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Abstract

Sulfate-reducing bacteria (SRB) are an attractive option for treating acid mine drainage (AMD) and are considered to be of great
significance in the natural attenuation of AMD, but the available information regarding the highly diverse SRB community in
AMD sites is not comprehensive. The Hengshi River, which is continually contaminated by AMD from upstream mining areas,
was selected as a study site for investigation of the distribution, diversity, and abundance of SRB. Overall, high-throughput
sequencing of the 16S rRNA and dsrB genes revealed the high diversity, richness, and OTU numbers of SRB communities,
suggesting the existence of active sulfate reduction in the study area. Further analysis demonstrated that AMD contamination
decreased the richness and diversity of the microbial community and SRB community, and led to spatiotemporal shifts in the
overall composition and structure of sediment microbial and SRB communities along the Hengshi watershed. However, the
sulfate reduction activity was high in the midstream, even though AMD pollution remained heavy in this area. Spatial distribu-
tions of SRB community indicated that species of Clostridia may be more tolerant of AMD contamination than other species,
because of their predominance in the SRB communities. In addition, the results of CCA revealed that environmental parameters,
such as pH, TS content, and Fe content, can significantly influence total microbial and SRB community structure, and dissolved
organic carbon was another important factor structuring the SRB community. This study extends our knowledge of the distri-
bution of indigenous SRB communities and their potential roles in natural AMD attenuation.
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Introduction

Acid mine drainage (AMD) is typically characterized by low
pH and high concentrations of sulfate and heavy metals (Bao
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et al. 2017; Gao et al. 2019). AMD severely impacts aquatic
ecosystems, degrading the quality of water used for drinking,
crop irrigation, or aquaculture and rendering water unsafe for
human consumption (Mohapatra et al. 2011; Xu et al. 2020).
Due to the extreme toxicity of AMD, numerous technologies
involving physical, chemical, and biological approaches have
been developed to remove toxic substances, mainly soluble
metals and sulfates. Biological treatment strategies take ad-
vantage of the ability of microorganisms occurring in AMD
to metabolize iron and sulfate (Klein et al. 2014), and biolog-
ical treatment applying sulfate-reducing bacteria (SRB) is an
attractive option for treating AMD and recovering metals
(Sanchez-Andrea et al. 2014). Furthermore, SRB also have
been demonstrated to play a role in the natural attenuation of
AMD (Coggon et al. 2012).

Sulfate reduction by SRB has been successfully applied to
decrease the acidity of and remove metals and sulfate from
AMD (Coggon et al. 2012; Sanchez-Andrea et al. 2014; Sun
et al. 2020), due to their ability to induce alkalinity and pro-
duce sulfides (Eq. (1)), which neutralize AMD and precipitate
metals (M*") simultaneously (Eq. (2)).
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Sulfate-reducing bacteria mainly belong to
Deltaproteobacteria, Clostridia, Thermodesulfobacteria,
Thermodesulfobiaceae, Nitrospirae, Euryarchaeota, and
Crenarchaeota (Dev et al. 2016). Generally, most of the iden-
tified SRB grow optimally at neutral pH (Sanchez-Andrea
et al. 2013; Mardanov et al. 2017). Although acidophilic and
acid-tolerant species have been found in acidic mine waters
and sediments (Sen and Johnson 1999; Giloteaux et al. 2013;
Mardanov et al. 2017; Bao et al. 2018), such organisms are not
common among SRB due to the low pH and low availability
of organic carbon in AMD sites (Koschorreck 2008; Bao et al.
2018). To date, only very few SRB species growing at low pH
have been isolated and characterized (Bertel et al. 2012;
Petzsch et al. 2015). Most of them belong to the genera
Desulfosporosinus (Clostridia) and Desulfovibrio
(Deltaproteobacteria) (Mardanov et al. 2017; Bao et al.
2018).

Located in South China, the Hengshi watershed is heavily
contaminated by long-term AMD from the upstream
Dabaoshan Mine. Previous studies have shown that the
AMD in the Dabaoshan Mine is characterized by low pH (<
3.0) and a high concentration of SO,* (>2000 mg/L), and
various kinds of dissolved metals such as Fe, Pb, Cd, and Cu
(Chen et al. 2015, 2018; Bao et al. 2017). AMD impacts over
40 km of streams within the Hengshi watershed basin, creat-
ing sulfate gradients along the water flow (Bao et al. 2017).
Compared with the heavily contaminated mud impound-
ments, the downstream Hengshi River is moderately to lightly
contaminated overall. Therefore, this watershed allows the
investigation of the spatiotemporal distribution of the SRB
community along an AMD gradient. Importantly, little is
known about the acidophilic and acid-tolerant indigenous
SRB in AMD sites.

