloroflexi was quite different among the samples,
with a relative abundance of 15.94% in sample P3 but only
2.57% in sample P1. The relative abundance of Bac-
teroidetes in RQ, RM, and RH were 11.88%, 9.46%, and
7.26%, respectively, while its proportional distribution in
Group P samples was lower than 0.01%. Bacteroidetes was
the common dominant phylum in river sediments (Liu et al.
2018), and its distribution was greatly affected by the pH
value (Guo 2016). Therefore, the lower relative abundance
of Bacteroidetes in group P may attribute to the lower pH
value (1.9-2.2) of the contaminated tributary sediment.
The distribution of bacteria at the genus level is shown
in Fig. 4 (genera with a relative abundance < 5% were
classified into others). Metallibacterium, Acidiphilium,
Acidithiobacillus, Acidibacter, and Acidothermus were the
dominant genera in Group P, with an average relative
abundance of 18.80%, 5.08%, 5.03%, 4.73%, and 3.38%,
respectively. Metallibacterium had the highest relative
abundance in Group P, with relative abundances in P1-P4
of 25%, 14%, 15%, and 26%, respectively. Metallibac-
terium is comprised of acidophilic microorganisms capable
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Table 1 Miseq sequencing results and diversity indices for each
sampling site
Group Sample Sequencing Diversity indices®  Coverage
results (%)
Reads OTUs” Chaol  Shannon
Group Pl 38,587 461 562.11 3.83 99.57
PY p 68,784 494 567.10 4.35 99.70
P3 33,121 343 393.07 4.00 99.78
P4 65,344 280 357.03 3.66 99.73
Mean 51,459 395 470.00 4.00 99.70
value
Group RQ 39,401 1398 1550.60 6.10 99.23
R RrMm 63,307 1257 1452.85 5.79 99.18
RH 28,295 1446 1521.54 6.28 99.48
Mean 43,667 1367 1508.00 6.05 99.29
value

dChaol Chao’s species richness index, Shannon Shannon—Weiner
Index

®Species level, the 97% similarity threshold was used to define oper-
ational taxonomic units (OTUs)

“Group P was the sediment of a polluted tributary; Group R was the
sediment of the mainstream of the river
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Fig. 2 Rarefaction curves of the OTU number at the 97% similarity
for every sample

of heterotrophic or lithotrophic Fe(IIl) reduction (Brantner
and Senko 2014; Ziegler et al. 2013). In many recent
studies, Metallibacterium populations have been detected
in high-Fe environments (Brantner et al. 2014; Brantner
and Senko 2014). These observations may be attributed to
their metabolic capability for Fe reduction. Geothrix and
Geobacter were the dominant genera in Group R. Geothrix
was the genus with the highest relative abundance in Group
R, with abundances of 23%, 14%, and 15% in RQ, RH, and
RM, respectively. Both Geobacter and Geothrix were

@ Springer

reported to be neutrophilic Fe(Ill)-reducing bacteria in
previous studies (Islam et al. 2005), and therefore had a
high relative abundance in the neutral river samples.

3.3 Comparison of the distribution of bacteria
in the different groups

The differences between samples were analyzed by a
principal co-ordinates analysis (PCoA) at OTU level using
the Bray—Curtis distance algorithm (Fig. 5). The algorithm
is based on the Euclidean distance, which can be used to
express the differences in absolute abundance between
samples. In the PCoA analysis chart, the explanations of
the PC1 and PC2 axes for the ranking results were 63.84%
and 11.68%, respectively, which shows that these two main
components were representative. It can be seen from Fig. 5
that samples from the polluted tributary were mainly dis-
tributed on the right side, while samples from the main-
stream of the river were mainly distributed on the left side,
indicating that the relative abundance of bacteria between
these two groups was quite significant. Compared with
Group R, the samples in Group P were more clustered,
indicating that the differences between the samples were
smaller. The distance between sample points in the PCoA
chart can be used to judge the similarity and difference
between samples. It can be seen that the distance between
the RM and Group P samples was less than that for the RQ
and RH samples, which may be due to the inflow of pol-
Iution from the tributary, resulting in a change in the
microbial community in river sediment.

Figure 5 shows that there were significant differences
between Group P and Group R. To identify the differences
between bacteria, a Wilcoxon rank-sum test was used to
compare the bacterial communities of the two groups. The
thirty top OTUs with significant differences between the
two groups are shown in Fig. 6 (p < 0.05). These OTUs
were mainly distributed in the dominant phyla, among
which 13 belonged to Proteobacteria, five belonged to
Actinobacteria, two belonged to Firmicutes, and six
belonged to Acidobacteria.

