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Environmental gradient have strong effects on community assembly processes. In order to reveal the
effects of alkaline mine drainage (AIkMD) on bacterial and denitrifying bacterial community composi-
tions and diversity in tailings reservoir, here we conducted an experiment to examine all and core
bacterial taxa and denitrifying functional genes's (nirS, nirK, nosZ;) abundance along a chemical gradient
in tailings water in Shibahe copper tailings in Zhongtiaoshan, China. Differences in bacterial and deni-
trifying bacterial community compositions in different habitats and their relationships with environ-
mental parameters were analyzed. The results showed that the richness and diversity of bacterial
community in downstream seeping water (SDSW) were the largest, while that in upstream tailings water
(STW1) were the lowest. The diversity and abundance of bacterial communities tended to increase from
STW1 to SDSW. The variation of bacterial community diversity was significantly related to electro-
conductibility (EC), nitrate (NO3), nitrite (NO3), total carbon (TC), inorganic carbon (IC) and sulfate
(SO%7), but was not correlated with geographic distance in local scale. Core taxa from class to genus were
all significantly related to NO3 and NO;. Core taxa Rhodobacteraceae, Rhodobacter, Acinetobacter and
Hydrogenophaga were typical denitrifying bacteria. The variation trends of these groups were consistent
with the copy number of nirS, nirK and nosZ;, demonstrating their importance in the process of nitrogen
reduction. The copy number of nirK, nosZ; and nirS/16S rDNA, nirK/16Sr DNA correlated strongly with
NO3, NO3 and IC, but nirS and nosZ;/165rDNA had no significant correlation with NO3 and NO5. The copy
numbers of denitrifying functional genes (nirS, nirK and nosZ;) were negatively correlated with heavy
metal plumbum (Pb) and zinc (Zn). It showed that heavy metal contamination was an important factor
affecting the structure of denitrifying bacterial community in AIkMD. In this study we have identified the
distribution pattern of bacterial community along physiochemical gradients in alkaline tailings reservoir
and displayed the driving force of shaping the structure of bacterial community. The influence of NO3,
NO3, IC and heavy metal Pb and Zn on bacterial community might via their influence on the functional
groups involving nitrogen, carbon and metal metabolisms.

© 2018 Elsevier Ltd. All rights reserved.

1. Introduction

determine the mechanisms of community adaptability is explain-
ing the variation of ecosystem functioning, ultimately, predicting

Microbial diversity, abundance and community composition
change along environmental gradients (Bier et al., 2015; Fan et al.,
2016), and these changes may help us identify a set of environ-
mental characteristics to some groups of taxa. The main purpose to
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ecosystem responses to current and future environmental changes.
Functional genes, which contain the genes encoding key enzymes
involved in biogeochemical cycling processes, have been used to
study microbial communities (Xu et al., 2010). The abundance of
microbial functional genes reflects the adaptability of functional
groups in a specific ecological system. So establishing the connec-
tion between community structure and function has been a main
goal in microbial ecology (Berlemont et al., 2014). At the same time,
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establishing such a connection is especially critical for predicting
how communities and functions will respond to environmental
change (Trivedi et al., 2013).

Shifts in the abundance and community composition contrib-
uting to a process represent another route by which an ecosystem
can respond to environmental change (Allison et al., 2013). Bacte-
rial diversity, abundance and functional genes shift considerably
along gradients of pH (Kuang et al., 2016), available energy (Giilay
et al., 2016; Guo et al., 2015), trace metal concentration (Kumari
et al,, 2015; Sun et al., 2016), salinity (Dini-Andreote et al., 2014)
and temperature (Zhou et al., 2016). Environmental change acts as a
selective force against sensitive individuals, resulting in species
losses and possible cascading effects on ecosystem function
(Carlisle and Clements 2005). Because the composition and func-
tional genes abundance of microbial communities can be affected
strongly by pH, salinity, metal concentrations and available energy,
we speculated that exposure to alkaline copper mine drainage
(AIKMD) would drive the shifts in microbial communities and
specific functional groups composition.

Nitrogen contamination in tailings reservoir is mainly caused by
the blast of ammonium nitrate, fuel oil explosives, cyanide
destruction, flotation agent and the leaching or erosion of rain-
water. The excessive nitrogen is mainly removed by microbial
denitrification in tailings water. Denitrification is an important
microbial process that removes excessive nitrogen from contami-
nated water. This dissimilatory process reduces nitrate (NO3) to
nitrogen gas (N;) through intermediates of nitrite (NO3), nitric
oxide (NO) and nitrous oxide (N,O). It is well known that the
denitrification process exists in multiple environments: waste-
water (Gonzalez-Martinez et al., 2015; Xing et al., 2017), grassland
soil (Harter et al., 2014; Pan et al., 2016), lakes, agricultural fields (Ai
et al., 2017; Ishii et al., 2011), sediments (Baeseman et al., 2006).
However, at present, there is no report on the denitrifying bacteria
in AIKMD. As bacteria play a central role in denitrification, it is
crucial to understand which factors control the abundance of
denitrifying functional genes in AIkMD.

Zhongtiaoshan copper mine is the largest non-coal under-
ground mining mine in China, with annual output of more than 4
million tons of ore (Liu et al., 2017). It has a copper-dominated ore
body and is accompanied by some other metals such as Fe, Pb, Zn,
Cd, Mo et al. (He et al., 2007). Large amounts of waste water and
waste residue containing a variety of heavy metals are produced in
the process of mining. Massive accumulations of tailings cause
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serious pollution to the ecological environment, so ecological
restoration is particularly important in this region. Microorganisms
play an important role in the process of ecological restoration,
which can reduce the toxicity of heavy metals and decompose
excessive nutrient elements in tailings water. The structure and
diversity of microbial communities and the structure of functional
microbial communities determine the resilience of the ecosystem.