In the present study, we investigated the following: (i) the
physicochemical details of AMD-contaminated watershed
sediment in the Dabaoshan Mining District, (ii) the composi-
tion of the microbial community and SRB community within
this watershed and the relationship between community com-
position and physiochemical parameters, and (iii) the abun-
dance of the SRB community based on qPCR, providing in-
sight into SRB community characteristics.

Materials and methods

Sampling and physicochemical analyses

The Dabaoshan Mine (South China (24° 31’ 37" N; 113°
42" 49" E)) is a large polymetallic sulfide deposit and a

range of metal ores (mainly iron and copper) have been
extensively mined since the 1970s. The Hengshi water-
shed is continually contaminated by AMD produced from
the upstream Dabaoshan Mine (Fig. 1). Two impound-
ments (SO and S1) were built to dam the AMD.
However, a large amount of AMD overflow continues to
flow to the downstream Hengshi River. The Hengshi
River, which is joined by a few tributaries and is
surrounded by scattered villages, flows through the
Wengcheng city area and then into the Wengjiang River.
AMD is attenuated as the river flows. The significant
confluence points S6-S8 and S10-S11 (41 km from the
dam S1) were chosen in this study to represent the mod-
erately and lightly contaminated regions, respectively. In
addition, the Taiping River, which is one of the most
important tributaries with no AMD pollution, was selected
as the control stream (C4).

Field measurements and sampling were carried out in
January and November 2016 at 7 sites (Fig. 1).
Approximately 500 g of surface sediment (up to 5 cm deep)
was collected per site. Samples from each site were pooled,
homogenized, and then subpacked in sterile 50-ml Falcon
tubes. The sediments for chemical analyses and molecular
analyses were stored at —20 °C prior to any treatment.
Genomic DNA extraction was finished within 1 week, and
sulfur species determination was finished within 2 weeks.
For total sulfur (TS) and heavy metal analyses, sediments
were processed by vacuum freeze drying and passed through
a 100-mesh sieve.

Measurements of sediment pH and temperature (T)
were carried out in situ using a multi-parameter tester
(SG2-T SevenGopro™ MTD, Switzerland). The sediment
pH was expressed by the pH of the water. The sediment
dissolved organic carbon (DOC) was extracted following
the method described by Jones and Willett (2006), then
measured by a total organic carbon analyzer (TOC-V
CPN, Shimadzu). Measurements of heavy metals (includ-
ing Fe, Pb, Zn, Cu, Cr, and Cd) were performed by atom-
ic absorption spectrophotometry (Z-2000, Hitachi, Japan).
Sulfur species (including acid volatile sulfide (AVS),
chromium reducible sulfide (CRS), elemental sulfur
(ES), exchangeable sulfate (ExS), and TS) of the sedi-
ments were extracted and analyzed using the method de-
scribed by Chen et al. (2015).

DNA extraction

Genomic DNA was extracted from each sediment sample
using a MOBIO™ PowerSoil® DNA Isolation Kit (MOBIO
Laboratories Inc., Carlsbad, CA, USA) following the manu-
facturer’s protocol. The extracted DNA was stored at — 80 °C
prior to further analyses.
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Fig. 1 Location of the Hengshi River watershed and the locations of 7 sampling sites in the Hengshi River watershed

High-throughput sequencing and data processing

Microbial and SRB community structure, richness, and
diversity were studied using Illumina MiSeq PE300 based
on 16S rRNA and dsrB gene sequencing, respectively.
Amplification of the 16S rRNA gene (~468 bp, V3-V4
region) and dsrB gene (~350 bp) was performed using
the primer pairs 341F/806R and DSRp2060F/DSR4R, re-
spectively (Supplementary Table S1); these primer pairs
were widely employed in previous studies (Zhang et al.
2017). PCR amplification was performed in a S1000 ther-
mal cycler (Bio-Rad, USA). Amplifications were carried
out in a 50-pl reaction mixture containing 25 pl of 2x
SYBR® Premix Ex Taq (TaKaRa), 3 ul of template
cDNA (~20 ng/ul), 1 ul of each primer at 10 mM, and
20 ul of sterile distilled water. The amplification condi-
tions were as follows: initial denaturation at 94 °C for
5 min, followed by 30 cycles of denaturation at 94 °C
for 30 s, annealing at 52 °C for 30 s, and elongation at
72 °C for 30 s, and a final step at 72 °C for 10 min. The
yield and quality of the PCR products were examined on a
1% agarose gel stained with ethidium bromide. The PCR
products were then mixed at equidense ratios and purified
using an EZNA Gel Extraction Kit (Omega, USA). 16S
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rRNA and dsrB gene libraries were subsequently prepared
using an NEBNext® Ultra™ DNA Library Prep Kit (New
England Biolabs, USA), and the libraries were finally se-
quenced on the Illumina MiSeq (PE300) platform.