The OTUs with a high relative abundance (> 1%) in
Group P included OTU1711 (3.84%), OTU1951 (3.16%),
OTU1916 (2.38%), OTU1902 (1.36%) and OTU 2033
(1.24%). Among them, OTU1711 belongs to the unclassi-
fied bacteria of Proteobacteria, and the OTUI1951,
OTU1916, OTU1902 and OTU2033 can be classified to
Acidothermus, Acidibacter, Acidithrix and Ferrithrix,
respectively. Acidothermus, discovering in acidic hot
spring, is classified as a kind of thermophilic, acidophilic,
and cellulolytic bacteria (Winter et al. 2012). Acidibacter
is an acidophilic ferric reducing gammaproteobacterium,
belonging to moderate acidophile bacteria (Falagan and
Johnson 2014). Acidithrix was isolated from an acidic
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Table 2 Physiochemical parameters of the river sediment samples
Sample pH Fe Zn Mn Cu Cr Pb Cd As
(g/kg) (mg/kg) (mg/kg) (mg/kg) (mg/kg) (mg/kg) (mg/kg) (mg/kg)
P1 2.20 821.00 82.20 339.00 20.50 54.50 21.00 0.12 10.80
P2 2.00 730.00 187.23 233.57 25.12 30.09 20.98 0.02 9.37
P3 2.10 783.00 50.20 98.80 12.90 43.40 18.90 0.04 4.95
P4 1.90 913.00 91.50 140.52 9.68 13.40 5.53 0.05 3.99
RQ 6.70 253.00 926.57 784.76 168.97 66.19 112.66 2.40 65.71
RM 4.90 365.00 570.87 494.71 66.06 39.39 46.37 1.37 23.54
RH 6.30 286.00 214.00 455.00 35.20 77.60 38.20 0.54 13.40
60 B oo ¢ actinobacteria (Johnson et al. 2009). Most of the microor-
o [ Group R ganisms with significant differences in group P were aci-
% dophilic Fe metabolizers. This may be because the
g extremely acidic (pH 1.9-2.1) and high Fe environment of
330 the polluted tributary inhibited the growth of most
_‘_";‘:20 microorganisms, enabling the acidophilic Fe-metabolizing
2 o bacteria to become the dominant genera.
The OTUs with high relative abundance (> 1%) in
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Fig. 3 Distribution of the main phyla in the different groups samples

draining stream of an abandoned copper mine, and it can
catalyze the oxidation of ferrous (but not the oxidation of S
or hydrogen (H)) under aerobic conditions, and the
reduction of ferric under micro-aerobic and anaerobic
conditions (Jones and Johnson 2015). Ferrithrix is a het-

Group R included Clostridium_sensu_stricto_I (OTU874,
1.77%), Geothrix (OTU16, 1.87%), OTU30 (1.27%),
Aquabacterium (OTU1625, 1.37%), Geobacter (OTU458,
1.24%), and Anaeromyxobacter (OTU189, 1.22%). Among
them, Geothrix and Geobacter are known to be neu-
trophilic Fe(Ill)-reducing bacteria (Islam et al. 2005).
Clostridium_sensu_stricto_1 is widely distributed in the
natural environment, and most of them are anaerobic or
slightly — aerobic  bacteria (Luo et al. 2019).
Anaeromyxobacter can grow under both oxic and anoxic
redox conditions, which can realize the reduction of Fe(III)
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(Qiang and Sanford 2003). Aquabacterium display a
microaerophilic growth behavior and can use oxygen and
nitrate as electron acceptors (Lin et al. 2009). In Group R,
most of the microorganisms with significant differences
were anaerobic or microaerophilic, which may be due to
the anaerobic environment of the river sediment, providing
suitable living conditions for anaerobic microorganisms. In
addition, these bacteria can participate in Fe metabolism
and reduce Fe under anaerobic or anoxic conditions, which
may be due to the high Fe concentration in Group R sed-
iment (average 301.33 g/kg).

@ Springer

3.4 Correlation between community structure
and environmental factors

A Mantel test was conducted to analyze the correlations
between environmental factors and the distribution of the
bacterial community in the samples. The results showed
that the bacterial community was significantly correlated
with the pH (R*=0978, p <0.01), Fe (R*=0.968,
p <0.01), and Cd (R* = 0.842, p < 0.01). The Spearman
correlations between the main genera and environmental
factors in sediment samples is shown in Fig. 7. The dis-
tribution of the Fe-reducing bacteria Metallibacterium was
significantly negatively correlated with pH (R* = — 0.95)
and positively correlated with the Fe concentration
(R* = 0.99). The acidophilic bacteria Acidiphilium, Acidi-
capsa, Acidithrix, Acidothermus, and Ferrovum had the
same distribution characteristics as Metallicactrium. The
distribution of these acidophilic bacteria was strongly
correlated with the pH and Fe concentration. However,
Geothrix and Geobacter, the dominant bacteria in Group R,
displayed the opposite distributional characteristics to these
acidophilic bacteria, i.e., a positive correlation with pH and
a negative correlation with the Fe concentration. This was
mainly because Geothrix and Geobacter are bacteria that
thrive in neutral conditions and are unlikely to survive in an
acid environment (Islam et al. 2005). Figure 7 shows that
the distribution of Geothrix and Geobacter were positively
correlated with the heavy metal concentrations. This was
mainly due to the strong metal resistance of Geothrix and
Geobacter (Burkhardt et al. 2011).