This study aimed to address the following questions: (i) How
does AIKMD affect microbial community structure? (ii) How does
AIKMD affect core taxa? (iii) How does AIKMD affect microbial
functional gene abundance? Our results indicated that microbial
community composition and functional gene structure were
distinct among sampling sites. Moreover, such microbial functional
patterns were highly correlated to environmental factors. We
speculate that the community structure in AIkMD was shaped by
environmental factors via influence on the functional microbial
groups.

2. Materials and methods
2.1. Site description

Sampling sites are in Shibahe tailings reservoir (35°15'~35°17’N,
111°38'~111°39’E), 10 km away from the Zhongtiaoshan copper
base, which lies in the south of Shanxi province, China. This tailings
reservoir has been used since 1972, with an area of 2 million square
meters, the maximum storage capacity of 125 million cubic meters,
the current capacity of 100 million cubic meters, and the average
depth of 5m in the catchment area. The research area belongs to
continental monsoon climate, with an annual mean temperature of
14 °C, an annual precipitation around 780 mm and frost free period
is more than 200 days. Two seeping water samples (SUSW and
SDSW) and three tailings water samples (STW1, STW2 and STW3)
were selected (Fig. 1).

2.2. Sampling procedures

Water samples were collected at the same depth (~1m from
water surface) using automatic sampler (W2BC-9600) in
September 2016. Three replicates were taken at each sampling
point and each repeat took 2 L water. Microbial mass was in situ
harvested from 1.5 L water sample, using a sterile 0.2 pm pore size
(Millipore, Jinteng, Tianjin, China) membrane filter. The millipore

Fig. 1. Locations of sampling sites around the Shibahe tailings reservoir in Shanxi province, China. Arrow shows flow direction of tailings water.
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filter with microbes used for microbial DNA extraction was sealed
at the sterile centrifuge tube and then stored in portable liquid
nitrogen tank. The remaining 0.5 L water was used for physico-
chemical property analysis.

2.3. Physiochemical analysis

Water physicochemical properties were measured at each site.
The pH, dissolved oxygen (DO), conductivity (EC), nitrate (NO3) and
ammonium (NHZ) content were measured in situ by a portable
water quality monitor (Aquread AP-2000, UK); total carbon (TC),
total organic carbon (TOC) and inorganic carbon (IC) content were
measured by a TOC analyzer (Shimadzu, TOC-Vcpy, Japan); nitrite
(NO3) and sulfate (SOF~) content were measured by an automated
discrete analyzer (DeChem-Tech, CleverChem380, Germany); con-
centrations of heavy metals (As, Cd, Cu, Pb, Zn) content were
determined by ICP-AES (iCAP 6000, hermo Fisher, UK).

2.4. DNA extractions, PCR amplification and high-throughput
sequencing

Biomass-sticking filters were cut into pieces and placed into
centrifuge tubes for DNA extraction using a Fast DNA SPIN extrac-
tion kits (MP Biomedicals, Santa Ana, CA, USA), according to the
manufacturer's protocol. A total of five samples (mixing the three
repeats for a sample) were analyzed for bacteria communities. The
primer pair 338F (5’-ACTCCTACGGGAG GCAGCA-3’) and 806R (5'-
GGACTACHVGGGTWTCTAAT-3') were used to amplify the V3-V4
hyper variable region of 16S rDNA gene in bacteria. Each sample
was amplified in triplicate with 25 uL reactions under the following
procedure: 98°Cfor 2 min (initial denaturation), 26 cycles of 15 s at
98 °C (denaturation), 55 °C for 30s (annealing), and 72 °C for 30s
(extension), followed by 5 min at 72 °C. Triplicate of PCR products
were pooled together and purified by the Agarose Gel DNA purifi-
cation kit (TIANGEN, China) and quantified with the NanoDrop
device. Samples were run on a Illumina MiSeq platform according
to the manufacturer's instruction manual. High-throughput
sequencing analysis and bioinformatics analysis were described
in the supplementary material. The sequencing and bioinformatics
service were conducted by Shanghai Personal Biotechnology co.,
LTD.

2.5. Nucleic acid sequences

The raw sequence data of bacterial 16S rDNA genes has been
deposited into the NCBI GenBank under the study accession num-
ber SRP116887.

2.6. Real time q-PCR assays

Four target genes were quantified, including 16S rDNA of total
bacterial, and three denitrifying bacterial genes (nirS, nirK and
nosZj). All g-PCR assays were performed in triplicates by using a
CFX96 system (BioRad, USA). The template DNA concentrations and
plasmid DNA concentrations were quantified by using Infinite
M200 PRO (Tecan, Switzerland) and the DNA concentration of each
sample was adjusted to yield a concentration of 10 ng uL~. For q-
PCR quantification of the 16S rDNA, nirS, nirK, and nosZ; genes
primers selected were listed in supplementary material (Table S1).
Each reaction mixture contained 10puL of SYBR® Premix Ex
Taq™(Tli RNaseH Plus) (TaKaRa, Dalian, China), 0.5 uL of each
primer (10 pmol L~1) for the selected target gene (except for 16s
rDNA 1 puL of each primer), 5 uL of DNA (except for 16s rDNA 1 pL),
and double distilled water to yield a total volume of 20 pL. The PCR
procedure for 16S rDNA included an initial denaturation step at

95 °C for 3 min and 40 cycles of amplification (95 °C for 20s, 55 °C
for 30s and 72 °C for 30 s). Finally, an increase of 0.5°Cs~! from 65 to
95 was performed to obtain the melting curve analysis of PCR
products. The thermal cycling conditions for other genes were the
same as the one described before, except that the annealing tem-
perature was 58 °C for nirS and nosZ,;, 62°Cfor nirk.