Sequences were analyzed with QIIME software and
the UPARSE pipeline (Caporaso et al. 2010). After as-
signment based on each sample and merging (Mago¢
and Salzberg 2011), low-quality reads (16S rRNA and
dsrB) were filtered with QIIME (Caporaso et al. 2010).
Subsequently, UPARSE (Edgar 2013) was used to clus-
ter operational taxonomic units (OTUs) at 97% and 90%
similarity cutoffs for the 16S rRNA gene and dsrB
gene, respectively (Zhang et al. 2017). In addition, the
most abundant sequence from each OTU was selected
as the representative sequence. Phylogenetic analysis
was performed with 16S rRNA and dsrB gene se-
quences obtained from the Greengenes and NCBI
(National Center for Biotechnology Information) data-
bases, respectively. Reads that did not match any se-
quences in the database were clustered into the unclas-
sified group. Raw sequences of 16S rRNA and SRB
genes have been submitted to NCBI Sequence Read
Archive database with no. PRINA642338 and no.
PRINAG642374, respectively.
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Quantification of gene copies in sediments

The microbial 16S rRNA gene and the dsrB gene in the sed-
iment samples were amplified using the primers 341F/518R
and DSRp2060F/DSR4R, respectively (Supplementary
Table S1). Quantification of the 16S rRNA and dsrB genes
was performed with the methods described by Zhang et al.
(2017) and Wang et al. (2016), respectively. Real-time PCR
was conducted using a SYBR® Premix Ex Taq™ II kit
(Takara). Then, the PCR products were cloned into pMD19-
T Easy Vector (Takara) to draw standard curves.

Statistical analyses

Gene richness and diversity were assessed by the Chaol
richness estimator (Chao 1984) and by the Simpson even-
ness index (Simpson 1949) and nonparametric Shannon
diversity index (Shannon 1948), respectively, as imple-
mented in QIIME (Schloss et al. 2009). The similarity
of microbial communities among different sediment sam-
ples was determined by the unweighted pair group meth-
od with arithmetic mean (UPGMA) clustering based on a
weighted UniFrac distance matrix calculated by QIIME.
Nonmetric multidimensional scaling (NMDS) based on
weighted UniFrac distances was performed to provide a
visual comparison of the pairwise UniFrac distances
among samples.

The interrelationships among the sampling sites, the
microbial community structures, and the environmental
variables were analyzed using canonical correspondence
analysis (CCA) with CANOCO 4.5 multivariate data anal-
ysis software (Microcomputer Power, Ithaca, NY, USA).
The significant physiochemical parameter-community in-
teractions were tested using Monte Carlo permutation
tests. Finally, the CANODRAW 4.0 program (in the
Canoco package) was used to graphically present the or-
dination results.

Results

Physicochemical characterization and sulfur
distributions in sediments

The physicochemical parameters measured in the sedi-
ment samples are summarized in Fig. S1. In general, tem-
poral variations of the physicochemical parameters be-
tween the two sampling campaigns were more marked in
the downstream of Shangba (S8—S11), compared with the
two mud impoundments (SO and S1). In terms of spatial
variations, natural attenuation processes result in a strong
spatial pollution gradient along the water flow. The sedi-
ment pH and DOC increased along the Hengshi River.

The two mud impoundments (SO and S1) were the head-
waters of the Hengshi River and were the most heavily
contaminated areas. Sediments in the two mud impound-
ments had a pH <3.0 and a large number of precipitated
heavy metals. AMD overflowed from the S1 mud im-
poundment into the Hengshi River, and the pH increased
along the Hengshi River. S6 and S8 are located in the
AMD-attenuating zone, which is mildly acidic and repre-
sents a moderately AMD-contaminated area. The pH
values in these regions (S6-S8) ranged from 3.3 to 5.2
in January 2016, whereas in November 2016, they in-
creased to 4.6 and 6.4 in S6 and S8, respectively.
Downstream (S10 and S11), the sediment pH was close
to neutral, which was similar to the pH in the control site
(C4), indicating slight AMD contamination in this area.
Among the heavy metals (Fig. S1), the Fe and Pb concen-
trations in sediment declined rapidly along the river.
Studies have demonstrated that Fe and Pb have a
distance-metal concentration decay pattern (Taylor 2007,
Chamani et al. 2016). However, no regular changes in Zn,
Cu, Cr, and Cd concentrations in the sediment were found
throughout the Hengshi watershed.