3.5 Distribution of microorganisms
along the mainstream of Shandi River

To determine the influence of acid drainage from aban-
doned coal mines on the microbial community of Shandi
River sediment, we conducted a comparative analysis of
the sediment along the river. The pH of the mainstream
sediment decreased from 6.7 (RQ) to 4.9 (RM) after the
acid drainage from the abandoned coal mine entered
into the Shandi River, and the Fe concentration increased
from 253 g/kg (RQ) to 365 g/kg (RM). Compared with
RQ, the pH (6.3) of RH was lower, and the Fe concen-
tration (286 g/kg) was higher (Table 2). The numbers of
OTUs in river samples were 1398 (RQ), 1257 (RM), and
1446 (RH). The Shannon index displayed the same trend as
the OTUs, i.e., the number of OTUs and Shannon index
initially decreased after the inflow of the polluted tributary,
and then increased gradually with the water migration. The
number of OTUs and Shannon index of the downstream
sample (RH) were higher than that of the upstream sample

(RQ).
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The distribution of microbial communities along the
mainstream of Shandi River is shown in Fig. 8. The phyla
and genera with an average abundance of > 2% were
defined as dominant. Compared with RM and RQ, the
dominant phyla with a significant increase in relative
abundance included Proteobacteria, Firmicutes, and Par-
cubacteria (p < 0.001), while the dominant phyla with a
significant decrease included Bacteroidetes, Actinobacte-
ria, Chloroflexi, and Spirochaetae (p < 0.001). The rela-
tive abundance of Acidobacteria did not change
significantly. Compared with RH and RQ, the dominant
phylum with a significant increase in relative abundance
included Proteobacteria, Spirochaetae, and Parcubacteria
(p <0.001), and the other dominant phylum decreased
significantly (p < 0.001). The relative abundance of no-
rank_f_Spirochaetaceae, Rhodanobacter, and
Anaeromyxobacter in RM and RH increased significantly
due to the introduction of polluted tributaries (p < 0.001).
There was no significant difference between the relative
abundance of Geothrix and Geobacter in RM and RQ.
However, the relative abundance of Geothrix decreased
significantly, while that of Geobacter increased signifi-
cantly in the downstream sample (RH). In conclusion, the
inflow of the polluted tributary significantly changed the
microbial community in the river sediment. Although the
pH of the downstream sample (RH) increased to become
almost neutral (pH = 6.3), the microbial community in the
sediment still changed substantially.

4 Conclusions

The discharge of acid drainage from abandoned high sur-
fur(S) coal mines has caused serious pollution in Shandi
River, Yangquan, Shanxi Province. In this study, river
sediment samples from a polluted tributary and the main-
stream of Shandi River were collected to study the bacterial
diversity and community composition by high throughput
Illumina MiSeq sequencing.

The results showed that the tributary was seriously
polluted by AMD, resulting in a significant decrease of the
richness and diversity of bacteria (p < 0.001). Acidophillic
Fe- and S-metabolizing bacteria, such as Metallibacterium,
Acidiphilium, and Acidithiobacillus were the dominant
genera in the polluted tributary sediment, while the neutral
anaerobic Fe-reducing bacteria Geothrix and Geobacter
were the dominant genera in the mainstream sediment. The
PCoA analysis showed that there were significant differ-
ences in bacterial communities between the polluted
tributary and mainstream sediment samples. The bacteria
with significant differences were mainly distributed in the
Proteobacteria, Actinobacteria, and Acidobacteria. The
Mantel test results showed that the pH, and Fe and Cd
concentrations had a significant influence on the distribu-
tion of the microbial community. Metallicactrium, the
dominant genus in group P, was negatively correlated with
pH and positively correlated with the Fe concentration,
while the dominant genera of Group R, Geothrix and
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Fig. 8 Relative abundance of dominant genera and phyla at the RQ, RM, and RH sample sites

Geobacter, were greatly affected by the heavy metal con-
centrations. The distribution of microorganisms in the
mainstream sediment indicated that the inflow of acid
drainage from abandoned coal mines significantly changed
the microbial community structure of river sediments.

This study highlighted the impact of long-term AMD
from abandoned coal mines on the microbial community
structure of river sediments. Some genera had a close
relationship with heavy metals, which may provide a new
way for the natural bioremediation of polluted area.
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