Target gene copy numbers in samples were calculated from the
standard curves. Standard curves were constructed from PCR
amplicons products of the target gene fragments extracted from
agarose gel with a Gel Extraction Kit (TIANGEN, China). The purified
product was connected with pMD®18-T plasmid vector (Takara Bio,
Dalian), and transformed into competent Escherichia coli DH5a
cells. The transformant cells were plated on agar plates supple-
mented with 1mL AMP, 5mL IPTG and 0.8 mL X-Gal every liter
Luria-Bertani (LB) and incubated in 37 °C. Positive clones were
subcultured to fresh LB. Then the plasmids were extracted from the
correct insert clones for each target gene and then were used as
standards for quantitative analyses. Tenfold serial dilutions of the
known copies of the plasmid DNA were then subjected to quanti-
tative PCR in triplicate to generate an external standard curve. A
dilution series of 108 -10% gene copies were used as standards in
each qPCR run. Efficiencies for PCR reactions were 81.3% for nirS,
79% for nirK, 86.8% for nosZ;, and 101.1% for 16S rDNA.

2.7. Data analysis

Data were square root- or log-transformed, where necessary to
improve normality and reduce heteroscedasticity before analysis.
Statistical differences among the sampling points of environmental
parameters, copy numbers of 16S rDNA, nirS, nirK, nosZ;, and ratios
of nirS/16S rDNA, nirK/16S rDNA and nosZ;/16S rDNA were analyzed
by one-way ANOVA, besides Kruskal Wallis significance difference
(KW) test was used for multiple comparison. Principal coordinate
analysis (PCoA) using Bray-Curtis distance was used to estimate the
differences of community structure between samples. Mantel test
was performed to assess the correlations between bacterial com-
munity structure and environmental parameters. Multiple-corre-
lation analyses making use of Pearson's method were used to relate
all bacterial and denitrifying bacterial abundances and relative
abundance of core taxa and denitrifying bacteria with environ-
mental parameters. Redundancy analysis (RDA) was used to iden-
tify the linkages between core taxa and environmental variables.
Confidence interval of 95% (p <.05) was used, statistical analyses
were performed using software SPSS 20.0 (IBM SPSS statistics,
USA), Canoco (version 5.0, USA) and PAST (version 3.15).

3. Results
3.1. The physicochemical gradient of drainage in tailings reservoir

Sampling locations spanned a gradient of AIkKMD contamination.
The highest values of pH, NO3, NO3 were observed at STW1, which
were significantly higher than that of STW3, SDSW and SUSW
(Table 1). The pH, EC, NO3, NO3 and SO?( showed a gradient along
flow direction of drainage water that were STW1>STW2>STW3. As
the tailings dam was built by the accretion of tailings sand, just like
a filter column, part of the heavy metals and other contaminants
were filtered out when the drainage permeates the tailings dam.
Therefore, seeping water in SUSW and SDSW had lower pH, EC,
NO3, NOz and SO5~ compared with STW water.

The higher levels of DO, TC, TOC, and IC were measured at STW3,
showing a trend of increase (STW1<STW2<STW3) along the flow
direction of drainage water (Table 1). EC, SOF~, NH#, TC and TOC,
had significant difference in SUSW and SDSW. For these five heavy
metals monitored, only Cd and Zn gradually decreased along the



102 J. Liu et al. / Water Research 133 (2018) 99—109
Table 1
Average water physical and chemical values of five sampling points.
Factors STW1 STW2 STW3 SUSW SDSW
Mean + SE Mean + SE Mean + SE Mean + SE Mean + SE
pH 9.382 +0.095a 9.131+0.053a 8.147 +0.048b 8.190 +0.032b 8.014+0.076b
DO 8.560 + 0.195a 10.218 + 0.466a 10.661 +0.527a 10.643 £0.281a 11.114+3.292a
EC 1834.333 +31.205a 1832.001 +20.466a 865.143 +3.106b 1427.333 +59.218 ab 404.333 +8.511c
NO3 134.373 +5.417a 85.170 + 1.553 ab 14.315 + 1.142bc 5.265 + 0.345¢ 4.698 +0.364c
NOz 10.548 + 0.405a 6.959 +0.20 ab 1.259 + 0.096bc 0.575 +0.057¢ 0.478 + 0.044c
NHZ 1.453 +0.003 ab 1.715+£0.019a 0.340+0.116b 2.333+0.030a 0.387 +0.015b
TC 20.600 + 0.035¢ 24.723 +0.818bc 34.523 +3.215ab 25.070 +0.023bc 52.315 +0.136a
TOC 7.597 + 0.003abc 8.520 + 1.529bc 14.100 + 0.075 ab 5.253 +0.020c 19344 +3.374a
IC 13.005 + 0.032c¢ 16.202 +0.291bc 20.179 +2.703bc 19.820+0.001 ab 43.015 +0.061a
Ny 1582.500 + 2.977a 1207.558 + 100.997a 837.255+38.754 ab 897.900 + 97.900 ab 117.655 + 11.311c
As 2.407 +0.021a 2.853+0.171a 0.155+0.012b 0.180 + 0.009 ab 0.003 + 0.003b
cd 0.004+0.001a 0.002 +0.001a 0.002 +0.003a 0.003 +0.002a BDL
Cu 0.017 + 0.009 ab 0.032 + 0.004a 0.016 + 0.004 ab 0.006 + 0.002b 0.008 +0.001b
Pb 0.060 + 0.036a 0.021+0.013a 0.025 +0.030a 0.043 + 0.006a BDL
Zn 0.012+0.001 ab 0.011 +0.004b 0.009 +0.003b 2.741+1.058a 0.249 +0.057a
Abbreviations : pH has no unit of measurement; EC unit is uS/cm; the unit of others is mg-L~!; BDL indicate below detection level.
Different letters represent significant differences in P <.05 level between different samples.
flow direction, but there was no significant difference among three 0
drainage water sample points. e SDSW
o}
0
3.2. Overall bacterial community structure and taxa identification STW3
Most of the filtered reads were within 400-500 bp in length, -
averagely longer than 400 bp. In total, 27587, 28168, 23429, 22330 %
and 21077 filtered sequences were obtained in five samples, 2
respectively. According to sequence alignment at a sequence 5
identity cut-off value of 97%, 370, 687, 905, 685 and 1010 OTUs were g
identified correspondingly (Table 2). 8 0 SUSW
According to the a-diversity analysis, the Shannon values indi- =¥ 5
cating the microbial diversity in five sample points were 3.16, 5.79, STW2
5.65, 5.39 and 6.37, respectively, demonstrating a higher microbial 0
diversity in four samples (SUVW, STW2, STW3, SDVW) compared STW1
with that in STW1. The OTUs, ACE, Chao1l and Simpson indices were 00
all minimal in STW1 compare to the other four samples, and bac- < 10 17