Sulfur species in sediments along the Hengshi River
had different characteristics. In general, the sediment TS
and ExS decreased along the river (Fig. 2). TS values at
S0 and S1 (ranging from 25.69 to 40.10 g/kg) were mark-
edly higher than those at other sites. ExS was the main
sulfur species in the upstream and midstream sediments,
especially at S6 in January 2016, where ExS accounted
for 63.5% of the TS. Chen et al. (2015) suggested that the
high TS and ExS contents in acidic sediments result from
the precipitation of sulfate-rich minerals and sulfate ad-
sorption by minerals. In addition, several reduced sulfur
species (ES, AVS, and CRS) were detected, indicating the
existence of active sulfate reduction in this watershed.
However, compared with ExS, the ratio of reduced sulfur
species was low (<5.6% of TS). The total reduced sulfur
species at S6 and S8 was often higher than that at the
other sites, and CRS was present at the highest percentage
in S6 in January 2016 (~5.4% of TS) and S8 in
November 2016 (3.7%), suggesting that the sulfate reduc-
tion activity was high at these two sites.

16S rRNA gene analysis

A total of 566,152 valid 16S rRNA gene sequences were
obtained from the 14 sediment samples through Illumina
MiSeq PE300 sequencing analysis (Table S2). The valid
sequences were clustered into OTUs with 97% sequence
similarity. Accordingly, microbial richness and diversity
estimates were calculated for each sample and are shown
in Table S2. A total of 342-4113 OTUs with 97% sim-
ilarity were identified in the 14 sediment samples. The
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Fig. 2 Sulfur species in sediments along the Hengshi River (TS: total sulfur, ExS: exchangeable sulfate, ES: element sulfur, AVS: acid volatile sulfide,
CRS: chromium reducible sulfide). a and b are samples collected in January 2016; ¢ and d are samples collected in November 2016

OTU numbers increased along the watershed, and the
sediment samples from the two mud impoundments (SO
and S1) presented the smallest number of OTUs in each
sampling period. The species richness index (Chao 1)
and diversity indices (Shannon indices) showed trends
similar to that of the number of OTUs across the water-
shed. The lowest and highest richness and diversity in-
dices were obtained for the headwater (SO and S1) and
the downstream sections (S10 and S11), respectively.
These results revealed shifts in microbial richness and
diversity linked to AMD pollution gradients.

More than 15 prokaryotic phyla were detected across
all sediment samples, and the dominant phyla (> 1.0%),
which accounted for more than 93.7% of the total se-
quences in each sample, are shown in Fig. 3a.
Proteobacteria, Bacteroidetes, and Firmicutes were the
core phyla, accounting for nearly 68.5% of the total. For
the majority of the sediment samples, Proteobacteria was
the most abundant phylum and accounted for 25.9-65.9%
of the total sequences. Within Proteobacteria, the major-
ity of sequences were assigned to Gammaproteobacteria
(13.2-99.3%), Betaproteobacteria (0.3—72.1%), and
Alphaproteobacteria (0.3—47.2%) (Fig. 3b). The relative
abundance of Gammaproteobacteria decreased along the
watershed, whereas the relative abundance of
Betaproteobacteria increased along the watershed (Fig.
3b). Bacteroidetes displayed a high relative abundance
in all sediment samples, except for the two samples from

@ Springer

the two mud impoundments collected in November 2016.
Firmicutes displayed a high relative abundance in all sed-
iment samples, especially at the SO site in November
2016, accounting for 53.2% of the total sequences.

As shown in Table S4, a total of 18 families of potential
SRB were inferred for the microbial community by 16S rRNA
gene sequencing, with relative abundances ranging from 4.45
t0 35.05% (12.46% on average).

dsrB gene analysis

The total number of high-quality sequences of the dsrB
gene obtained from all samples was 2,072,813. Using a
similarity cutoff of 90%, these sequences were classified
into 53,098 OTUs. The corresponding species richness
(Chao 1 estimator) and diversity estimates (Shannon indi-
ces) were calculated and are listed in Table S3. In general,
the richness and diversity indices of the dsrB gene in-
creased along the watershed with the spatial gradient of
AMD from the first impoundment (S0) to the confluence
of the Hengshi River and Wengjiang River (S11).

Our results showed that SRB community composition var-
ied with geographical zone. At the class level, Clostridia and
Deltaproteobacteria were the predominant SRB groups in all
the sediment samples, accounting for 30.0-91.0% and 8.8—
69.7% of the total dsrB sequences, respectively (Fig. 4a).
Generally, the relative abundances of Clostridia increased
along the river. Clostridia were the most abundant class in
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Fig. 3 16S rRNA gene-based relative abundance of dominant phyla (a) and different classes of Proteobacteria (b) in sediment samples collected from

the Hengshi watershed

most sediments, except for the sediments from downstream of
Shangba (S8-S11) in November 2016 and from the control
river (C4).

Significant differences at the family level along the
AMD contamination gradient were also observed (Fig.
4b). Peptococcaceae represented a significant fraction in
all 14 libraries, accounting for 25.2-98.2% of the total
dsrB sequences, and tended to decrease along the water-
shed. Syntrophobacteraceae and Desulfobacteraceae
were also abundant in all 14 libraries, representing 1.4—
32.5% and 1.6-45.9% of the total dsrB sequences, respec-
tively. The relative abundances of Syntrophobacteraceae
decreased along the watershed, while those of
Desulfobacteraceae increased along the watershed.
Desulfobulbaceae was found at relatively high abun-
dances in sediment samples from downstream of
Lianggiao (S6-S11) and from the control river (C4).

As shown in Fig. 4c and Table S5, the majority of se-
quences (ranging from 56.3 to 93.9%) could not be assigned
at the genus level, especially in the heavily contaminated areas
(SO and S1). Among the detected genera, Desulfotomaculum,
Desulfovibrio, and Desulfomicrobium were dominant, while
Desulfosporosinus, Desulfobacter, and Desulfotignum were
rare in these sediments. Desulfotomaculum was abundant in

all 14 libraries, accounting for 5.8-43.5% of the total dsrB
sequences, with the highest relative abundances in the
heavily contaminated areas (SO and S1). Desulfovibrio and
Desulfomicrobium were found in only some sediment
samples. Desulfovibrio showed relatively high abundances
in less indices areas (S8-S11, and C4).

Linking microbial and SRB community structures to
AMD pollution gradients

The similarities and dissimilarities of the microbial communi-
ties in different sediments were quantified through NMDS
analysis (Fig. 5a) and UPGMA clustering (Fig. S2a) based
on weighted UniFrac distances. Overall, the microbial com-
munity structures in the sediment samples from the two im-
poundments (SO and S1) and Lianggiao (S6) collected in
January 2016 were similar, and those in the samples collected
in November 2016 from the three sites also clustered. The
microbial community structures in the sediment samples from
downstream of Liangqiao (S8-S11) clustered together and
were closer to those of the control stream (C4) in January
2016 and November 2016, respectively. This finding that
the sequences tended to group into clusters was consistent
with major physicochemical changes along the watershed, as
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Fig. 4 Community structure of the dsrB gene in sediment samples at the class level (a), the family level (b), and the genus level (c)

well as along the pollution gradients. However, analysis of the
cluster revealed that the samples collected in January 2016
formed a separate group from the samples collected in
November 2016, revealing differences in microbial commu-
nity structure between the two sampling campaigns.

Much more significant similarities and dissimilarities in the
SRB communities were observed through NMDS analysis
(Fig. 5b). UPGMA clustering (Fig. S2b) further confirmed
the patterns revealed by NMDS. The three major clusters
shown in Fig. 5b, i.e., the most heavily contaminated sedi-
ments (SO and S1), the lightly contaminated sediments (S8,
S10 and S11) and the control collected in January 2016, and
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the lightly contaminated sediments and the control collected in
November 2016, suggested that the phylogenetic composition
of SRB varied with AMD pollution gradients and sampling
times.