terial community richness showed an increasing trend along the
direction of the flow (Table 2).

PCoA based on Bray-Curtis similarities showed that microbial
community structures at different sampling locations were
different. Microbial communities of five sampling points were
divided into three groups with obvious differences in STW1, STW2
and SUSW, STW3 and SDSW (Fig. 2). The similarities of bacterial
community structures were matched with the physochemical
properties of drainage water samples (Table 1).

Approximately 99.9% of the sequences were classified into 26
different phyla across all the samples (Fig. 3). The predominant
phyla (relative abundance was greater than 1%) were Proteobacteria
(the number of classified sequences in this phylum ranged from
41.20 to 89.49% in all the samples), Actinobacteria (0.41-24.44%),
[Thermi] (2.30-22.81%), Firmicutes (3.79-13.99%), Bacteroidetes
(2.50-7.72%), Cyanobacteria (0.11-4.70%), Chloroflexi (0.004-1.51%),
Verrucomicrobia (0.01-2.19%) and OD1 (0.007-1.30%). There were

PCoA1:50.49%

Fig. 2. Principal co-ordinates analysis based on Bray-Curtis similarities of bacterial
communities found at the five sample points.

seven predominant phyla which had significant correlation with
environmental parameters (Table S3). Proteobacteria in the five
samples was distributed across the alpha (21.44-76.15%), beta
(2.49-12.31%) and gamma (1.03-38.81%) subphyla, however, delta
(0.005-0.35%) subphyla were detected in four samples except
STW1. Sequencing data showed that the composition of taxa in five
samples was different.

There were a large proportion of sequences (31.80-66.70%)
which were not assigned to any genera. Bacterial communities in
STW1 were dominated (54.06%) by sequences of an uncultured
genus of the Rhodobacteraceae. The abundance of Rhodobacteraceae

Table 2

Phylotype richness and diversity estimators of the bacterial communities in five sampling points.
Sampling point High quality sequence OTUs ACE Chaol Shannon Simpson
STW1 27587 370 334.61 238.00 3.16 0.70
STW2 28168 687 606.46 459.00 5.79 0.96
STW3 23429 905 885.96 650.00 5.65 0.88
SUSW 22330 685 607.93 467.00 539 0.93
SDSW 21077 1010 734.00 734.00 6.37 0.95
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Fig. 3. Bacterial community structure of each sampling point at the phyla level.

gradually decreased along the direction of flow. The most abundant
bacteria was Deinococcus (class Deinococci) in STW2 (13.92%) and
SUSW (22.81%), Acinetobacter (class +y-proteobacterial) in STW3
(37.76%) and Mycobacterium (class Actinobacteria) in SDSW
(15.86%) (Fig. 5, Table S2).

Bacterial abundances, expressed gene copies in per mL water,
were based on broad 16S rDNA targeted q-PCR were ranging from
6.90 x 10° +5.45 x 10% (STW1) to 5.14 x 10° + 3.40 x 10° (SDSW) of
total bacteria. The bacterial 16S rDNA gene copy number was
significantly different (P <.01) among five samples (Fig. 4), and this
difference was correlated positively with DO, TC, TOC and IC and
negatively with EC, NO3, NO3, NHZ, SO5~, As and Pb (Table 4).

3.3. Spatial patterns of core taxa

The top ten taxa with relative abundance greater than 1% (at the
level of class, order, family and genus, respectively) were defined as
core taxa. Top ten classes accounted for 90.6-97.9% of the total
identified sequences (Fig. 5a), top ten orders accounted for 82.2-
92.0% (Fig. 5b), top ten families accounted for 62.1-86.7% (Fig. 5¢)
and top ten genera represented 27.3-56.4% (Fig. 5d).