CCA was conducted to discern the possible correlations
between environmental variables and microbial community
structure, as represented by the major taxonomic groups (gen-
era for 16S rRNA genes and families for dsr7B genes) (Fig. 6).
CCA revealed that the environmental factors most strongly
correlated with the total microbial and SRB communities were
pH and the TS, ExS, and Fe contents. In addition, DOC ap-
peared to play an important role in SRB community structure.
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Abundance of total bacterial 16S rRNA and dsrB genes

The abundance of total bacterial 16S rRNA and dsrB genes in
the sediment samples from the Hengshi River was determined
via qPCR (Fig. 7). The results showed that the abundances of
the 16S rRNA and dsrB genes gradually increased with in-
creasing pH along the river, which was consistent with the
prediction of an increase in microbial abundances in the river
flow direction since a decrease in AMD pollution would be
related to a decrease in environmental harshness.

Discussion

Sulfate-reducing bacteria (SRB) are an attractive option for
treating AMD and are considered to be of great significance
for the natural attenuation of AMD. This study aimed to char-
acterize the microbial and SRB communities in Hengshi wa-
tershed sediment to provide new insights into the diversity of
and shift in SRB communities in response to AMD contami-
nation gradients. The diversity of microbial and SRB commu-
nities was determined using an approach combining 16S
rRNA and dsrB gene high-throughput sequencing with
qPCR analyses. This information will enable us to learn more
about the functional groups involved in the natural attenuation
of AMD and to exploit SRB capacities for AMD
bioremediation.

Physicochemical parameters shape microbial and SRB
abundance, community diversity, and structure

Several statistical analyses of the 16S rRNA and dsrB se-
quences suggested that AMD contamination decreased the
richness and diversity of microbial and SRB communities
and led to spatial shifts in the overall composition and struc-
ture of sediment microbial and SRB communities along the
Hengshi watershed. The lowest microbial and SRB

abundances and diversities were found in the upstream sedi-
ments (SO and S1), which had been heavily contaminated by
AMD, indicating that AMD does reduce the microbial and
SRB communities diversity. Previous studies demonstrated
that the extreme toxicity and acidity of AMD destroy aquatic
ecosystems and render water resources less habitable for var-
ious biota; thus, AMD sites often have very low biodiversity
(Baker and Banfield 2003; Simmons et al. 2005; Delavat et al.
2013; Bao et al. 2017). Meanwhile, the abundance and activ-
ities of SRB are usually limited by the small amount of organ-
ic substrate in AMD sites (Kolmert and Johnson 2001; Bao
et al. 2018) because of the low biomass and net primary pro-
ductivity in these environments (Hamsher et al. 2002;
Simmons et al. 2005). In this study, the low DOC and the
relatively low pH (< 3.0) eventually resulted in a low abun-
dance and diversity of SRB in the upstream sediments. In the
midstream (S6 and S8), increasing richness and diversity of
microbial and SRB communities were detected due to the
decrease in AMD pollution. Along with the increased DOC
and abundant available sulfate in this area, the activity of SRB
was expected to result in a high level of reduced sulfur species
(Fig. 2). In the downstream sites (S10 and S11), the richness
and diversity of the microbial and SRB communities were
similar to those in the control site (C4) due to the similar
physicochemical characteristics among these sites.
Clustering analysis of the detected 16S rRNA and dsrB
sequences separated all samples into several major clusters
(Fig. 5 and Fig. S2), and the sample groupings were largely
consistent with the differences in the AMD pollution gradient
and sampling time, indicating spatiotemporal variation in mi-
crobial and SRB community structures. Similar spatial or spa-
tiotemporal shifts in the phylogenetic composition and struc-
ture of overall microbial communities have been observed in
other AMD-contaminated watersheds, such as the Rio Tinto
in southwestern Spain (Garcia-Moyano et al. 2012), the
Amous River in southern France (Volant et al. 2014), and
the Aha watershed in Southwest China (Sun et al. 2015).
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Similarly, spatiotemporal variations in SRB community struc-
ture have also been found in Carnoulés AMD in France
(Giloteaux et al. 2013). In this study, the effects of temporal
fluctuations on SRB community structure were more notable
at the lightly contaminated sites (S8, S10, and S11) and the
control site (C4) (Fig. 5b) than at the other sites, probably
because of the temporal fluctuation of physicochemical pa-
rameters in these areas. A previous study by Giloteaux et al.
(2013) suggested that fluctuating physicochemical parameters
was the decisive factor for seasonal fluctuations of SRB di-
versity. In this study, a clear spatial pattern of microbial and
SRB community composition was observed (Fig. 5 and Fig.
S2). One of the notable findings was that pH may be the
primary environmental parameter structuring the differences
in microbial and SRB communities between upstream and
downstream samples (Fig. 6a). In addition, as indicated by
CCA, the TS, ExS, and Fe contents were three additional
major factors that shaped the microbial and SRB community
composition. As the major contaminants in AMD sites, iron
and sulfur compounds might have influenced the overall mi-
crobial communities primarily by controlling the distribution
of Fe- and S-metabolizing microorganisms (Sun et al. 2015;
Bao et al. 2017; Sun et al. 2020). Similarly, available sulfate,
which was represented by ExS in this study, could be a deci-
sive factor that affects SRB community composition. In addi-
tion, many SRB species can not only reduce sulfate, but also
have their ability to reduce Fe(Ill) (Bao et al. 2018). This
could explain why Fe content was also important for SRB
communities distribution in this study. Moreover, organic
substrate, which was represented by DOC in this study, was
also demonstrated as a major factor for the SRB community,
as organic substrate is used as the electron donor by SRB
during sulfate reduction.