There was considerable inconsistency among five samples. The
relative abundance of Alphaproteobacteria (order Rhodobacterales,
family Rhodobacteraceae and genus Rhodobacter) and Betaproteo-
bacteria (order Burkholderiales, family Comamonadaceae and genus
Hydrogenophaga) gradually decreased along flow direction of
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Fig. 4. The distribution pattern of bacterial 16S rDNA copy numbers at the five sample
points. Different letters represent significant differences in P <.05 level.

drainage water. However, Gammaproteobacteria (order Pseudomo-
nadales, family Moraxellaceae, genus Acinetobacter and Legionella);
Actinobacteria (order Actinomycetales, family Mycobacteriaceae and
genus Mycobacterium); Synechococcophycideae (genus Synecho-
coccus); Acidimicrobiia; Caulobacterales (family Caulobacteraceae)
and Rhizobiales (family Phyllobacteriaceae) gradually increased
along flow direction of drainage water (Fig. 5).

The highest relative abundance of Deinococci (order Dein-
ococcales, family Deinococcaceae and genus Deinococcus), Bacilli
(order Bacillales, family Bacillaceae and genus Bacillus), Fla-
vobacteriia (order Flavobacteriales), Sphingomonadales (family
Sphingomonadaceae and genus Novosphingobium), Sphingobacteriia
and Microbacteriaceae (genus Candidatus Aquiluna) were observed
in the STW2. There were also differences of core taxa community
structure in SUSW and SDSW (Fig. 5).

3.4. Relationships of bacterial community composition and
environmental parameters

Mantel test showed that total bacterial community composition
(all OTUs) was strongly correlated with EC, NO3, NO3z, TC and SO3~;
likewise, the predominant bacterial community composition
(abundant OTUs) was significantly correlated to EC, NO3, NOz and
IC (Table 3). In addition, mantel tests also showed that the total and
predominant bacterial community composition were not signifi-
cantly correlated with pH, DO, heavy metal (As, Cd, Cu, Pb, Zn) and
geographic distance (Table 3).

RDA analysis results showed environmental parameters had
significant influence on core taxa at the level of class (F=24,
P <.05), order (F=2.6, P<.05), family (F= 2.5, P<.05) and genus
(F=171, P<.05). The results showed that core taxa were closely
related to the content of NO3 and NO3, also SO?{ showed a sig-
nificant influence on the class, order and family level and pH on the
order and family level (Table S8). Multiple correlation analysis re-
sults showed that NO3, NO3, TC, IC, SOF~ and heavy metal (As, Cu,
Pb, Zn) had significant influence in several core taxa (Tables S3-S7).

3.5. Variations of nirS, nirK and nosZ; along drainage flow direction

Key functional genes for denitrification comprising genes
encoding nitrite reductase (nirS and nirK) and nitrous oxide
reductase (nosZ;) were detected in five samples. The nirS, nirK and
nosZ; gene copy numbers ranged from 2.12 x 103 to 3.23 x 104,
4.73 x 10° to 3.84 x 10% and 4.14 x 10% to 2.33 x 10° copies per mL
water, respectively, in the studied samples (Fig. 6). The copy
number of nirS in STW3 and STW2 were significantly higher than
that in STW1, and the copy number of nirK did not have significant
difference in three reservoir water sampling points. The maximum
copy number of nosZ; was observed in STW2, and had significant
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Fig. 5. Core taxa of bacteria in five sampling points. a) Class level; b) Order level; c) Family level; d) Genus level.
Core taxa: the top 10 taxa with relative abundance greater than 1% (at the level of class, order, family and genus, respectively).

Table 3
Mantel test showing the correlation between bacterial community dissimilarity and
environment parameters in this study.

Factor All OTUs Abundant OTUs
pH 0.603 0.822
DO 0.117 —0.188
EC 0.742* 0.595*
NOs3 0.905** 0.596*
NO3 0.903** -0.611*
NHZ 0.151 —0.012
TC 0.558" —0.012
TOC 0.303 —0.130
IC 0.398 0.367*
Nory 0.679* 0.132
As 0.621 —0.161
cd 0.268 -0.372
Cu 0.150 0.602
Pb —0.432 —0.257
Zn —0.611 0.851
Geographic distance 0.215 0.620

Abbreviations: pH has no unit of measurement; EC unit is uS/cm; the unit of others
ismg-L~ .

The Pearson's coefficients were calculated and their significances were tested based
on 999 permutations.

*P < .05 and **P <.01. Abundant OTUs: with relative abundance more than 1%.

difference in three reservoir water sampling points. The copy
number of three denitrification functional genes in SUSW was
significantly lower than in SDSW (Fig. 6).

The ratio of nirS/16S rDNA, nirK/16S rDNA and nosZ;/16S rDNA
ranged from 0.12 to 1.46%, 2.58 to 1.38% and 1.81—6.03% in five
sampling points, respectively (Fig. 7). The relative abundance of
nirS, nirK and nosZ; gradual decreased along the direction flow in
reservoir water, although there was no statistical significance for
nirS and nirK (Fig. 7). The relative abundance of nirS, nirK and
nosZ; had no significant difference in seeping water. NirS/16S
rDNA and nirK/16S rDNA in reservoir water was 3.71 and
3.49 x 10 times as much as in seeping water, respectively, while
nosZ/16S rDNA in seeping water was 1.22 times as much as in
reservoir water.

3.6. The effects of environmental parameters on nirS, nirK and nosZ;

Denitrifying functional genes nirS and nirK have similar
response strategies to environmental change (except DO), while
nosZ; was different. The abundance of nirS and nirK was positively
correlated with pH, NO3, NO3, and negatively correlated with IC
and Zn, although the effects of nitrogen (NO3, NO3) and pH were
not statistically significant on nirS. However, nosZ; had an opposite
trend with nirS and nirK (Table 4). The abundance of nirS, nirK and
nosZ; were positively correlated with Cu and negatively correlated
with Pb (Table 4). The pattern of the relative abundance of three
denitrifying genes were consistent across five samples, and all had
a negative correlation with sampling location (Fig. 8), which were
closely related to the availability of nutrients (NO3, NOz, IC), pH and
heavy metal (Zn) elements (Table 4).