Composition of the SRB communities

Our high-throughput sequencing analyses revealed high SRB
diversity in Hengshi watershed sediments, even in the heavily
AMD-contaminated sections. The 16S rRNA sequencing
analysis identified many potential SRB. 18 potential SRB
families were detected, accounting for 4.45-35.05%
(12.46% on average) of the total 16S rRNA gene sequences
(Table S4), even in the heavily AMD-contaminated sediments
(SO and S1) with a pH lower than 3.0. This finding is consis-
tent with the results of a previous study in this region that
found numerous sequences affiliated with potential SRB
(Bao et al. 2017). This result was not surprising, as SRB have
been found in many AMD environments, such as mine tail-
ings near Timmins in Canada (Fortin et al. 2000), the
Carnoulés AMD in France (Giloteaux et al. 2013), and the
Aha watershed in Southwest China (Sun et al. 2015).
Overall, the results in this study confirm the high abundance
of potential SRB groups in sediments of the Hengshi

watershed and suggest the existence of active biological sul-
fate reduction in this area, which could therefore play a role in
the natural attenuation of AMD.

The dsrB gene sequencing analysis performed in this
study identified two phyla (Firmicutes and
Proteobacteria), and Clostridia (within Firmicutes) and
Deltaproteobacteria (within Proteobacteria) represented
the dominant SRB. Our data were consistent with previous
observations obtained from various environments, such as
lake hypolimnion and sediments (Hamilton et al. 2016),
marine crustal fluids (Robador et al. 2015), marine and es-
tuary sediments (Jiang et al. 2009; Zouch et al. 2017), and
petroleum reservoirs (Tian et al. 2017), suggesting that
Clostridia and Deltaproteobacteria have a wide adaptation
range. Notably, previous studies found that
Deltaproteobacteria was the most abundant class of SRB
communities in sea sediment cores, salt marshes (Zhang
et al. 2017; Cui et al. 2017), and even sediment from
AMD sites (Mardanov et al. 2017). Surprisingly,
Clostridia were the most abundant class in most sediments
in this study, especially the heavily contaminated upstream
regions, suggesting that species in this class are more toler-
ant than other species to AMD contamination in the study
area. Within Clostridia, Peptococcaceae was the most
abundant family and was negatively correlated with pH,
indicating that Peptococcaceae is well adapted and tolerant
of AMD contamination in the study area. Most of the iden-
tified SRB grow optimally at a pH of 6-8 (Widdel 1988),
and only very few acidophilic/acid-tolerant SRB have been
isolated and characterized up to now (Bertel et al. 2012;
Petzsch et al. 2015). Desulfosporosinus is the most com-
monly identified acidophilic/acid-tolerant bacterium among
the SRB, and several species belonging to this genus have
been isolated (Bertel et al. 2012; Petzsch et al. 2015).
Interestingly, this genus happens to belong to the family
Peptococcaceae. Desulfosporosinus was detected by both
16S rRNA gene and dsrB gene sequencing, but it was not
the dominant genus in the dsrB gene sequencing analysis.
Desulfosporosinus is generally enriched and isolated with
low molecular weight organic carbon (glycerol, glucose,
and lactate) as the electron donor (Alazard et al. 2010;
Bertel et al. 2012); this could explain why it was not the
dominant species in natural environment where low molec-
ular weight organic carbon was not the main organic sub-
stance available. Moreover, the most abundant genus was
Desulfotomaculum (within Peptococcaceae) in this study,
which showed a relatively high abundance in the heavily
contaminated regions. Previous studies suggested that
most of the isolated Desulfotomaculum grow optimally at
neutral pH (Jabari et al. 2013; Krishnamurthi et al. 2013),
but members of Desulfotomaculum are somewhat acid
tolerant and have been found in some moderately acidic
environments (Dugan 1975; Sanchez-Andrea et al. 2013).
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Although an acid-tolerant species belonging to
Desulfovibrio has been isolated (Mardanov et al. 2017),
Desulfovibrio showed relatively high abundances in less
contaminated areas in this study.