4. Discussion
4.1. Microbial communities in AlkMD

The distribution of different microbial groups in relation to bi-
otic and abiotic characteristics of its environment can provide
important clues to help us to understand the basis of the organism
physiology and its function within an ecosystem. Some studies
showed that microbial communities were sensitive to changes of
local environmental conditions (Mykra et al., 2017; Nie et al., 2016)
and our results were consistent with these previous studies. Our
data showed that a-diversity and B-diversity of bacterial commu-
nity changed along flow direction of drainage (Table 2, Figs. 2 and
4), and these compositional shifts were correlated with the con-
centration of NO3, NO3, SO%~ and TC (Table 3, Table 4). There was
limited evidence showed that such patterns of diversity may be
structured by a species-sorting process (i.e., the selection by local
environmental conditions) (Crump et al., 2012). This pattern of
bacterial community composition was a manifestation of adapta-
tion to environmental conditions such as responses to the avail-
ability of nitrate, sulfate and carbon for energy metabolism. Rather,
the variation of bacterial abundance might be because of stressors
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Table 4

Multiple correlation analysis results showing the correlation with the copy number (16S rDNA, nirS, nirK,nosZ;), functional gene relative abundances and environment pa-

rameters in this study.

Environmental variable 16S rDNA nirS nirk nosz; nirS/ nirk/ nosZz/
16S rDNA 16S rDNA 16S DNA
pH —0.365 0.256 0.540** —0.333 0.638*** 0.581** —0.148
DO 0.463* 0.478* -0.111 0.632*** 0.003 —0.219 —0.301
EC —0.701*** —0.055 0.102 —0.390* 0.432* 0.266 0.070
NO3 —0.566™" 0.111 0.569"** —0.487* 0.674"** 0.676"* 0.046
NO3 —0.570** 0.144 0.550** —0.483* 0.702*** 0.659*** 0.042
NHZ —0.609** —0.367 —0.552** —0.096 —0.147 —0.354 0.324
TC 0.786** 0.385 —0.152 0.675"* —0.219 —0.359 —0.244
TOC 0.583** 0.602** 0.440" 0.272 0.358 0.247 —0.235
IC 0.565** —0.591* —0.586** 0.643*** —0.579** —0.699*** —0.042
Nery —0.699*** —0.228 0.029 —0.305 0.321 0.240 0.412*
As —0457* —0.084 —0.118 —-0.053 0.252 0.000 0.307
Cd 0.061 0.007 0.030 —0.039 0.145 0.021 0.291
Cu 0.080 0.388" 0.156 0.218 0.374 0.113 0.043
Pb —0.497* —0.486™ -0.177 —0.416 —0.053 —0.015 0.487*
Zn 0.016 —0.587** —0.689*** 0.144 —0.725"** —0.625"** 0.428*

Note: Values in bold indicate statistical significance. Significance levels are shown at *p < .05,"*p < .0land ***p <.001.

a 6.0et+4 a a

2.5e+4 . N § Bt
" 5 40er "
£ 20044 g 5
g 0¢ a § I s i 2.5e+5
-
E 15er4 S - b LS 2085
2 @ @ a
8 b B 15+l 3 goera b
8, g, z 9.0e
S 1.0et4 8 i 3 = b
: % 10etl N 60et4 | ¢ =
2 N c 3
s B g

5.0¢+3 ; 5.0e+0 E 3.0c+4 |

=
0.0 0.0 0.0

s“ﬂ\ %@0 s"‘\ﬂ% s\@ %09&

N
g§$ 5’6& %(g\ﬂ %\5% 506

NS
sfgﬂ %(g\ﬂ ‘5«@ %\3‘5 %0‘5

Fig. 6. The copy number of nirS, nirK and nosZ, at the five sample points. Different letters represent significant differences in P <.05 level.
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Fig. 7. Abundance of nirS, nirK and nosZ; genes relative to the amount of 16S rDNA in five sampling points. Different letters represent significant differences in P <.05 level.

that effecting cellular processes and signaling (Bier et al.,, 2015).
When an ecosystem exists extreme environmental alteration, such
as tailings wastewater discharge, we expect organisms favored by
the changes to flourish and sensitive taxa to fail. This stress
response could shift community composition across environmental
gradients as well as increase taxa richness at lower pollution levels
and increase diversity at intermediate pollution levels where sen-
sitive and tolerant taxa overlap (Niyogi et al., 2007). This was a
possible explanation for microbial taxa richness and diversity re-
sponses to the AIkMD gradient. As and Pb significantly inhibited the
abundance of bacterial community (Table 4). Microorganism

community under the action of toxic heavy metals could reduce or
even lose the metabolic capability of carbon, nitrogen and sulfur (Li
et al, 2015), therefore, high concentrations of heavy metals
significantly inhibit the number of bacteria. Heavy metal mediated
toxicity was usually due to inactivation of enzymes, membrane
impairment, interaction with nucleic acids, variation in nutrient
transport and availability of the substrate. The inhibition of en-
zymes, cell membranes and nucleic acids by heavy metals was due
to the binding of metals to enzyme proteins, membrane proteins
and nuclease, thereby altering their structure (Yadav et al., 2016),
ultimately resulting in the loss of cytoactive. In acid mine drainage
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Fig. 8. Correlations between relative abundance of denitrifying functional genes and sampling sites.