Notably, a large fraction of the dsrB sequences could not be
identified at the genus level in this study, and only a relative
abundance ranging from 6.1 to 43.7% of the dsrB sequences
could be assigned at the genus level (Fig. 4c and Table S5).
These findings suggest that the AMD-contaminated environ-
ment contains a large proportion of currently unknown SRB
lineages, which need to be studied in more detail in future
studies. Indeed, similar results were widely found in many
studies of various environments, mainly due to the limited
number of reference sequences. For example, approximately
62% of dsrB sequences in surface sediments from the adjacent
area of the Changjiang estuary had no clear phylogenetic af-
filiation with previously cultured SRB (Zhang et al. 2016);
40.91 to 73.36% of dsrB sequences in sediment cores from
the East China Sea could not be assigned at the family or
genus level (Zhang et al. 2017); and 60% of dsrA sequences
in heavy metal-contaminated sediments from a salt marsh in
the Medway estuary (UK) showed no clear phylogenetic af-
filiation with known SRB lineages (Quillet et al. 2012).

Ecological implications

Sulfate-reducing bacteria have been investigated and found to
be important functional bacteria in diverse ecological habitats.
These bacteria are known to be of great significance in the
carbon and sulfur cycles of ecosystems and have a wide vari-
ety of applications in wastewater treatment, remediation of
pollutants, and other processes (Zhang et al. 2017; Tian
et al. 2017). Many studies have demonstrated that sulfate re-
duction by SRB can decrease the acidity of and remove metals
and sulfate from AMD (Coggon et al. 2012; Bao et al. 2018).
By quantifying and deep sequencing the ds»B genes involved
in dissimilatory sulfate reduction, we found that diverse SRB
were widely distributed in the AMD-contaminated Hengshi
watershed, and it might be expected that SRB would play
important roles in AMD attenuation in the Hengshi watershed.

Specifically, the high abundance and diversity of SRB
would very likely fuel sulfate reduction and accelerate the
natural attenuation of AMD. This is because SRB reduce sul-
fate to sulfide which can precipitate metals, and this process
promotes alkalinity and then neutralizes AMD (Coggon et al.
2012; Sun et al. 2020). AMD attenuation by SRB has been
demonstrated in many studies. Coggon et al. (2012) observed
that the biological reduction of iron-sulfate minerals by SRB
has the potential to naturally attenuate AMD. Ergas et al.
(2006) suggested that the bacteria that play roles in the natural
attenuation of AMD are acidophilic and acid-tolerant Fe(IIl)-
and sulfate-reducing bacteria due to their tolerance of the acid-
ity of AMD.

@ Springer

However, a question remains: what is the relationship be-
tween the reduced sulfur species contents in sediment and the
detected SRB? The findings of the present study suggested
widely distributed SRB and the existence of active sulfate
reduction in the AMD-contaminated watershed. However,
compared with pH and TS, reduced sulfur species (ES,
AVS, and CRS) appeared to have no significant correlation
with the SRB community based on CCA (Fig. 6b). The diver-
sity of SRB and the potential sulfate reduction activity might
still be overestimated or underestimated. Studies have shown
that certain named SRB might actually lack the ability to re-
duce sulfate in anaerobic environments, such as
Pelotomaculum and Sporotomaculum, which are not able to
respire anaerobically with sulfite/sulfate/organosulfonates,
even though they are closely affiliated with SRB (Brauman
et al. 1998; Imachi et al. 2006). Moreover, the functional dsr
gene sued by SRB is sometimes present in certain sulfide-
oxidizing bacteria (SOB), which have the reverse function of
sulfide oxidation (Hipp et al. 1997; Loy et al. 2009; Fan et al.
2012). In addition, physicochemical factors, such as pH,
heavy metals, sulfate, and carbon availability, might exhibit
moderate inhibition or stimulation of the activity of certain
strains of SRB (Coggon et al. 2012; Giloteaux et al. 2013;
Robador et al. 2015). Or perhaps it resulted from the fact that
SRB are active upstream but their produced sulfides are not in
the solid phase because they are dissolved by acidity.
Therefore, further studies should focus on this issue.
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