(AMD) systems, pH strongly correlates with microbial community
diversity, richness and functional gene abundance (Huang et al.,
2016; Kuang et al., 2016). Although pH had statistically distinct
between reservoir water and seeping water (Table 1), pH was not
an important factor correlate of composition or diversity metrics
(Table 3, Table 4) in this study. Consistent with prior study on
AIKMD (Bier et al., 2015), this might be explained by the limited pH
range in this study (8.01-9.38 only 1 orders of magnitude) relative
to prior studies in AMD (not less than 4 orders of magnitude). The
lack of significant correlation between pH and diversity in Shibahe
tailings reservoir suggested that other chemical constituents such
as EC, NO3, NO3, SO?{ and numerous trace elements were stronger
determinants of bacterial community structure than pH.
Geographical distance had a significant influence on the structure
of bacterial community, and the difference of community diversity
was obvious with the increase of geographic distance (Lee et al.,
2013; Roguet et al., 2015). However, there was no significant cor-
relation between bacterial community structure and geographic
distance in this study (Table 3), indicating that the main factor
affecting the change of bacterial community structure was envi-
ronmental selection rather than diffusion limitation. The qPCR
estimated all bacterial abundances (Fig. 4) were somewhat higher
than those estimated by amplicon sequencing (Table 2), but
dissimilarity of bacterial abundance when using different primers
(Table S1) in PCR-based surveys was well documented (Giilay et al.,
2016). Amplification efficiency of 101.1% for qPCR reactions was also
an important factor in overestimation of bacterial abundance.
Bacterial communities assemble because of functional adapta-
tion in extreme habitat (Chan et al., 2013; Kuang et al., 2016). High
abundance of a member of the Proteobacteria in five samples
(Fig. 3), consistent with others of AIKMD (Bier et al., 2015), sug-
gesting their central role in the process of tailings water purifica-
tion. The largest decrease in abundance from STW1 to SDSW was
noted for the Proteobacteria due to the decrease of the typical
denitrifying taxa (Rhodobacteraceae, Hydrogenophaga and Rhodo-
bacter) (Table S2) resulted from the reduction of NO3 and NO3
(Table S6, Table S7). The trend of Actinobacteria abundance was
opposite to Proteobacteria, and it gradually increased from STW1 to
SDSW (Fig. 3). This was mainly caused by the changes in SO~ and
TOC concentrations (Table S3) which was consistent with Bier's
(Bier et al., 2015) findings on water bacteria. Contrary to this study,
Hou (Hou et al., 2017) studied on soil bacteria pointed out that EC
was positively related to Actinobacteria, whereas TC was negatively
related to Actinobacteria. This was possibly due to the differences of
subjects and study areas. The abundances of Firmicutes, Bacter-
oidetes and [Thermi] were higher in STW2 and SUSW, which was
consistent with the moderate pollution hypothesis, suggesting the
three taxa showed similar or slightly different niches (Giilay et al.,

2016). Cyanobacteria and Chloroflexi were common aquatic auto-
trophic microorganisms. The relative abundances of Cyanobacteria
and Chloroflexi increased along the flow direction in the reservoir
water (Fig. 2). The gradually decrease of NH4, NO3, NO3 and in-
crease of TC concentration (Table S3) were the most important
factors affecting the distribution of Cyanobacteria and Chloroflexi.
Cyanobacteria adapted contaminated habitats by releasing extra-
cellular polymeric substances buffering against environmental
stressors (Flemming et al., 2010). Members of the phylum Verru-
comicrobia were abundant in diverse habitats, including soil, water,
and sediments, as well as extreme environments such as in the hot
springs, low pH 2.0—2.5 and soda lake habitats (Freitas et al., 2012;
Hou et al.,, 2008; Shen et al., 2017). The relative abundance of Ver-
rucomicrobia increased along the flow direction in reservoir water
(Fig. 3), and this could be explained by Pb (Schneider et al., 2017)
and TOC (Freitas et al., 2012) concentration change. OD1 played an
important ecological role in impacting hydrogen and sulfur cycles
(Castelle et al., 2017; Wrighton et al., 2012). Whether OD1 is asso-
ciated with sulfur cycling in AIKMD is pending further study.

4.2. Core taxa and their likely eco-physiology role

The dominant microflora plays a key role in the ecosystem, so
the dynamics of the dominant flora can indirectly reflect the
adaptation process of the whole bacterial community to environ-
mental change. Ten top core bacterial community composition
(from class to genus) varied among the five samples, but core
genera were shared across the samples (Fig. 5, Table S2), indicating
that environmental conditions in the AIkKMD had similar back-
ground, and specific conditions of each sample point had secondary
influence on the microbial community composition (Giilay et al.,
2016). Core taxa (Rhodobacteraceae, Rhodobacter and Hydro-
genophaga) in STW1, Acinetobacter in STW3, Deinococcus in SUSW
and Mycobacterium in SDSW were abundant (Fig. 5¢ and d), sug-
gesting different ecological functioning roles. It would indicate
selection as a dominant force for community assembly via core taxa
of functional microbes.

Core taxa at different taxonomic levels had similar adaptive
capabilities, and this adaptation was best explained by NO3, NO3,
TC and IC concentration changes (Table S4 - S7). Major aquatic
bacteria Rhodobacteraceae and alkaliphilic genera Rhodobacter
were all typical phototrophic purple non-sulfur bacteria and NO3
and NOz were used as an electron acceptor during anaerobic
respiration (Glaring et al., 2015; Lu et al., 2014). Hydrogenophaga
was a common bacterium flora in polluted environment, and ac-
quired their energy by denitrification (Muturi et al.,, 2017; Park
et al., 2005). Therefore, nitrate concentration was an important
factor regulating community structure change. Phyllobacteriaceae
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has a remarkable adaptive capacity to the environment (Jurado
et al,, 2005; Liu et al,, 2012). In addition to its potential for deni-
trification, it might also be produced in the carbon cycle. Myco-
bacterium was distributed in many habitats (Liu et al., 2017) and
closely related to carbon decomposition. Flavobacteriales and
Novosphingobium were also common taxa in contaminated habitats
(Jiao et al., 2016; Salis et al., 2017) and they could produce trans-
parent exopolymer particles (Taylor et al., 2014; Xing et al., 2015) to
reduce the toxicity of heavy metals. The highest relative abundance
of Legionella was in SUSW (Fig. 4) and majority of Legionella species
were of aquatic origin and were considered as facultative patho-
genic (Burstein et al., 2016; Lesnik et al., 2016). In addition, Wullings
(Waullings et al., 2011) described that the abundance and diversity
of Legionella were influenced by the dissolved organic carbon in
drinking water, but whether they had same adaptability in AIkMD
is still not reported.

4.3. Change in copy number of denitrifying genes and availability of
energy

Nitrate concentrations were an important factor affecting the
change of denitrifying functional gene abundances following the
nitrate gradient in the water column as previously observed in the
Colne estuary (Smith et al., 2015), the boreal lakes (Saarenheimo
et al., 2015) and groundwater (Zhang et al., 2016). Available en-
ergy directly influences bacterial cellular metabolism and was
related to chemical processes such as nutrient availability (Siles and
Margesin, 2016). Denitrification is driven by denitrifying microor-
ganisms and is crucial in the biogeochemical cycle of nitrogen. Our
results showed that denitrifying bacterial abundance and relative
abundance could change drastically in conjunction with environ-
mental variation (Table 4, Fig. 8).

The consistent increase of nirS from STW1 to SDSW (Fig. 6) was
mainly due to the inhibition effect of Pb and Zn gradually decreased
along the flow direction of tailings water (Table 4), indicating that
denitrifying bacteria were highly sensitive to heavy metal
contamination (Dell'Anno et al., 2003). The copy numbers of nirk
and nosZ; were significantly correlated with the NO3 and NOz, but
they showed an opposite trend (Table 4). It showed that they had
different ecological adaptabilities (Coyotzi et al., 2017). The relative
abundances of the three denitrifying genes were significantly
correlated with the nutrition gradient (sampling position) (Table 4,
Fig. 8), which was consistent with other studies (Franklin et al.,
2017; Saarenheimo et al., 2015). The decrease of NO3 and NO3
concentration reduced the abundance of denitrifying bacteria. The
total nirS+nirK/nosZ; ratio was below 1:1 in this study, indicating
that the microbial community had a higher potential to reduce N,O
than to produce it. This implies that there won't be much green-
house gas (N,0) emissions into the atmosphere during the deni-
trification process.

Moreover, we found that both abundance and relative abun-
dance of nirS and nirK were minimal in SUSW and this might be due
to the higher Zn but lower Cu concentration. Bioavailability of Cu
and Fe could control the expression and activity of nitrite and
nitrous oxide reductases. While the production of nirS gene was an
iron containing cd1-type reductase and that of nirK was a copper-
containing reductases. Possible Cu and Fe limitation might lead to
decrease in abundance of nirS and nirK. Unfortunately, data on Fe
concentrations were not available, and we could not fully exclude
Fe limitation as a controlling factor in abundance of nirS decrease in
SUSW. The variation trend of abundance and relative abundance of
nosZ; gene was different from that of nirS and nirK, and the

abundance of nosZ; was the lowest (Fig. 6), but its relative abun-
dance was the highest in STW1 (Fig. 7), which closely related to the
abundance of Acinetobacter (Fig. 4d). Acinetobacter was a main
denitrifying bacterium that containing the nosZ; gene. In order to
adapt these harsh environments, Acinetobacter have developed
compatible functions such as nitrogen metabolism (Coyotzi et al.,
2017) and heavy metals tolerance (Abdelhaleem et al., 2006).

5. Conclusions

In summary, the results showed that compositional variation of
bacteria was related to water chemistry variables in this study area,
further implying the influence of environment changes on com-
munity assembly. Bacterial community composition was strongly
controlled by the availability of nutrients like carbon, nitrogen,
sulfur and the toxic effects of heavy metals, suggesting the
importance of niche-based processes in microbial community as-
sembly may strongly depend on the local environmental context.
Bacterial abundance and diversity were influenced by EC, NO3,
NOz, and SO7~. The abundances of core taxa including class, order,
family and genus were significantly correlated with nitrogen (NO3
and NO3) content. Moreover core taxa in class, order and family
level were shaped by the SOF~ and pH. The changes of NO3 and
NO;3 influenced the abundances of nirK and nosZ; rather than nirS
and the latter might be related to TOC. Heavy metals (As, Pb and Zn)
significantly reduced the abundances of all bacteria and denitrify-
ing bacteria while Cu promoted the abundance of denitrifying
bacteria. Our results thus highlighted that species-sorting pro-
cesses force drove community structure and functionally similar
taxa in this highly polluted ecosystem. A better understanding of
the adaptation mechanisms of microbial communities in AIKMD is
needed to predict how environmental alteration is likely to affect
microbial communities.
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